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Abstract—Objects play vital roles in scene categorization. Although a number of studies have researched on the
neural responses during object and object-based scene recognition, few studies have investigated the neural
mechanism underlying object-masked scene categorization. Here, we used functional magnetic resonance imag-
ing (fMRI) to measure the changes in brain activations and functional connectivity (FC) while subjects performed
a visual scene-categorization task with different numbers of ‘signature objects’ masked. The object-selective
region in the lateral occipital complex (LOC) showed a decrease in activations and changes in FC with the default
mode network (DMN), indicating changes in object attention after the masking of signature objects. Changes in
top-down modulation effect were revealed in the FC from the dorsolateral prefrontal cortex (DLPFC) to LOC
and the extrastriate visual cortex, possibly participating in conscious object recognition. The whole-brain analy-
ses showed the participation of fronto-parietal network (FPN) in scene categorization judgment, and right DLPFC
served as the core hub in this network. Another core hub was found in left middle temporal gyrus (MTG) and its
connection with middle cingulate cortex (MCC), supramarginal gyrus (SMG) and insula might serve in the pro-
cessing of motor response and the semantic relations between objects and scenes. Brain-behavior correlation
analysis substantiated the contributions of the FC to the different processes in the object-masked
scene-categorization tasks. Altogether, the results suggest that masking of objects significantly affected the
object attention, cognitive demand, top-down modulation effect, and semantic judgment. © 2018 IBRO. Published
by Elsevier Ltd. All rights reserved.

Key words: scene categorization, signature object masked, lateral occipital complex, functional connectivity, functional magnetic
resonance imaging.

INTRODUCTION or input of incongruent objects (Davenport, 2007;
Macevoy and Epstein, 2011). However, besides the infor-
mation provided by objects, scene categorization may
also refer to other aspects of information resources. The
spatial properties of scenes, including spatial openness
and depth, have also been proved to serve vital roles in
scene categorization (Feifei et al., 2007; Greene and
Oliva, 2009; McCotter et al., 2005; Oliva and Torralba,
2001). These research suggest the reliance of scene cat-
egorization on multiple sources of information.

Besides the behavioral studies, neuroimaging studies
have provided more insight into the underlying neural
mechanisms of scene categorization. Functional regions
of parahippocampal place area (PPA), and retrosplenial
cortex (RSC) were typically identified in scene
processing (Epstein and Kanwisher, 1998; O’Craven
and Kanwisher, 2014; Epstein et al., 2007). These
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Humans interact with scenes at all times, during which
they receive complex information of the environment
around themselves, including numbers of salient objects
and scene’s background information. When navigating
through different scenes, they usually categorize scenes
as different categories subconsciously. Obviously,
human’s scene categorization largely depends on the
objects presented in scenes (Biederman et al., 1982;
Biederman, 1987; Graef et al., 1990), which provide a reli-
able source of information for scene’s categories, as
some objects typically appear in particular scene cate-
gories. In addition, behavioral studies have demonstrated
that human’s scene categorization performance can be
significantly disrupted by removal of ‘signature objects’
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et al., 2014). Multi-voxel pattern analyses (MVPA) have
also revealed category-specific neural patterns of activi-
ties in response to different scene categories in PPA,
RSC, as well as object-selective region of lateral occipital
complex (LOC) (Kourtzi and Kanwisher, 2000; Johnson
and Johnson, 2014; Grillspector et al., 1998), confirming
the neural representations of scene categories in these
regions (Walther et al., 2009). LOC has later been found
showing similar activity patterns of ‘signature objects’ in
scenes and their corresponding scene categories
(Macevoy and Epstein, 2011), and was suggested to be
explicitly involved in object-based scene categorization
(Linsley and MacEvoy, 2014; Wang et al., 2017). On the
other hand, the scene-selective PPA and RSC were sen-
sitive to the spatial properties of scenes (Epstein, 2008;
Kravitz et al., 2011; Harel et al., 2013; Park et al.,
2014). The PPA was shown to have distinct neural pat-
terns to scenes in different spatial expanse, and encode
the spatial layout of scene (Epstein and Kanwisher,
1998; Kravitz et al., 2011), while the RSC was typically
involved in spatial imagery and navigation (Maguire,
2001; Vass and Epstein, 2016). The above studies indi-
cated the significant roles of spatial properties in the neu-
ral representation of scenes, and implied diverse neural
pathways underlying scene processing.

Apart from the category-selective regions of interest
(ROI), the collaborations between different brain regions
were also important in visual cognition. Baldassano
et al. have revealed the distinct networks including the
scene-selective regions by resting-state functional
connectivity (FC) analysis (Baldassano et al., 2015).
Other studies have suggested the involvement of high-
level regions in visual recognition (Beck et al., 2001;
Dehaene and Naccache, 2001). FC between prefrontal
regions and visual cortices has been revealed in con-
scious visual perception (Lumer and Rees, 1999;
Imamoglu et al., 2012). Studies have also identified top-
down modulation between the prefrontal and early visual
cortex in visual object recognition (Bar, 2003; Gazzaley
et al., 2005). This top-down modulation might extend to
scene recognition based on objects. In addition, objects
usually introduce selective attention in visual scene per-
ception (Logan, 1996; Arrington et al., 2000; Greenberg
et al.,, 2015). The selective attention to salient objects
might be vital in building the object-scene relations in
rapid scene categorization (Wu et al., 2014). Studies have
revealed posterior parietal and medial frontal regions in
visual object attention (Shomstein and Behrmann, 2006;
Arrington et al., 2000; Serences et al., 2004) and interac-
tions between these regions and LOC were observed in
visual search (Pantazatos et al., 2012). Objects also carry
the semantic information associated with scene cate-
gories (Goto et al., 2010; Wang et al., 2017), which might
be processed by brain regions associated with semantic
processing, such as the middle temporal gyrus and supra-
marginal gyrus (Binder and Desai, 2011; Mummery et al.,
2000; Binder et al., 2009).

Although the above studies have provided much
insight into the corresponding brain regions and/or
networks in object and scene recognition, few studies

have investigated neural mechanisms in scene
categorization when the signature objects are masked.
If the signature objects are masked in scene
categorization, subjects will lose most of the object-
related sources of information and may only refer to
other information resources (e.g. spatial properties).
Despite the fact that one behavioral study showed that
masking of signature objects could significantly disrupt
scene categorization performance (Macevoy and
Epstein 2011), the underlying neural mechanisms are lar-
gely unclear. In addition, there is still a lack of knowledge
of the role of FC in scene categorization. In this study, we
explicitly placed masks on the ‘signature objects’ in sce-
nes which were strongly associated with the correspond-
ing scene categories. Four categories of visual scenes
were presented (kitchen, bathroom, intersection, play-
ground), each containing two ‘signature objects’ (kitchen:
refrigerator, microwave oven; bathroom: toilet, bathtub;
playground: swing, slide; intersection: car, traffic light).
Neural activities were recorded using functional magnetic
resonance imaging (fMRI) when subjects performed a
scene categorization task with different numbers of signa-
ture objects masked. Both the brain regional signal
changes and the whole-brain FC changes were analyzed
during the object-masked scene categorization tasks. We
infer that top-down cognitive control, attention modula-
tions and the semantic information carried by signature
objects would change during the object-masked scene
categorization tasks. These changes in neural mecha-
nisms might also indicate the role of objects in scene cat-
egorization from another angle.

EXPERIMENTAL PROCEDURES
Participants

Fourteen right-handed healthy subjects (age: 18-32, 7
females) with normal or corrected-to-normal vision
participated in this study. This study was carried out in
accordance with the recommendations of Institutional
Review Board (IRB) of Tianjin Key Laboratory of
Cognitive Computing and Application, Tianjin University.
The protocol was approved by the IRB of Tianjin Key
Laboratory of Cognitive Computing and Application,
Tianjin University. All subjects gave written informed
consent in accordance with the Declaration of Helsinki.
All subjects were compensated for their time after the
experiment.

Visual stimuli

Visual stimuli were colored images from four categories of
common visual scenes: kitchen, bathroom, intersection,
and playground selected from the stimuli in (Macevoy
and Epstein, 2011). The first two were indoor scenes,
and the last two were outdoor scenes. Each scene cate-
gory contained 2 ‘signature objects’ (kitchen: refrigerator,
microwave oven; bathroom: toilet, bathtub; playground:
swing, slide; intersection: car, traffic light). Another 20
participants rated the obviousness of the signature
objects in each scene image (4 points: both of the two
signature objects were obvious; 2 points: only one of the



250 Q. Miao et al. /Neuroscience 388 (2018) 248262

signature object is obvious; 1 points: both of the signature
objects were not obvious). Then these images were
sorted according to their average score, and the first 24
images were selected as test stimuli of the original scene
images (scores: kitchen: 3.59 + 0.26; bathroom: 3.60 +
0.25; intersection: 3.55 + 0.20; playground: 2.86 + 0.25
). Each image had a resolution of 400 * 400 pixels. To
investigate the neural dynamics in the absence of signa-
ture objects within scenes, a new set of images were gen-
erated by placing masks on the signature objects in the
original images. The masking procedure was conducted
similarly as in the behavioral study in (Macevoy and
Epstein, 2011). A Fourier transformation and phase ran-
dom were performed on the original image, and the part
of the phase-scrambled image corresponding to the posi-
tion of signature objects in the original image was picked
as the mask, thus preserving the low-level features of the
original scene image as much as possible. As a result, we
obtained four versions of images for each kind of scene.
(NM, images in which no signature object was masked;
M1(A): images in which signature object A was masked;
M1(B): images in which signature object B was masked;
M2, images in which both signature objects were
masked). Examples of the different versions of images
of each scene category are shown in Fig. 1A. Visual stim-
uli were back-projected onto a translucent screen viewed
by subjects through a mirror fixed on the head coil.

Experimental design

The main fMRI experiment presented images in a blocked
design to the subjects. It consisted of 3 functional runs.
Each run started with a fixation presented for 8 s and
followed by 16 blocks. Blocks were separated by an 8-
second interval of baseline. Each block lasted for 32 s,
including 8 trials, in which different images but belonged
to the same scene category with the same number of
signature objects masked were presented. With four
categories of scenes (kitchen, bathroom, intersection,
and playground) and four kinds of masking conditions
(NM, M1(A), M1(B) and M2), we got 4 * 4 = 16 versions
of images in total (Fig. 1A), and each block in a
functional run corresponded to one version of images.
The presentation orders of the version of images and
image samples in each block were randomized. In each
trial of one block, a central fixation was first presented
for 500 ms to minimize subjects’ eye movements, and
then the visual image was presented for 150 ms,
followed by a mask showed for 350 ms. The masks
were created by first dividing every original image
(image with no signature object masked) to 400 equal-
sized fragments, each having the size of 20 * 20 pixels,
and randomly select 400 fragments every time from the
set of fragments acquired from all the original images to
generate a new mask image. Each image appeared
only once in the entire experiment. The presentation
time of the visual scene was short enough to minimize
eye movements, while still long enough for scene
categorization (Macevoy and Epstein, 2011). After the
presentation of the above, subjects had 3 s to perform a
four-alternative forced-choice task to indicate the stimuli’s
scene category by a button press (Fig. 1B). They were

instructed to respond as quickly and accurately as possi-
ble. Each experimental run lasted for 10 min 48 s. Sub-
jects’ choices and response time (RT) were recorded
using the E-prime software.

An additional localizer run was performed after the
main experiment. The design of the localizer run refers
to the procedures in (Macevoy and Epstein, 2011). Sub-
jects viewed four kinds of color images: scenes, faces,
objects, and phase-scrambled objects in a total of 12
blocks. Images have a resolution of 400 *400 pixels.
Each block presented different images of a single kind,
so each kind of stimuli occupied for 3 blocks. Each block
consisted of 32 750-ms images. A central fixation cross
was superimposed on all images. Blocks were separated
by a 12-second interval of baseline. The whole localizer
run lasted for 7 min 24 s.

MRI acquisition

All functional data were acquired using a 3.0 T Philips
scanner equipped with an 8-channel head coil at Yantai
Affiliated Hospital of Binzhou Medical Univeristy. T2*-
weighted images were acquired using an echo-planar
image (EPI) sequence (TR = 2000ms, TE = 30 ms,
voxel size = 2.5 x 2.5 x 4.6 mm 3, matrix size = 64 x
64, flip angle (FA) = 90°, slices = 33). Foam pads and
earplugs were used to reduce the head motion and
scanner noise.

Behavioral data analysis

Since all trials in one block belonged to the same scene
category, we only used the RT of the first trial in each
block in the later analysis of behavioral data to avoid the
prediction effect. Therefore, we have 48 samples for
each subject. The behavioral RT of M1(A) and M1(B)
were averaged to represent the RT in M1. Behavioral
data for 2 subjects were not used due to program
failure. SPSS23 (SPSS Inc., Chicago, IL) was used for
the statistical analysis of behavioral data in the three
scene categorization runs, including correct response
rate and response time.

FMRI data preprocessing

Data were preprocessed using SPM8 (http://www.fil.ion.
ucl.ac.uk/spm/software/spm8/). Four volumes at the
beginning of each run were discarded before the
following data processing. Functional images were
corrected in slice timing and motion corrected with
respect to the first volume of each run with a six-
parameter rigid body transformation. The images were
then registered to the Montreal Neurological Institutes
(MNI) space, with a resampled voxel size of 3 x 3 x 3 m
m?® (Liang et al., 2017, 2018; Yang et al., 2018). Experi-
mental and localizer data were spatially smoothed using
an 8-mm full width half maximum (FWHM) Gaussian
kernel.

ROI definition

Functional ROIs were defined bilaterally from the localizer
run using statistical contrasts in each individual subject.
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Fig. 1. Examples of experimental stimuli and experimental paradigm. (A) Stimuli belong to four scene
categories, each having four conditions of images: NM, images in which no signature object was
masked; M1(A): images in which signature object A was masked; M1(B): images in which signature
object B was masked; M2, images in which both signature objects were masked. Therefore, we get 4
* 4 = 16 versions of images in total. (B) The experimental paradigm of a single run and trial. Each run
started with 8 s of fixation and followed by 16 blocks, separated by an 8-second interval of baseline.
Each block lasted for 32 s, including 8 trials, in which the same version of images was presented. In a
single trial, a central fixation was presented for 500 ms, and then a visual scene image was presented
for 150 ms, followed by a mask showed for 350 ms. In the following 3 s, subjects performed a four-
alternative forced-choice task to judge the category of the visual scene. The images were selected
from the materials in the article “Constructing scenes from objects in human occipitotemporal cortex”
published in Nature Neuroscience in 2011, which were permitted by Prof. Sean MacEvoy.

The object-selective region, LOC was defined by
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Scene-selective ROIs were
defined similarly, but using the
contrast of scenes > faces. The
peak voxel of PPA was selected
in the posterior parahippocampal-
collateral sulcus region, and RSC
was selected in the restrosplenial
cortex-posterior  cingulate-medial
parietal region (Fig. 3A).

ROI-based percent signal
change analysis

First, to investigate whether the
object and scene-selective regions
showed changes in activations
when the signature objects were
masked, percent signal change
from the baseline was calculated
in the functionally defined LOC,
PPA and RSC in different
masking degrees for each subject
using the marsbar software
(http://marsbar.sourceforge.net/).

Note that in the data modeling of all
the fMRI data analyses in this study,
M1(A) and M1(B) conditions were
combined to a single condition M1,
where only one signature object
was masked, to analyze the
changes in neural mechanisms
with different number of signature
objects masked. For simplicity, the
different number of signature
objects masked was referred to as
different ‘masking degrees’ in the
analyses below, and there are
three masking degrees in total:
NM, M1 and M2. The ROls
showing significant changes in
neural activations might participate
in the object-based scene
categorization process, and were
used for the following FC analysis.

ROIl-based FC analysis

To examine whether the ROls
interact with other regions in the
scene categorization process, an
ROl-based  seed-to-voxel FC
analysis was performed using
CONN  Functional Connectivity
Toolbox (version 17.a, www.nitrc.
org/projects/conn) (Whitfieldgabrieli
and Nietocastanon, 2012). Before
analysis, all functional data were fil-
tered using a band-pass filter from

selecting the peak voxel of the significant clusters in the 0.008 to 0.09 Hz within the CONN toolbox. Realignment
lateral occipital cortex from the contrast of objects > ph parameters, mean gray matter signal, as well as principal
ase-scrambled objects, and drawing an 8-mm radius components of white matter and cerebrospinal fluid, were

sphere around the peak voxel in each hemisphere. regressed out from the BOLD time series.
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ok function and the six movement

- parameters were included as
regressors. After the parameter
maps were obtained for each
subject in each masking degree, a
group-level within-subject repeated-
measure ANOVA was performed
on the parameter maps to identify
the brain regions showing
significant changes in  neural
activations in different masking
degrees. Statistical maps were
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Fig. 2. Behavioral performance averaged across subjects. (A) Average accuracies of scene
categorization in all three conditions. (B) Average response time of scene categorization in all three
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In the FC analysis, the ROIls showing significant
changes in activations in the activation analysis were
selected as seeds. Mean time series was obtained by
averaging the time series of all voxels in the seed
region, and Pearson correlation coefficients were
calculated between the mean time series of the seed
and the time series of every other voxel in the brain.
Then the correlation coefficients were Fisher z-
transformed, producing a connectivity map for each
subject in each masking degree. The first-level
connectivity maps were then submitted to a second-
level repeated-measure analysis of variance (ANOVA)
to identify the brain regions that showed significant
changes in FC with the seed region in different masking
degrees. Significant results were obtained with a
combination of voxel-level uncorrected p < 0.001 and a
cluster extent family-wise error (FWE)-corrected p <
0.05. After the significant clusters were obtained, FC
between the seed and each of its resulting clusters was
calculated in all 3 masking degrees by averaging the z
values of all voxels in the significant clusters for each
subject. Paired t-tests were performed on the FC in
every two combinations of masking degrees using
SPSS23 to examine specifically how the FC changes as
more signature objects were masked, corrected at a
false discovery rate- (FDR) of p < 0.05 for multiple
comparisons.

Whole-brain activation analysis

To investigate the neural changes in other cognitive
regions during object-masked scene categorization, we
performed additional activation and FC analyses in the
whole brain.

Based on the preprocessed fMRI data, parameter
estimates were calculated using a general linear model
(GLM) implemented in SPM8, where different masking
degrees were modeled using a boxcar function and
convolved with a canonical hemodynamic response

of each cluster in different masking

degrees for each subject was

calculated and paired t-tests were

performed in every two
combinations of masking degrees. The reported
contrasts survived an FDR-corrected p < 0.05 for
multiple comparisons.

Whole-brain FC analysis

As in the ROIl-based FC analysis, the whole-brain FC
analyses were performed using the CONN toolbox and
functional images were preprocessed in the same
manner before analysis. In the whole-brain FC analysis,
we first searched for the regions which served as hubs
in the functional networks significantly affected by the
masking of signature objects in scene categorization. To
seek for these hubs, we focused on the brain regions
showing significant changes in FC to the whole brain in
different masking degrees by performing a voxel-to-
voxel FC analysis using Intrinsic Connectivity Contrast
(ICC) (Martuzzi et al., 2011). This method measures the
average connectivity to the whole brain for every voxel
by calculating the root mean square of the correlation
coefficient value between the time series of the seed
voxel and all other voxels in the brain, thus producing a
connectivity map for each subject in each masking
degree. The values in connectivity maps were converted
to z-values using a Fisher z-transformation. First-level
connectivity maps were then submitted to second-level
repeated-measure ANOVA to identify the brain regions
showing significant changes in FC to the whole brain in
different masking degrees. Clusters surviving a combina-
tion of voxel-level uncorrected p < 0.001 and a cluster
extent FWE-corrected p < 0.05 were identified as core
hubs. This voxel-to-voxel analysis overcame the short-
comings of selecting ROIs subjectively (Martuzzi et al.,
2011; Zhang et al., 2016), and provided a direct way to
locate the core hubs in the functional networks possibly
involved in object-masked scene categorization.

The core hubs obtained in the voxel-to-voxel analysis
were then used as seeds in another seed-to-voxel
analysis to find out which specific brain regions showed
changes in FC with them. The analysis procedure was
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Fig. 3. ROl analysis results. (A) Statistical maps of the significant clusters of LOC, PPA, RSC of a representative subject (uncorrected p < 0.05 with
a cluster size > 20 voxels). Peak voxel was selected in each cluster and each ROI was created by drawing an 8 mm sphere around that voxel. (B)
Percent signal change of LOC, PPA, RSC averaged across all subjects in each masking degree. (C) Group-level statistical maps of clusters showing
significant changes in FC in different masking degrees (NM, M1, and M2) with LOC in the seed-to-voxel analysis, thresholded at a combination of
voxel-level p < 0.001 uncorrected and a cluster extent FWE-corrected p < 0.05. (D) FC between LOC and each significant cluster averaged across
all subjects. (E) Correlations between FC and normalized behavioral RT. Significant correlations with behavioral RT were observed in all FC. SFG
Superior Frontal Gyrus , ACC, Anterior Cingulate Cortex; PCu, precuneus; Cun, cuneus; Cal, calcarine; DLPFC, dorsolateral prefrontal cortex; med,
medial; L, left; R, right; Error bars indicate standard errors; ‘p < 0.05, “p < 0.01, "p < 0.001.

identical to the ROIl-based seed-to-voxel analysis. Brain-behavior correlation analysis
Significant results were obtained with the same
threshold method (a combination of voxel-level p <
0.001 uncorrected and a cluster extent FWE-corrected
p < 0.05). As in the ROI-based seed-to-voxel analysis,
FC between the core hub and each of its resulting
clusters was calculated in all 3 masking degrees for all
subjects, and paired t-tests were performed on the FC
in every two combinations of masking degrees (FDR-
corrected p < 0.05 for multiple comparisons).

Correlation analysis of the regional signal changes and
FC with behavioral responses was conducted to
investigate whether these neural changes contributed to
scene categorization behaviors.

For all subjects together, Pearson correlation
coefficients were calculated between the behavioral RT
and percent signal change in each significant changed
ROI and cluster in different masking degrees. To
eliminate individual difference of general RT, each
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subject’s RT was z-score normalized with respect to his/
her mean RT in all masking degrees. Correlation
coefficients were statistically tested from O to reveal the
contribution of different regions in object-masked scene
categorization behaviors. For the ROI-based and voxel-
based FC analysis, similar correlation analysis was
conducted.

RESULTS
Behavioral performance

In all three masking degrees, the categorization
accuracies were significantly higher than the chance
level of 25% (NM: 76.4 + 13.21%, f{(11) = 13.47, p <
0.001; M1: 70.8 = 16.38%, #11) = 9.693, p < 0.001;
M2: 58.3 £ 19.14%, t(11) = 6.034, p < 0.001). Paired
t-tests were performed on the accuracies and RTs in
every two combinations of the three masking degrees.
The accuracies of NM and M1 were significantly higher
than that of M2 (NM vs. M2: {(11) = 3.120, p = 0.01;
M1 vs. M2: {(11) = 3.717, p = 0.003) (Fig. 2A), and the
RT of M2 (1566 = 402 ms) was significantly longer than
that of NM (1153 + 246 ms; £{(11) = 5.828, p < 0.001)a
nd M1(1240 + 342ms; {11) = 5.800, p < 0.001)
(Fig. 2B). The behavioral results suggest severely
degraded performance of scene categorization when the
signature objects were masked in scenes.

ROIl-based percent signal change results

Percent signal change was calculated in the predefined
LOC, PPA, and RSC in all masking degrees for each
subject. Significant activations compared to baseline
were found in all masking degrees in LOC (NM: {(13) =
6.874, p < 0.001; M1: {(13) = 6.366, p < 0.001; M2: t
(13) = 5.754, p < 0.001) and PPA (NM: £(13) = 4.573,
p < 0.001; M1:£(13) = 4.275, p < 0.001; M2: {(13) =
3.340, p = 0.005) in the scene categorization task.
Deactivations were observed in RSC, but not significant.
Paired t-tests revealed that LOC showed significant
higher activations in NM compared to M2 ({13) =
3.661, p = 0.003), which survived an FDR-corrected for
multiple comparisons of p < 0.05, and M1 ({13) =
2.824, p = 0.014), of which the FDR-corrected p-value
was slightly higher than 0.05 (Fig. 3B). No significant
difference in activations was observed in PPA and RSC
in different masking degrees.

ROIl-based FC results

Due to that only LOC in the predefined ROIs showed a
significant change in activations in different masking
degrees, LOC was defined as the seed region and a
seed-to-voxel FC analysis was performed to study
whether it interacted with other regions in object-
masked scene categorization process. Significant
clusters were observed in bilateral medial superior
frontal gyrus (SFG) and left anterior cingulate cortex
(ACC), left precuneus/cuneus/calcarine, left SFG, and
left DLPFC (Fig. 3C). Al clusters survived a
combination of voxel-level uncorrected p < 0.001 and a
cluster extent FWE-corrected p < 0.05. Anatomical

details are shown in Table 1. To further determine the
location of these clusters in intrinsic functional networks,
we employed a previously published brain template
(Yeo etal., 2011), and found that all of the clusters except
left DLPFC belonged to the default mode network (DMN).
FC between LOC and these clusters were further calcu-
lated in each masking degree for each subject. Since con-
versions from negative FC to weak positive FC and from
weak positive FC to negative FC were observed in these
clusters, one-sample t-tests were performed on the posi-
tive FC to confirm their significance (M2 in bilateral medial
SFG & left ACC and left SFG, NM in left DLPFC). None of
these FC was significantly different from 0 (all p > 0.05).
Therefore, the trend of changes in FC could all be inter-
preted as decrease or increase in negative FC between
LOC and these clusters. Paired t-tests revealed a signifi-
cant decrease in negative FC between LOC and bilateral
medial SFG & left ACC in M2 compared to NM ({13) =

4.067, p = 0.001) and M1({13) = 3.260, p = 0.006),
and in M1 compared to NM (#(13) = 2.418, p = 0.031).
Significant decrease in negative FC in M2 compared to
NM and M1 was also observed in left precuneus/cuneus/-
calcarine (M2 vs. NM: £(13) = 5.092, p < 0.001; M2 vs.
M1:£(13) = 4.312, p < 0.001) and left SFG ((M2 vs.
NM: {13) = 4.782, p < 0.001; M2 vs. M1:{(13) =

3.845, p = 0.002). On the contrary, significant increase
in negative FC was observed in M1 and M2 compared
to NM in left DLPFC (M1 vs. NM: £#(13) = —3.310, p =

0.006; M2 vs. NM: {13) = —5.329, p < 0.001). All con-
trasts survived an FDR-corrected for multiple compar-
isons of p < 0.05. FC averaged across all subjects was
calculated and visualized in Fig. 3D.

Whole-brain activation analysis results

The group-level repeated-measure ANOVA on the
activation maps revealed that activations in the bilateral
medial orbitofrontal cortex (OFC), right dorsolateral
prefrontal cortex (DLPFC), left precuneus and left
inferior parietal lobule (IPL) showed a significant main
effect of masking degree (Fig. 4A). All clusters survived
a threshold of voxel-level FDR-corrected p < 0.05, with
a cluster threshold of 20 voxels. Anatomical details of
these clusters are shown in Table 2. A cluster was
found in the left lateral occipital cortex with a more
relaxed threshold of voxel-level uncorrected p < 0.001,
but not survived an FDR-corrected p < 0.05.

Paired t-tests were performed on the percent signal
change in each significant cluster in every two
combinations of masking degrees. Significant higher
activations was observed in M2 compared to M1 (£(13)
=6.774, p < 0.001) and NM (f{(13) = 3.378, p =
0.005) in right DLPFC , and in NM and M2 compared to
M1 in left IPL (NM vs. M1: {(13) = 2.655, p = 0.02; M2
vs. M1: {(13) = 5.305, p < 0.001). On the other hand,
deactivations were observed in bilateral medial OFC
and left precuneus. Significant decreased activations
were observed in M2 compared to NM (£(13) = —5.166,
p < 0.001) and M1 (#13) = —3.708, p = 0.003) in
bilateral medial OFC, and in M1 and M2 compared to
NM in left precuneus (M1 vs. NM: {(13) = —3.951, p =
0.002; M2 vs. NM: {13) = —4.702, p < 0.001). Al



Q. Miao et al. /Neuroscience 388 (2018) 248—262 255

Table 1. Clusters showing significant changes in FC with LOC in different masking degrees

Brain Regions Number of Voxels

Brodmann’s Area

Peak MNI-coordinates Peak F-score

X y z
L/R med SFG 171 10/32 9 56 7 17.43
L ACC
L PCu/Cun/Cal 87 7/31 9 -58 43 21.94
L SFG 68 8/9 -18 35 46 23.66
L DLPFC 68 46 -48 35 16 19.7

Note: SFG Superior Frontal Gyrus, ACC, Anterior Cingulate Cortex; PCu, precuneus; Cun, cuneus; Cal, calcarine; DLPFC, dorsolateral prefrontal cortex; med, medial; L, left;

R, right.

contrasts survived an FDR correction for multiple
comparisons at p < 0.05. Percent signal change
averaged across all subjects in all 3 masking degrees
was calculated and visualized in Fig. 4B.

Whole-brain FC analysis results

Voxel-to-voxel analysis results. To locate the core hubs
in the brain networks affected by the masking of signature
objects in scene categorization, we first performed a
voxel-to-voxel analysis of FC using ICC. One-way
repeated measure ANOVA of the ICC connectivity map
revealed that right dorsolateral prefrontal cortex (DLPFC)
and left medial temporal gyrus (MTG) showed a
significant main effect of masking degree in their FC to
the whole brain (Fig. 5A). Anatomical details of these two
core hubs are shown in Table 3(a).

Seed-to-voxel analysis results. After obtaining the two
“core hubs” in the voxel-to-voxel analysis, we further
performed another seed-to-voxel FC analysis using
these two core hubs as the seed regions. When Right
DLPFC was selected as the seed region, significant
clusters were found in bilateral cuneus/calcarine, medial
SFG, left triangular part of inferior frontal gyrus (IFG),
inferior temporal gyrus (ITG), inferior parietal lobule
(IPL), middle frontal gyrus (MFG) and opercular part of
inferior frontal gyrus (IFG) (Fig. 5B). By employing the
previous brain template (Yeo et al., 2011), we confirmed
that these regions largely overlapped with the fronto-
parietal network (FPN). Anatomical details of these signif-
icant clusters are shown in Table 3(b). Average FC
between right DLPFC and each significant cluster in all
3 masking degrees was calculated for each subject and
paired t-tests were performed in every two masking con-
ditions. Results reveal significant increase in negative
FC in bilateral cuneus/calcarine, with significant higher
negative FC in M2 than NM ({13) = —7.907, p <
0.001) and M1(t(13) = —7.770, p < 0.001). Significant
higher FC was observed in M1 and M2 compared to NM
in bilateral medial SFG (M1 vs. NM: {(13) = 3.723, p =
0.003; M2 vs. NM £(13) = 4.687, p < 0.001), left triangu-
lar part of IFG (M1 vs. NM: {13) = 4.131, p = 0.001; M2
vs. NM: £{(13) = 3.893, p = 0.002), left ITG (M1 vs. NM: ¢
(13) = 3.868, p = 0.002; M2 vs. NM: {(13) = 4.215,p =
0.001), left IPL (M1 vs. NM: {(13) = 4.464, p < 0.001; M2
vs. NM: #13) = 3.965, p = 0.002), left MFG/opercular
part of IFG (M1 vs. NM: t(13) = 4.333, p < 0.001; M2
vs. NM: {(13) = 3.569, p = 0.003). All contrasts survived

an FDR corrected for multiple comparisons of p < 0.05.
FC averaged across all subjects is shown in Fig. 5D.

When left MTG was selected as the seed region, three
clusters were found showing significant changes in FC,
including right middle cingulate cortex (MCC) and left
supplementary motor area (SMA)/paracentral lobule
(PCL), right supramarginal gyrus (SMG)/superior
temporal gyrus (STG), and right insula/putamen
(Fig. 5C). Anatomical details of significant clusters are
shown in Table 3(c). As the procedures for right DLPFC,
the average FC in each masking condition for each
subject was calculated and paired t-test was performed in
every two masking conditions. Results reveal significant
decrease in negative FC in M1 and M2 compared to NM
in all three clusters: left SMA/PCL (M1 vs. NM: {13) =
7.77, p < 0.001, M2 vs. NM: #13) = 7.907, p < 0.001),
right SMG/STG (M1 vs. NM: £{(13) = 4.214, p = 0.001;
M2 vs. NM: {(13) = 5.571, p < 0.001;) and right insula/
putamen (M1 vs. NM: {13) = 5.742, p < 0.001; M2 vs.
NM: #(13) = 5.421, p < 0.001), except for right SMG/
STG, which also reveals significant lower negative FC in
M2 compared to M1 ({13) = 3.728, p = 0.003). All
contrasts survived an FDR corrected for multiple
comparisons of p < 0.05. Average FC between left MTG
and each significant cluster is shown in Fig. 5E.

Brain-behavioral correlation results. First, the percent
signal change in the predefined ROIs-LOC, PPA, and
RSC was correlated with subjects’ normalized behavioral
RT in different masking degrees. No significant
correlation was found in any of these ROIs. However,
significant correlations with behavioral RT were found in
all FC between LOC and its significant clusters in the
seed-to-voxel analysis, including bilateral medial SFG &
left ACC (r=0.402, p = 0.015), left precuneus/
cuneus/calcarine (r = 0.374, p = 0.025), left SFG (r =
0.447, p = 0.006) and left DLPFC (r = —0.426, p =
0.010) (Fig. 3E).

In the whole-brain analysis, percent signal change in
the significant clusters in the whole-brain activation
analysis was correlated with the subjects’ behavioral RT
in the scene categorization task. Significant correlations
were found in right DLPFC (r = 0.665, p < 0.001) and
bilateral medial OFC (r = —0.43, p = 0.009) (Fig. 4C).
Marginal correlation with behavioral RT was found in left
IPL (r=0.289, p =0.087). In the whole-brain FC
analysis, significant correlations with behavioral RT
were observed in FC between right DLPFC and bilateral
cuneus/calcarine (r(12) = —0.3888, p = 0.019),
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Fig. 4. Significant clusters in the whole-brain activation analysis. (A) Group-level statistical maps of clusters showing significant changes in
activations in different masking degrees (NM, M1, and M2), thresholded at p < 0.05 FDR-corrected with a cluster extent threshold k = 20 voxels.
(B) Percent signal change calculated in each significant cluster averaged across all subjects. (C) Correlations between the percent signal change in
each cluster and normalized behavioral RT. DLPFC, dorsolateral prefrontal cortex; OFC, orbitofrontal cortex; PCu precuneus; IPL, inferior frontal
lobule; med, medial; L, left; R, right; Error bars indicate standard errors; p < 0.05, “p < 0.01, "p < 0.001.

Table 2. Clusters showing significant changes in activations in different masking degrees

Brain Regions Number of Voxels Brodmann’s Area MNI coordinates Peak F-score
X y z

R DLPFC 175 46/9/45 45 29 19 17.92

L/R med OFC 36 10 3 59 -5 17.19

L PCu 20 31/23 0 —58 19 1417

L IPL 22 7/40 —36 —61 49 13.41

DLPFC, dorsolateral prefrontal cortex; OFC, orbitofrontal cortex; PCu, precuneus; IPL, inferior frontal lobule; med, medial; R, right; L, left.

between left MTG and right MCC & left SMA/PCL r(12) = DISCUSSION
0.450, p = 0.006) and between left MTG and right SMG/ ) .
STG (r(12) = 0.429, p = 0.009) (Fig. 5F). In the present study, the predefined ROI-based analysis

showed that the object-selective region in LOC was
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Table 3. Clusters showing significant changes in FC in the whole-brain FC analysis

Analysis Brain Regions

Number of Voxels

Peak MNI-
coordinates

Brodmann’s Area Peak F-score

X y z

(a) Voxel-to-voxel R DLPFC 93 46/45/9/8 57 26 16 18.39

L MTG 34 21/20 -57 2 23 1652

(b) Seed-to-voxel (RDLPFC)  |/R Cun/Cal 294 19/18/17/23/30/7 9 -82 31 16.11

L/R med SFG 63 8/9/6 0 32 37 19.39

L tri IFG 51 46/10 —45 44 4 26.86

LITG 45 20/21/37 -63  —46  -17  19.04

L IPL 44 7/40 42 -52 46 11.64

L MFGJoper IFG 41 9 -39 20 34 15.16

(c) Seed-to-voxel (L MTG) R MCC 164 31/6/24/5 12 -31 40 25.42
L SMA/PCL

R SMG/STG 110 40/42/2 60 -34 28 16.00

R Ins/Put 46 13 36 11 -2 14.00

DLPFC, dorsolateral prefrontal cortex; MTG, middle temporal gyrus; Cun, cuneus; Cal, calcarine; SFG, superior frontal gyrus; IFG, inferior frontal gyrus; ITG, inferior
temporal gyrus; IPL, inferior parietal lobule; MFG, middle frontal gyrus; MCC, middle cingulate cortex; SMA, supplementary motor area; PCL, paracentral lobule; SMG:
supramarginal gyrus; STG: superior temporal gyrus; Ins, insula; Put, putamen; med, medial part; tri, triangular part; oper, opercular part; L, left; R, right.

significantly affected when the signature objects were
masked in scene categorization, both reflected in its
percent signal change and in FC with the DMN and
DLPFC. These changes may reflect the changes in
object attention and top-down modulation effect. Further
whole-brain analyses were performed to investigate the
neural effects or FC on other regions by the mask of
signature objects in scene categorization, and we found
changes in FC in the FPN, MTG, and other regions
involved in semantic information processing. The
contributions of the brain activations and FCs to object-
masked scene categorization behaviors were further
revealed by the behavioral correlation analysis. All these
results together suggest that masking of signature
objects significantly affected the processing of top-down
modulation of attention, cognitive demand, and semantic
processing in the human brain.

Changes in FC between LOC and high-level cognitive
regions

The LOC showed significant decreases in neural
activations after the signature objects were masked, in
correspondence with its role in object recognition and
object-based scene categorization (Kourtzi and
Kanwisher, 2000; Linsley and MacEvoy, 2014; Malach
et al., 1995), and consistent with a previous study showing

higher activations in LOC for scenes containing objects
than scenes without objects (Harel et al., 2013). No signif-
icant change in activations was observed in PPA, possibly
because of the basically unchanged spatial properties of
scenes (spatial boundary, distance, etc.). In respect of
RSC, no significant activation was found in the entire
experiment, which might be due to the relatively short pre-
sentation time of the visual scenes. Furthermore, RSC
might be more involved in spatial navigation and imagina-
tion (Epstein, 2008; Vass and Epstein, 2016), which is not
much invoked in this scene categorization task.

In the seed-to-voxel analysis, LOC was found showing
changes in FC with attention-related regions in the DMN.
Brain regions in the DMN show suppression in neural
activations in attention-demanding cognitive tasks, and
showed anti-correlations with the task-positive regions
(Singh and Fawcett, 2008; Raichle et al., 2001; Qiushi
etal., 2015; Xu et al., 2017; Geng et al., 2018). This might
cause its negative correlations with LOC, which was acti-
vated in the task. The medial SFG and ACC were impli-
cated in selective attention to task-relevant stimuli
(Weissman et al.,, 2003, 2005; Boorman et al., 2009;
Silton et al., 2010), and showed interaction with LOC in
visual search of objects (Pantazatos et al., 2012). The
precuneus is also involved in the processing of spatial
and object attention (Cavanna and Trimble, 2006;
Sathian et al., 1999; Serences et al., 2004; Mahayana

<

Fig. 5. Whole-brain FC analysis results. Group-level statistical maps of clusters showing significant change in FC with (A) the whole-brain in the
voxel-to-voxel analysis (core hubs) (B) the core hub of right DLPFC in the seed-to-voxel analysis; (C) the core hub of left MTG in the seed-to-voxel
analysis in different masking degrees (NM, M1, and M2), significant under a combination of voxel-level p < 0.001 uncorrected and a cluster extent
FWE-corrected p < 0.05. (D) FC calculated between right DLPFC and each significant cluster averaged across all subjects. (E) FC calculated
between left MTG and each significant cluster averaged across all subjects. (F) Correlations between FC and normalized behavioral RT. Significant
correlations with behavioral RT were found in FC between right DLPFC and bilateral cuneus/calcarine, between left MTG and right MCC & left SMA/
PCL and between left MTG and right SMG/STG. All significant contrasts survived an FDR-corrected for multiple comparisons of p < 0.05. DLPFC,
dorsolateral prefrontal cortex; MTG, middle temporal gyrus; Cun, cuneus; Cal, calcarine; SFG, superior frontal gyrus; IFG, inferior frontal gyrus; ITG,
inferior temporal gyrus; IPL, inferior parietal lobule; MFG, middle frontal gyrus; MCC, middle cingulate cortex; SMA, supplementary motor area; PCL,
paracentral lobule; SMG: supramarginal gyrus; STG: superior temporal gyrus; Ins, insula; Put, putamen; med, medial part; tri, triangular part; oper,
opercular part; L, left; R, right; Error bars indicate SEM; *p < 0.05, "p < 0.01, mp < 0.001.



Q. Miao et al. /Neuroscience 388 (2018) 248—262 259

et al., 2014). It showed a decrease in activations when the
signature objects were masked in the whole-brain activa-
tion analysis, which was consistent with a previous study
showing an increase in activations in precuneus when
subjects observed more objects in scenes (Wolbers
et al., 2008). We infer that LOC maintained negative cor-
relations with the DMN in the processing of object atten-
tion to guide scene categorization. Masking of signature
objects seriously disrupted object attention and recogni-
tion, causing the significant decreases in negative FC.
The contributions of the above FC to scene categorization
behaviors were further revealed in the behavioral correla-
tion analysis. There was no significant correlation of
behavioral RT with the percent signal change in LOC,
but significant correlations of RT with LOC-based FC,
suggesting that LOC might not operate alone, but was
modulated by other high-level brain regions to contribute
to object-based scene categorization behaviors.

In addition, significant increases in negative FC were
observed between LOC and left DLPFC, and between
right DLPFC and extrastriate/striate visual cortices.
These increases in negative FC might be caused by
top-down modulation effect, and be related to conscious
object recognition. A number of previous studies have
revealed top-down modulation effect of DLPFC on
sensory visual cortices when processing relevant stimuli
in tasks (Petrides and Pandya, 2002; Gazzaley et al.,
2005, 2007). After the masking of signature objects, sub-
jects might attend more to the non-object sources of infor-
mation (e.g. spatial properties), causing the increase in
negative correlations between DLPFC and LOC. In addi-
tion, functional couplings between prefrontal and visual
cortices were also observed in conscious visual recogni-
tion (Dehaene and Naccache, 2001; Mckeeff and Tong,
2007; Imamoglu et al., 2012). Therefore, the increase in
negative correlation of LOC and extrastriate/striate visual
cortex with DLPFC might also be caused by the under-
mined performance of conscious recognition of signature
objects to guide scene categorization. Behavioral correla-
tion analysis demonstrated that the top-down modulation
effect in conscious visual recognition also contributed to
scene categorization behaviors.

Changes in cognitive demand in the FPN and DMN

Changes in neural responses were also found within the
FPN and DMN regions. The FPN regions, including left
IPL and prefrontal regions, serve common roles in
executive function, decision-making, reward
representation, and have also been indicated in the
judgment of visual scene categories (Paulus et al,
2001; Barbey et al., 2013; Guitart-Masip et al., 2013;
Kauffmann et al., 2015; Zhang et al., 2015). Higher activa-
tions in these regions might reflect the increase in cogni-
tive demand, and factors which made the response
selection more difficult (Schumacher et al., 2003;
Barraclough et al., 2004; Vickery and Jiang, 2009). Simi-
lar functions were also found in medial OFC, located in
the DMN (Plassmann et al., 2010; Diekhof et al., 2012).
On the contrary, the higher cognitive demand might cause
its decrease in activations. Apart from the activation
changes in FPN, multiple regions, mostly belonging to

the FPN, were found showing changes in FC in the
seed-to-voxel FC analysis, and DLPFC served as the
core hub in this network. Increases in FC between right
DLPFC and other fronto-parietal regions might suggest
the higher task difficulty in scene category judgement.
No significant correlation with behavioral RT was
observed in the FC between the fronto-parietal regions.
We think this might be due to that the executive control
functions served by FPN is a quite complicated, which
involve multiple processes, such as conflict resolution,
working memory, planning and decision-making
(Callejas et al., 2005; Niendam et al., 2012), and some
of the processes are not directly related to scene catego-
rization behaviors. These results further support the
involvement of high-level regions in object-based scene
recognition.

Changes in semantic processing after masking of
signature objects

Another core hub in the whole-brain FC analysis was left
MTG, which was possibly responsible for the semantic
processing of signature objects and scenes in this
study, because previous studies showed that this region
was involved in multimodal semantic processing and
retrieval of semantic information about objects
(Mummery et al., 2000; Binder et al., 2009; Visser et al.,
2014). It also located in the lateral temporal cortex, which
is part of the DMN, causing the negative FC observed.
Regions showing significant changes in FC with the core
hub in left MTG included MCC, SMA, PCL, SMG, STG,
insula, and putamen. Due to involvement of SMA and
adjacent MCC in movement control and action-based
decision making (Shima and Tanji, 1998; Wunderlich
et al., 2009), the changes in FC between left MTG and
SMA/MCC might reflect the use of semantic knowledge
of signature objects in the button press action of decision
making in scene categorization. On the other hand, the
SMG/STG and insula/putamen were previously reported
in object recognition and in particular, object naming
(Bookheimer et al., 1995; Price et al., 2005; Ellis et al.,
2006), and showed coactivations with left MTG when sub-
jects naming tools compared to naming animals or view-
ing nonsense objects (Martin et al., 1996). These
regions were also implicated in semantic processing
(Binder and Desai, 2011; Vandenberghe et al., 1996),
and showed cross-modal representations of object cate-
gories in an MVPA study (Devereux et al., 2013). We sug-
gest that the negative FC between MTG and SMG/STG
might be responsible for the processing of semantic infor-
mation of signature objects to guide scene categorization.
In addition, a recent study has also shown cross-decoding
of scene categories across pictures and words in the left
MTG and IPL, extending the semantic encoding in these
regions to visual scenes (Kumar et al., 2017). Therefore,
our results also provide further neural support for the
semantic information relation between signature objects
and scenes (Wang et al., 2017).

All together, we suggest that this brain network,
including left MTG, inferior SMG/STG and insula/
putamen, play vital roles in processing semantic
information and motor response, and left MTG serves as



260 Q. Miao et al. /Neuroscience 388 (2018) 248262

a core hub in this network as the center of semantic
information processing. The IPL (SMG) was once again
observed, but unlike the left IPL serves for decision-
making in the FPN, the right IPL might serve its role in
the semantic retrieval of object and scene category
information. The decrease in the negative FC of these
connections might indicate the reduction of semantic
information processed due to the mask of signature
objects. The connectivity between left MTG and right
MCC, left SMA/PCL and right SMG/STG also showed
significant contributions to scene categorization behaviors.

To our knowledge, this is the first study investigating
the brain mechanisms underlying object-masked scene
categorization revealed by changes in neural activation
and FC. The role of LOC in object-based scene
categorization was verified in the ROI analysis. Seed-to-
voxel analysis and brain-behavioral correlation analysis
further implicated that it might contribute to scene
categorization by interacting with the brain regions in the
DMN, rather than operating alone. Top-down modulation
was also found from DLPFC to LOC and other
extrastriate/striate visual cortices, and might also reflect
conscious recognition of objects in scenes. In the whole-
brain analysis, FC changes were found within the FPN,
indicating the FPN in the judgment of scene categories,
and right DLPFC might serve as the core hub in this
network. Another core hub observed in this study was left
MTG. Its connections with MCC, SMG/STG and insula/
putamen might indicate the processing of semantic
information relation between signature objects and
scenes. Note that in this scene categorization task, the
changes in the neural mechanisms could be related to
both scene interpretation and behavioral variables. The
brain-behavior correlation analyses were conducted to
further dissociate these two effects. The top-down
modulation effect between DLPFC and LOC or
extrastriate visual cortex, and semantic processing
between left MTG and the corresponding regions, were
necessary processes in scene interpretation, and also
showed significant correlations with task behavior.
Therefore, these neural responses could be related to
both effects. However, some other neural responses
were not directly correlated with task behaviors, such as
the signal change in LOC, and FC within the FPN. Due to
the evidences of their involvement in scene perception in
previous studies (Macevoy and Epstein, 2011;
Kauffmann et al., 2015), they might only be related to pro-
cesses in scene interpretation. Overall, these changes in
neural responses suggest that the masking of signature
objects significantly affected the object attention, cognitive
demand, top-down modulation effect, and semantic
judgment.
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