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Abstract

Grouping local elements of the visual environment together is crucial for meaningful perception.
While our attentional system facilitates perception, it is limited in that we are unaware of some
aspects of our environment that can still influence how we experience it. In this study, the neural
mechanisms underlying the Ponzo illusion were examined under inattention and divided-attention
conditions using functional magnetic resonance imaging to investigate the brain regions respon-
sible for accessing visual stimuli. A line discrimination task was performed in which two horizontal
lines were superimposed on a background of black and white dots that, on occasion, induced the
Ponzo illusion if perceptually grouped together. Our findings revealed activation for perceptual
grouping in the frontal, parietal, and occipital regions of the brain and activation in the bilateral
frontal, temporal, and cingulate gyrus in response to divided attention compared with inattention
trials. A direct comparison between grouping and attention showed involvement of the right
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supramarginal gyrus in grouping specifically under conditions of inattention, suggesting that even
during implicit grouping complex visual processing occurs. Given that much of the visual world is
not represented in conscious perception, these findings provide crucial information about how
we make sense of visual scenes in the world.
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To make sense of the visual scenes we encounter, meaningful perception relies on our
ability to quickly and efficiently organize visual information. The visual system is able to
group elements using principles first introduced by Gestalt psychologists, including simi-
larity, proximity, and closure (Wertheimer, 1923). This allows incoming information to be
organized and integrated from meaningless and fragmented input into coherent, whole
objects and backgrounds. Behavioral research has demonstrated that visual object repre-
sentations not only occur in situations in which such objects are attended or task-relevant
but also take place when they are unattended and task-irrelevant (Lamy et al., 20006;
Moore & Egeth, 1997; Miiller et al., 2010; Russell & Driver, 2005). Previous research
using visual illusions, in which susceptibility depends on grouping incoming information
together, as well as grouped patterns, has established that individuals are susceptible to
grouping even when they are unable to explicitly report the elements being grouped
(Carther-Krone et al., 2016; Driver et al., 2001; Kimchi & Peterson, 2008; Kimchi &
Razpurker-Apfeld, 2004; Lamy et al., 2006; Moore & Egeth, 1997; Russell & Driver,
2005; Shomstein et al., 2010). This suggests that perceptual grouping may occur relatively
automatically and independently of top-down attentional selection. This is further sup-
ported by studies involving patients with neurological disabilities such as hemispatial
neglect (Russell & Driver, 2005; Shomstein et al., 2010; Vuilleumier & Landis, 1998;
Vuilleumier et al., 2001) and simultanagnosia (Huberle & Karnath, 2006; Karnath
et al., 2000), who show an ability to implicitly group elements despite difficulties explicitly
reporting the global configurations. However, it is unclear which brain regions are respon-
sible for grouping unattended stimuli and whether access to a visual stimulus, even if
unattended, activates the same regions.

While previous research has established that perceptual grouping can occur without
attention, there is little research examining the neural mechanisms underlying grouping in
this context and how it might differ from grouping under conditions of explicit attention.
Of the research that exists, much of it focuses on grouping under varying conditions of
attention, pointing to areas V1 and V2 of the visual cortex (Ross et al., 2000), the inferior
parietal cortex, middle temporal gyrus, and prefrontal cortex (Seymour et al., 2008) as
regions responsible for grouped compared with ungrouped visual information.
Furthermore, research has suggested that different Gestalt properties rely on different
neural mechanisms (Han et al., 2001, 2005; Vidal et al., 2006) and that these properties
may be driven differentially by local and global processing strategies (Han et al., 2001;
Prieto et al., 2014). As a result, there is a considerable divergence of findings regarding
perceptual grouping, and most research on perceptual grouping has explicitly involved the
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recruitment of attentional mechanisms to some extent. Neuroimaging research examining
grouping without attention has focused mainly on comparing grouped with ungrouped
stimuli. One line of work has examined the visual suppression that occurs between simul-
taneously presented proximal visual elements to show that these competitive interactions
appear to occur automatically, without attention, in the early visual cortex (Kastner et al.,
1998; Reynolds et al., 1999). Another study comparing grouped with ungrouped visual
information pointed to the inferior parietal lobe as important in perceptual grouping
when grouping was task-irrelevant and participants were unaware of the stimuli to be
grouped (Xu & Chun, 2007). Although the limited amount of research examining perceptual
grouping without attention points to the early visual cortex and inferior parictal lobe as an
important marker of grouping under conditions of inattention, there has to date been no
within studies comparisons of the neural correlates activated in response to perceptual
grouping under conditions of inattention compared with when attentional processes
are recruited.

To determine whether distinct brain regions are recruited for perceptual grouping with-
out attention compared with grouping under conditions of divided attention, a functional
magnetic resonance imaging (fMRI) investigation was conducted in which we used a version
of the Ponzo illusion (Ponzo, 1910) that superimposed two horizontal lines over a back-
ground of black and white dots. When the black dots were grouped, they formed the two
converging lines of the Ponzo illusion (Moore & Egeth, 1997). Inattentive processing was
examined by requiring participants to determine which of two horizontal lines was longer
after a brief presentation of the illusion. If participants consistently judged the line placed at
the converging end of the illusion as longer, this would indicate that they were processing the
illusion without attention. Following the inattention trials, divided attention was investigat-
ed by instructing participants to attend to the background while performing the same line
judgment task as previously administered in the inattention condition.

If grouping without attention and under conditions of divided attention result in similar
activations, then these overlapping regions would suggest a general processing mechanism is
responsible for perceptual grouping regardless of whether or not it is perceived. However,
if distinct regions of activation are found for grouping stimuli without attention, then
this would suggest that input that is not explicitly reported is driven by those regions and
that attention may serve as a modulating factor in differentiating between implicit and
explicit grouping.

Here, we report novel findings comparing brain regions activated during perceptual
grouping without attention and under conditions of divided attention. While previous
research has examined the brain regions activated in response to perceptual grouping in
general, the extent to which attention modulates these regions has mainly focused on
paradigms requiring divided or selective attention. The current study not only examines
the brain regions involved in perceptual grouping under conditions of inattention but also
provides a direct comparison of grouping under inattention and divided-attention con-
ditions in the same study. While activity related to perceptual grouping was found within
previously reported regions of the occipital lobes, frontal lobes, and left parietal lobe,
activation was also observed in the right supramarginal gyrus for grouping specifically in
the inattention condition. This inferior parietal activation is consistent with previous
research (Xu & Chun, 2007) but further demonstrates that it is unique to grouping
under conditions of inattention by comparing grouping mechanisms with those resulting
when attention is explicitly recruited, in which this activation is no longer found. The
specific activation of the right supramarginal gyrus under conditions of inattention
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suggests that this region is directly involved in grouping only when we do not explicitly
attend to a stimulus.

Methods

Participants

The study protocol was approved by the Psychology/Sociology Human Research Ethics
Board at the University of Manitoba and Thunder Bay Regional Health Sciences Center
Ethics Board. The number of participants was preset to 20 to 25 based on comparable recent
research using fMRI to study visual illusions (He et al., 2015; Mikellidou et al., 2016; Selles
et al., 2014) and attention (Kok et al., 2016; Salo et al., 2017; Santangelo et al., 2010).
Twenty-eight typically developing individuals were recruited and provided written informed
consent. Inclusion criteria included normal or corrected-to-normal vision and no preclu-
sions for MRI. Participants received $25.00 to compensate them for any transportation
expenses to the study. There were several sources of data attrition: One participant could
not be tested due to technical difficulties with the MRI and was excluded without data
collection, data from one participant were discarded due to problems with the MRI in
acquiring the Tl1-weighted anatomical scan, three participants were discarded due to
excess (greater than 2mm in any direction) head motion, and behavioral data from one
participant were discarded due to problems acquiring responses using the MRI compatible
trackball. Thus, the final sample consisted of 22 right-handed participants (13 females) aged
31 £6.85 (mean=£ 1 SD).

Apparatus and Stimuli

Stimuli were generated on a 12.7” Dell Tablet using E-Prime software (Psychology Software
Tools, Pittsburgh, PA) and projected onto a screen that was viewed by subjects via a mirror
measuring 13cm x §cm (50° x 32° in visual angle) mounted on the head coil. The approx-
imate distance from the participants eye to the screen was 14 cm (depending on individual
head size and position in the head coil). The spatial resolution of the computer was
1,024 x 768 pixels, and the refresh rate was 60 frames per second.

Each trial began with a black 0.8° x 1° fixation cross presented in the center of a gray
background (luminance: 106 cm/m?). Trial displays consisted of a matrix of 21 columns and
13 rows of black and white dots subtending approximately 18.4° x 19.2°, centered on the
gray background, with two horizontal black line segments superimposed over the dot
matrix. Each dot had a diameter of 0.6°. Dots within a row were separated by 1° (center
to center), and those within a column were separated by 1.5° (center to center). The line
segments were 0.4° wide. Line segments were centered horizontally within the matrix and
positioned approximately one third of the way down from the top of the matrix (between the
fifth and sixth rows of dots) and one third of the way up from the bottom of the matrix
(between the eighth and ninth rows of the dots).

Trials consisted of either random matrix or pattern matrix trials. Random matrix trials
consisted of dot matrices in which a random 8% of the dots were black and the rest were
white. The line segments superimposed over the matrix were presented so that one line
segment was slightly longer than the other, and the lengths were randomly chosen from
three short-long pairs: (8.3°, 7.3°), (8.7°, 7.7°), and (9.3°, 8.3°). In these trials, the longer line
segment was presented equally often in the top and bottom positions (Figure 1). Pattern
matrix trials consisted of dot matrices in which the dots formed a pattern based on grouping
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Task Display Types:

Task Display
250 ms

Random Matrix Pattern Matrix

Intertrial Interval
5000 - 7000 ms

Figure |. Stimulus Backgrounds and Time Course of Trial Events.

by similarity. In these trials, the line segments were equal in length (9.1°). Each trial was
immediately followed by a mask consisting of a dot matrix in which a random 30% of the
dots were black and the rest were white.

Procedure

Each participant was tested individually in one session lasting approximately 1 hour.
The length of the line discrimination task was approximately 20 minutes, with the rest of
the time allocated to preparing and informing the participant for the MRI (i.e., filling
out the consent and demographics forms), MRI safety prescreening, ensuring comfort of
the participant in the scanner, and acquiring anatomical scans.

Before going into the scanner, participants were given instructions about the line dis-
crimination task. They were told that each trial would begin with a fixation cross, followed
by the brief presentation of a dot matrix with two horizontal line segments superimposed on
it. Participants were instructed to indicate whether they thought the top or bottom line was
longer by making their response using the MRI compatible trackball, where a left click
indicated that the top line was longer and a right click indicated that the bottom line was
longer. Participants were asked to take a best guess if they were unsure which line was
longer.

Once participants were comfortable with the task instructions, they were given an oppor-
tunity to perform 10 random matrix practice trials on a computer outside the scanner to
ensure they were able to see the two line segments. Following these practice trials, partic-
ipants completed the experimental trials in the MRI.

For the experimental trials, each participant completed the task four times (four runs),
with each run starting with a 4,000 ms gray screen (Figure 1). Subsequently, the first trial
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began with a fixation cross shown for 1,000 ms, followed by a trial display for 250 ms, which
was immediately replaced by a mask display that remained on the screen for 2,750 ms,
allowing participants to indicate their response. A jittered intertrial interval ranging from
5,000 to 7,000 ms in intervals of 250 ms with an average of 6,000 ms followed, appearing as a
gray background, after which the next trial was presented. In each run, 36 trials were
randomly presented (18 pattern and 18 random). The intertrial interval was jittered to
increase variance for blood-oxygen-level-dependent deconvolution analysis.

Each run ended with a random matrix trial, and following the last trial of the second run,
participants were presented with two surprise questions (direct query and forced choice)
regarding the background pattern. For the direct query question, participants were asked,
“Did you notice a pattern in the background of dots on any of the preceding trials?”
Following the direct query, participants were shown two versions of the Ponzo illusion
(converging lines toward the top of the screen and converging lines toward the bottom of
the screen) and asked to indicate the pattern they observed, taking a best guess if no pattern
was seen. Participants were always shown the illusion with the lines converging toward the
top of the screen so they could be queried about the background over the whole block of
trials rather than only the last pattern trial preceding the direct query and forced-choice
questions. These questions served the purpose of examining whether participants were view-
ing the stimuli without attending the background. Following these two questions, partic-
ipants were asked to complete two more runs of the same task but were instructed to also
observe the background pattern while carrying out the line discrimination task. After the
last pattern matrix trial of the final run, participants were once again asked the same two
questions. Consistent with previous research (Moore & Egeth, 1997), participants were able
to see and identify the background pattern, indicating that participants were completing the
task under divided attention.

fMRI Image Acquisition

Imaging was performed on a 3 Tesla Philips Achieva MRI scanner (Philips, Amsterdam, the
Netherlands) equipped with an eight-channel Sensory Element (SENSE) head coil (Philips).
Participants were positioned in a supine position on the scanner bed with their right index
and middle fingers positioned on the appropriate response buttons of a response box.
Stimuli were back projected onto a screen mounted at the rear end of the scanner, and
participants viewed the display via a mirror attached on the head coil. To minimize head
motion, the head was fitted with memory foam cushions. Whole-brain functional images
were acquired using a T2*-weighted single-shot two-dimensional gradient echo-planar pulse
sequence (179 volumes, 30 slices, slice thickness =4 mm, field of view =240 x 240 mm, voxel
size =3.75 x 3.75 x 4.0 mm®, TR/TE = 2,000/30 ms, flip angle = 90°), while participants per-
formed the task. The fMRI scans were repeated four times (one for each run of the task).
After functional imaging, structural data were acquired for each participant using a T1-
weighted MPRAGE sequence for detailed reconstruction of anatomy with isotropic voxels
(I1x1x1mm) in a 240-mm field of view (256 x 256 matrix, 160 slices, TR =8.1ms,
TE =3.7ms).

fMRI Data Preprocessing

Brain image preprocessing and statistical analyses were performed using BrainVoyager 2.8
(Brain Innovation, Maastricht, the Netherlands; Goebel et al., 2006). The first two volumes
of each fMRI scan were discarded to allow the MRI signal to reach a steady state.
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Images from each functional run were slice time corrected, motion corrected, and then
temporally high-pass filtered using a general linear model with Fourier basis set to
remove low- and high-frequency noise in the functional time series. All anatomical
images were interpolated into 1-mm isotropic voxels and corrected for inhomogeneity and
then coregistered to the mean functional image and transformed into the standardized
Talairach and Tournoux (1988) atlas space using an AC/PC transform. These images
were then spatially smoothed with a Gaussian kernel with a full width at half maximum
of 6 mm, and the 6 motion predictors from each functional run were z-transformed and
added into the general linear model as predictors.

Behavioral Data Analysis

In this study, perceptual grouping abilities under conditions of inattention (Runs 1 and 2)
and divided attention (Runs 3 and 4) were examined by assessing participants’ susceptibility
to the Ponzo illusion in the perceptual grouping task. Random matrix and pattern matrix
trials were analyzed separately in each attentional condition by first calculating the percent-
age of correct responses for each participant across the trials in each condition and then
averaging these results across all participants to obtain the mean percentage of correct
responses for each trial type in each attentional condition. The random matrix trials
served to ensure that the participants could in fact make perceptual judgments based on
line lengths, and a correct line judgment was coded when participants chose the longer line
in the random matrix trials (i.e., the line that was physically longer) or indicated an illusion-
based response in the pattern matrix trials (i.e., chose a physically identical line that was
consistent with the illusory percept). Perceptual grouping abilities were assessed by com-
paring illusion susceptibility to a chance level (50%) for the pattern matrix condition.
Similarly, line discrimination abilities were assessed by comparing accuracy in the
random matrix trials (i.e., the percentage of trials in which participants successfully chose
the longer of the two lines) to a chance level (50%). All analyses were carried out using
alpha =.05.

General Linear Model First-Level Analysis

Data were analyzed for each subject using the general linear model. A contrast was applied
to examine regions of statistically greater activation for the pattern matrix condition in
comparison with the random matrix condition. The random matrix condition included all
of the components of the pattern matrix condition except for the requirement of grouping
the black dots together to perceive the illusion. Thus, the subtraction of the random matrix
condition from the pattern matrix condition should reveal areas actively involved with
perceptual grouping. Statistical analysis at the first level involved generating within-
subject parametric activation maps for this contrast in both inattention and divided-
attention conditions and modeling stimulus onsets using the hemodynamic response
function.

General Linear Model Group Analysis

Random-effects general linear models were performed at the group level to determine
regions significantly activated in association with perceptual grouping in both inattention
and divided-attention conditions. Groupwise statistical maps were determined using the
random-effects general linear model and cluster threshold estimation was calculated for
each cluster of voxels (pucorr <.01) to correct for multiple comparisons and eliminate
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false positives. This correction method incorporates the observation that neighboring voxels
activate in clusters and calculates the likelihood of obtaining different cluster sizes (Forman
et al., 1995). Main effects were calculated first by contrasting pattern matrix trials with
random matrix trials across both attentional conditions (Grouping Type), as well as con-
trasting pattern and random matrix trials in the inattention condition with pattern and
random matrix trials in the divided-attention condition (Attentional Type). The interaction
was also examined to test whether any brain regions related to perceptual grouping were
activated specifically in each attentional condition. Finally, simple effects analyses involved
two separate analyses of variance (ANOVAs) contrasting pattern to random matrix trials
for each attentional condition, as well as a 2 (Trial Type: Pattern, Random) x 2 (Attentional
Condition: Inattention, Divided Attention) ANOVA to determine how much activation
in response to pattern compared with random matrix trials differed between attentional
conditions. Significant areas of activation in each condition were localized using the
Talairach atlas.

Results

Behavioral Results

In this study, a line discrimination task was performed in which two horizontal lines were
superimposed on a background of black and white dots organized so that, on occasion,
the black dots induced the Ponzo illusion if perceptually grouped together. Trials in which
the background dots were randomly configured confirmed that participants were able to
make perceptual judgments based on the line lengths. A correct line judgment was coded
when participants chose the longer line in the random matrix trials (i.e., the line that was
physically longer) or indicated an illusion-based response in the pattern matrix trials (i.e.,
chose a physically identical line that was consistent with the illusory percept). Perceptual
grouping abilities were examined both under conditions of inattention (i.e., before partic-
ipants were aware of the illusion inducing elements in the background) and under conditions
of divided attention (i.e., when participants had their attention directed to both the back-
ground elements and the line judgment task).

Participants showed high accuracy in line discrimination ability in the random matrix
trials in both inattention and divided-attention conditions (Figure 2), identifying the longer
line segment on 95.6% (46.02%) of the trials in the inattention condition and 96.48%
(£4.59%) of the trials in the divided-attention condition, both of which differed significantly
from a 50% chance result, #(21)=74.074, p<.001, Cohen’s d=2.93 and #(21)=98.021,
p <.001, Cohen’s d=8.74, respectively (values of the form x + y refer to a 95% confidence
interval of y, surrounding a mean of x). The results from the pattern matrix trials were
consistent with previous research (Carther-Krone et al., 2016; Moore & Egeth, 1997), show-
ing that participants were influenced by the background pattern in both inattention and
divided-attention conditions, reporting the line toward the converging end of the patterned
lines on 90.21% (£15.31%) of the trials in the inattention condition and 95.57% (£5.27%)
of the trials in the divided-attention condition, both of which differed significantly from a
50% chance result, #21)=27.479, p <.001, Cohen’s d=1.72 and #21)=284.591, p <.001,
Cohen’s d=28.59, respectively. Furthermore, a 2 (Attentional Condition: Inattention,
Divided Attention) x 2 (Trial Type: Pattern, Random) repeated measures ANOVA revealed
that there were no significant main effects of attentional condition, F=4.14, p = .06, trial
type, F'=2.404, p=.136, or interaction between the two, F'=1.494, p=.235. Taken togeth-
er, these findings demonstrate that participants were able to complete the line judgment task
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Figure 2. Behavioral Results of the Perceptual Grouping Task. The percent correct trials indicate the per-
centage of trials that each participant correctly chose the longer line in the random matrix trials (i.e., the line
that was physically longer) and the percentage of trials that each participant indicated an illusion-based
response in the pattern matrix trials (i.e., chose a physically identical line that was consistent with the
illusory percept). Each line represents one participants’ data (N=22), and due to the distributional char-
acteristics of the data being very similar among most participants, some of the lines overlap. Participants
showed high accuracy in their ability to complete the behavioral task, further emphasized by the mean for
each condition (represented by the black square).

with high accuracy regardless of trial type or attentional condition. Thus, it is highly unlike-
ly that any brain activations in response to perceptual grouping in inattention or divided-
attention conditions are due to differences in ability to perform the grouping task.

Direct Query and Forced-Choice Results

For the direct query, 50% of the participants (11 out of 22 participants) reported noticing a
pattern after the inattention trials. However, more than 80% of participants (18 out of 22
participants) reported seeing the pattern after the divided-attention trials. In the forced-
choice measure, of the participants who reported seeing the pattern after the inattention
trials, 55% of them (6 out of 11 participants) were able to accurately identify the pattern,
which did not differ significantly from a chance finding, #(10) =0.289, p =.779. Of the total
sample, 36% of participants (8 out of 22 participants) were able to accurately identify the
pattern, which also did not differ significantly from a chance finding, #21)=-1.299,
p=.208. Of the participants who reported seeing the pattern after the divided-attention
trials, all of them were able to accurately identify the pattern. There were four participants
who reported not being able to see the pattern in response to the direct query question
following the divided-attention trials; however, of these four participants, three of them
were still able to correctly identify the pattern.

Correlation Between Forced-Choice Responses and lllusion Susceptibility

For all participants, a point-biserial correlation was calculated between the accuracy of the
forced-choice response (0 = incorrect, 1 = correct) and the percentage of pattern matrix trials
in which a response consistent with the illusion was reported (i.e., reporting the line at the
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converging end of the illusion as longer) for both inattention and divided-attention trials.
A significant positive correlation would suggest that a high percentage of illusion-based
responses may have been due to those participants who happened to notice the pattern
on the illusion-based trials. The results showed that the correlation did not differ signifi-
cantly from zero for both inattention, r=.163, p=.403, and divided-attention, r =—.188,
p=.403, trials. A second point-biserial correlation was also calculated between the accuracy
of the direct query response and the percentage of pattern matrix trials in which a response
consistent with the illusion was reported for both inattention and divided-attention trials.
Again, the correlation did not differ significantly from zero for both inattention, r =—-.302,
p=.172, and divided-attention, r=—.144, p=.524, trials. Together, these results suggest
that the high percentage of illusion susceptibility was not due to those participants who
happened to notice the pattern during the inattention trials, which is further verified by a
similar nonsignificant correlation in the divided-attention trials.

fMRI Results

A whole-brain analysis examining the brain regions involved in perceptual grouping was
performed by testing the main effects of grouping and attention as well as the interaction
between the two variables, using follow-up post hoc analyses of the simple effects to deter-
mine when attention influences grouping. First, pattern matrix trials were contrasted with
random matrix trials (pattern >random) across both attentional conditions (Grouping
Type). Activation in response to pattern matrix trials was found within the inferior gyrus
of the left occipital lobe, middle frontal gyrus of the left frontal lobe, inferior region of the
left parietal lobe, and cingulate gyrus of the right limbic lobe (Figure 3). Next, pattern and
random matrix trials in the inattention condition were contrasted with pattern and random
matrix trials in the divided-attention condition (Attentional Type). Activation specific to
pattern and random matrix trials in the inattention condition was found in the parahippo-
campal gyrus of the left limbic lobe, while activation specific to these trials in the divided-
attention condition was found bilaterally in the superior temporal gyrus, inferior frontal
gyrus of the frontal lobe, and cingulate gyrus of the limbic lobe (Figure 3).

Following tests of the main effects, the interaction between grouping and attention was
examined to test whether any brain regions related to perceptual grouping were activated
specifically in each attentional condition. A 2 (Trial Type: Random, Pattern)x 2
(Attentional Condition: Inattention, Divided Attention) ANOVA revealed a significant
interaction in the supramarginal gyrus of the right parietal lobe, F(1, 21)=12.689,
p=.002 (Figure 4). Post hoc comparisons involving the beta values revealed significantly
stronger activation for pattern matrix trials in the inattention compared with divided-
attention conditions, p=.021.

Finally, a simple effects analysis was performed involving two separate 2 (Grouping
Type: Pattern, Random) x 2 (Attentional Condition: Inattention, Divided Attention)
ANOVAs contrasting pattern to random matrix trials for each attentional condition.
Activation in response to perceptual grouping in the inattention condition revealed activa-
tion within the inferior gyrus of the left occipital lobe, middle frontal gyrus of the right
frontal lobe, inferior region of the left parietal lobe, and supramarginal gyrus of the right
parietal lobe. Activation in response to perceptual grouping in the divided-attention condi-
tion revealed activation in the right medial frontal gyrus and in the lingual gyrus of the
occipital cortex bilaterally (Figure 4). The peak location and cluster sizes for the main
effects, interaction, and post hoc analyses are summarized in Table 1. Significant areas of
activation in each condition were localized using the Talairach atlas.
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Figure 3. Main Effects Analysis. Images are presented in radiological orientation. Whole-brain axial slices of
the average activation from all participants (n =22) are shown. Multiple comparisons were corrected using
cluster threshold estimation (pyncor =-01). Activations in the grouping condition are the result of contrasting
pattern (+) trials with random (-) trials across both attention conditions. Activations in the attention
condition are the result of contrasting pattern and random matrix trials in the divided-attention (4) con-
dition with pattern and random matrix trials in the inattention () condition. In testing the main effect of
attention, orange activations represent stronger activation in the divided-attention trials, while blue activa-
tions represent stronger activation in the inattention trials.

Note: Please refer to the online version of the article to view the figures in colour.

Discussion

The aim of the present experiment was to explore and further clarify the neural areas
affected by perceptual grouping using a line discrimination task that allowed us to directly
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Figure 4. Interaction and Simple Effects. Images are presented in radiological orientation. Whole-brain axial
slices of the average activation from all participants (n = 22) are shown. Multiple comparisons were corrected
using cluster threshold estimation (pyncorr =-01). Activations are the result of general linear model predictor
contrast of the random (-) and pattern (+) conditions during perceptual grouping under conditions of
inattention, divided attention, and the interaction between trial type (random (-) and pattern (+)) and
attentional type (inattention (+), divided attention (-)).

Note: Please refer to the online version of the article to view the figures in colour.

compare grouping ability under conditions of inattention to grouping ability under con-
ditions of divided attention. The behavioral data clearly indicated that participants per-
ceived the Ponzo illusion during fMRI scanning: They perceived the horizontal line at the
converging end of the illusion as longer than the horizontal line at the diverging end. This
effect did not occur when no illusion was presented in the background, and in this case,
participants were able to accurately identify the longer of the two different horizontal lines.

Perceptual Grouping and Attention

Our findings revealed activation in the frontal, parietal, and occipital regions of the brain
in response to grouping in general, consistent with previous research involving perceptual
grouping (Ross et al., 2000; Seymour et al., 2008). Furthermore, activation in the bilateral
frontal, temporal, and cingulate gyrus in response to divided-attention trials compared
with inattention trials is consistent with the increased cognitive demands resulting from
carrying out the line discrimination task while attending to the background (Fink et al.,
1996; Herath et al., 2001), as well as mechanisms related to encoding and retrieving
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Table I. Activation Regions in Response to Grouping Stimuli Under Inattention and Divided-Attention
Conditions.

TAL coordinates Voxels
Brodmann
Location Side area X y z (I'x1x1 mm)
Main effects
Stimulus (pattern vs. random)
Inferior occipital gyrus (occipital lobe) L 18 =27 -88 -8 29,600
Cingulate gyrus (limbic lobe) R 24 3 -10 31 6,202
Inferior parietal lobe (parietal lobe) L 40 -39 =31 46 9,953
Medial frontal gyrus (frontal lobe) L 9 —24 44 10 1,794
Attention (inattention > divided attention)
Parahippocampal gyrus (limbic lobe) L 36 =27 —40 -5 1,541
Attention (divided attention > inattention)
Superior temporal gyrus (temporal lobe) R 22 60 —46 19 4,450
Inferior frontal gyrus (frontal lobe) R 44 48 17 10 3,483
Cingulate gyrus (limbic lobe) R 24 6 8 37 1,350
Cingulate gyrus (limbic lobe) L 31 -15 -25 43 1,477
Inferior frontal gyrus (frontal lobe) L 45 -36 29 7 1,569
Superior temporal gyrus (temporal lobe) L 22 -54 —49 10 1,627
Interaction
Supramarginal gyrus (parietal lobe) R 40 6l —49 25 587
Simple effects
Inattention condition
Supramarginal gyrus (parietal lobe) R 40 60 —49 29 1,488
Middle frontal gyrus (frontal lobe) R 46 39 36 19 1,238
Inferior occipital gyrus (occipital lobe) L 18 -30 -88 -8 1,630
Inferior parietal lobe (parietal lobe) L 40 —24 —43 52 2,991
Divided-attention condition
Bilateral lingual gyrus (occipital lobe) LR 17 3 —88 7 20,505
Medial frontal gyrus (frontal lobe) R 32 6 14 40 2,878

Note. The number of voxels refers to the size of the cluster following application of the cluster-level statistical threshold estimator.

(Anderson et al., 2000). Activation in the parahippocampal gyrus in response to inattention
trials compared with divided-attention trials may also be involved in mechanisms related to
encoding (Kensinger et al., 2003). While these results related to perceptual grouping and
attention are supported by previous research, this study further extends these findings by
providing a direct comparison of perceptual grouping mechanisms under varying levels of
attention. Results indicated that the right supramarginal gyrus is involved in perceptual
grouping specifically under conditions of inattention. Together, the results of this study
replicate previous behavioral studies in which the Ponzo illusion was elicited under con-
ditions of inattention (Carther-Krone et al., 2016; Moore & Egeth, 1997) and extend them to
include the underlying neural mechanisms. Given that much of the visual world at any
moment is not represented in conscious perception, these findings provide crucial informa-
tion about how we make sense of visual scenes in the real world.

Grouped Versus Ungrouped Stimuli

When pattern matrix trials were contrasted with random matrix trials across attentional
conditions, our analysis revealed activations in the inferior parietal cortex, medial frontal
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gyrus, inferior occipital gyrus, and cingulate gyrus. This is consistent with previous research
demonstrating that the early visual cortex (Ross et al., 2000) as well as inferior parietal
cortex and prefrontal cortex (Seymour et al., 2008) are involved in attending to grouped
versus ungrouped stimuli. Neuroimaging studies point to the inferior parietal cortex as an
important region underlying perceptual grouping, namely in integrating local features into a
global percept, which is supported by studies showing that damage to the inferior parietal
cortex leads to difficulties integrating local elements into a global whole (Huberle &
Karnath, 2006; Karnath et al., 2000). In addition to the inferior parietal cortex, activation
was also found in the frontal region of the cortex, which has been commonly implicated with
visual processes succeeding local feature integration, such as perceiving and recognizing
objects (Logethetis, 1998). Activation in the early visual cortex of the occipital lobe has
been shown to be involved in maintaining sensitivity to the contrasts and spatial organiza-
tion of cues involved in perceptual grouping (Ross et al., 2000) and is important in extract-
ing bottom-up information required to perceive the grouped stimuli. Finally, activation in
the cingulate gyrus has been shown to be involved in encoding and retrieving information
(Anderson et al., 2000), which is likely activated in response to instructing participants to
recall information about the background in divided-attention conditions. Together these
findings demonstrate that the inferior parietal, middle frontal, and early occipital and cin-
gulate regions are involved in gestalt perception in general. This is supported by previous
research and provides evidence that grouping mechanisms were successfully activated using
our stimulus involving a visual illusion.

Divided-Attention Versus Inattention Conditions

When divided-attention trials were contrasted with inattention trials, our analysis showed
activation in the bilateral frontal, temporal, and cingulate gyrus. This is consistent with
previous research demonstrating that the frontal and temporal regions of the brain are
recruited as the cognitive load required to perform a task increases (Fink et al., 1996;
Herath et al., 2001; Johnson & Zatorre, 20006), as well as the importance of the cingulate
cortex in encoding and retrieving (Anderson et al., 2000). Previous research has shown
cingulate and prefrontal cortex activation in response to a linguistic dual task paradigm
(Benedict et al., 1998), and prefrontal activation has been shown to be involved in top-down
attentional control (Corbetta & Shulman, 2002). Prior research has also shown that the
cingulate cortex is activated in response to increased task difficulty in a working memory
task, while the prefrontal cortex responds to increased working memory load (Barch et al.,
1997). Because participants in this study had to perform the line discrimination task while
attending to the background in the divided-attention condition, activation in the cingulate
cortex likely represents an increase in task difficulty compared with the inattention trials,
while prefrontal activation likely represents an increase in working memory load and exec-
utive functioning (Loose et al., 2003).

Increased activation was also found bilaterally in the superior temporal gyrus at the
region of the temporoparietal junction (TPJ). While this region has been implicated in
detection of salient distractors and cognitive control more generally (Chang et al., 2013;
Geng & Mangun, 2011), more specifically this region appears to be robustly activated in
response to detecting behaviorally relevant stimuli (Corbetta et al., 2008; Serences et al.,
2005). As a result, the TPJ is a possible brain region responsible for the integration of top-
down and bottom-up processes. In the current study, the divided-attention condition
required increased cognitive control compared with the inattention condition due to
the increased task demands, with participants tasked to detect behaviorally relevant stimuli
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(i.e., the background patterns) while carrying out the line discrimination task. Although
participants were instructed to perform the line discrimination task while attending to the
background dot patterns, because these patterns did not occur on every trial, it is possible
that the random occurrence of these patterns provided enough saliency to capture attention
in a bottom-up fashion initially, bringing patterns into awareness for later recollection.
This would suggest that TPJ has a role in integrating bottom-up and top-down attentional
processes.

When inattention trials were contrasted with divided-attention trials, activation was only
found in the left parahippocampal gyrus. While it is unclear how this region may be specif-
ically involved in inattention per se, this region has been shown in prior research to be
involved in the successful encoding of stimuli in a relatively easy divided-attention task when
compared with a more cognitively demanding divided-attention task (Kensinger et al.,
2003). While further research is necessary to uncover the extent to which activation in
this region is specific to implicit grouping, this activation nonetheless suggests that encoding
occurs to some extent, likely involving the horizontal lines to which attention is pointed in
the inattention condition.

Brain Activity Related to the Interaction Between Grouping and Attention

Activation in the right supramarginal gyrus of the parietal lobe was characterized by a
significant interaction between grouping and attention. Our interpretation of this interaction
was guided by a simple effects analysis examining brain regions activated for pattern com-
pared with random matrix trials at each attentional condition separately, demonstrating
significant activation of the right supramarginal gyrus for pattern matrix trials compared
with random matrix trials in the inattention condition.

While parietal activation was found generally in response to grouped stimuli, the distinct
region activated in response to inattention suggests the importance of this region in percep-
tual grouping even before attentional mechanisms are recruited. The region of the supra-
marginal gyrus is located in the inferior parietal cortex, which has been established as
important in forming object representations, a process important in grouping perceptual
information together. Because inattention trials required participants to indicate the longer
of the two horizontal lines while implicitly grouping the background stimuli together to
form the illusion, and divided-attention trials required participants to indicate the longer of
the two lines while explicitly attending to the background stimuli, this would suggest that
activation in the parietal lobe in the inattention condition is involved in implicitly grouping
the black dots together to form the illusory percept. This is supported by previous research
showing differing activation in the inferior parietal lobe in response to grouped shapes
compared with ungrouped shapes when observers report being unaware of the groupings
(Xu & Chun, 2007).

While activation in the inferior parietal lobe in response to perceptual grouping and the
ability to group visual information under conditions of inattention has been previously and
well established as separate entities, the importance of this finding is that it shows the
inferior parietal lobe as a region responsible for perceptual grouping even when participants
are not able to explicitly report on the grouped information. Prior studies tend to focus on
low-level brain regions such as the early visual cortex as areas implicated in implicit group-
ing, and findings from this study suggest that processing in higher regions are modulating
grouping effects even when attention is not specifically directed at them.
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Possible Limitations

A possible concern that should be acknowledged in the divided-attention runs is the
difference in instructions for this study compared with similar studies that have used this
paradigm in the past. While previous studies of inattention probe participants about
the irrelevant background stimuli and then ask them to continue performing the same
task again, with the assumption being that drawing their attention to the background will
lead to a division of attention from that point forward, in this study, we explicitly asked
participants to attend to the irrelevant stimuli while performing the discrimination trials
after we had probed them about the background following the inattention trials. This dif-
ference in task instruction may result in a limitation of the generalizability of results in the
divided-attention runs but was modified to ensure that participants were really motivated to
divide their attention. Another modification of this study from prior similar studies is the
presentation of the background illusion with the lines always converging toward the top of
the screen, which allowed us to query participants about the background over the whole
block of trials as opposed to a single trial. While it is possible that this may have introduced
a response bias, a prior version of this experiment (Carther-Krone et al., 2016) where
participants were shown the illusion with the lines converging toward the top and bottom
of the screen showed that participants accurately identified the perceived longer line as that
at the converging end, whether the lines converged toward the top or bottom of the screen,
supporting our claim that participants are in fact influenced by the Ponzo illusion.

In referring to the divided-attention condition, it should also be acknowledged that while
increased task are most likely driving activation found in the frontal lobe, the manipulation
of the attentional condition may be confounded by eye movements. Because participants are
instructed to attend to the background as well as the horizontal lines, increased eye move-
ment may be more likely in the divided-attention condition, which may also explain the
frontal activation in this attentional condition. Future research involving eye tracking is
suggested to remove eye movement as a potential confound in these types of studies.

A final concern involves the inclusion of all participants in our study. Of the 22 partic-
ipants in this study, 11 participants noted seeing the pattern when probed following the
inattention trials. However, of these 11 participants, only 6 were able to accurately identify
the pattern. Because consciously perceiving the pattern based on awareness measures
involves explicitly stating the pattern was seen as well as accurately identifying it, our
sample included six participants who fit this criterion. While removing these participants
may be viewed as the optimal solution to ensuring a more representative inattention condi-
tion, we would argue that this is not the case because exclusion procedures suffer from
regression-to-the-mean effects (Shanks, 2017). As such we have chosen to include all the
participants in our analysis to avoid this statistical error, as well as to strengthen the power
of our sample. However, at the request of one of the reviewers, we also ran the analysis with
the exclusion of those participants who reported seeing the pattern at the query stage and
found similar results." Namely, many of the regions of interest discussed in this study were
the same whether or not all participants were included. As such, we have full confidence that
our findings represent the question asked in this study.

Conclusion

In summary, the present findings suggest that the right supramarginal gyrus is an important
region for implicit perceptual grouping. While previous research has demonstrated this
region to be responsible for object representation, most research has focused on grouping
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under conditions of divided attention or selective attention, often using multiple sensory
modalities to support their claims. Of the research that examines grouping under conditions
of inattention, findings tend to be limited to low-level brain regions, demonstrating involve-
ment of early visual cortex in grouping information when attentional processes are limited.
Here, we not only examined perceptual grouping under two varying conditions of attention,
but we provided a direct comparison between regions activated in response to grouped
versus ungrouped stimuli in each attentional condition. Our findings converge with previous
studies showing similar regions of activation for both perceptual grouping and divided
attention in general, emphasizing that the stimuli used in our study was able to replicate
previous findings. This provided the support required to perform the direct comparison,
which indicated the importance of the right supramarginal gyrus in grouping under con-
ditions of inattention. This demonstrates that even under conditions of inattention, more
complex visual processing is occurring. Future research involving multiple types of Gestalt
processing under varying conditions of attention will serve to strengthen this finding.
However, our current findings clearly demonstrate that visual information below the level
of explicit awareness can influence perception of the visual world and that the neural
mechanisms driving perception are modulated by attentional allocation.
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