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One characteristic of natural visual behavior in humans is the frequent shifting of eye
position. It has been argued that the characteristics of these eye movements can be
used to distinguish between distinct modes of visual processing (Unema et al., 2005).
These viewing modes would be distinguishable on the basis of the eye-movement
parameters fixation duration and saccade amplitude and have been hypothesized to
reflect the differential involvement of dorsal and ventral systems in saccade planning
and information processing. According to this hypothesis, on the one hand, while in
a “pre-attentive” or ambient mode, primarily scanning eye movements are made; in
this mode fixation are relatively brief and saccades tends to be relatively large. On the
other hand, in “attentive” focal mode, fixations last longer and saccades are relatively
small, and result in viewing behavior which could be described as detailed inspection.
Thus far, no neuroscientific basis exists to support the idea that such distinct viewing
modes are indeed linked to processing in distinct cortical regions. Here, we used
fixation-based event-related (FIBER) fMRI in combination with independent component
analysis (ICA) to investigate the neural correlates of these viewing modes. While we find
robust eye-movement-related activations, our results do not support the theory that the
above mentioned viewing modes modulate dorsal and ventral processing. Instead, further
analyses revealed that eye-movement characteristics such as saccade amplitude and
fixation duration did differentially modulate activity in three clusters in early, ventromedial
and ventrolateral visual cortex. In summary, we conclude that evaluating viewing behavior
is crucial for unraveling cortical processing in natural vision.

Keywords: eye movements, fMRI, fixation-based event related fMRI, natural viewing behavior, dorsal stream,

ventral stream, independent component analysis, scene perception

INTRODUCTION
In daily life, we make numerous eye movements. This natural
viewing behavior of human observers has been characterized and
studied extensively. One of the first and most famous studies is by
Alfred Yarbus, who showed that human eye movement behavior
depends upon task context and stimulus content (Yarbus, 1967).
Since, numerous studies have confirmed this aspect of human
viewing behavior (e.g., Rothkopf et al., 2007).

Unema et al. (2005) reported another aspect of human viewing
behavior. Following the presentation of a novel scene, observers
initially scan the scene by quickly making a series of relatively
large saccadic eye movements. Each of these large-amplitude
saccades is followed by a relatively brief fixation, enabling the
observer to cover a large image region in the first few seconds of
a presentation. Over time, the average duration of the fixations
increases, while at the same time the average saccadic ampli-
tude decreases. Such longer fixations in combination with small-
amplitude saccadic eye movements allow for a more detailed
inspection of scene elements (Antes, 1974; Unema et al., 2005;
Over et al., 2007; Pannasch et al., 2008).

This behavior has been interpreted to imply that people build-
up some sort of spatial map by quickly visiting key elements in
the scene for further analysis at a later stage. This hypothesis is
in line with findings of studies on scene perception (Fize et al.,
2000; Rensink, 2004). In only a few milliseconds, the gist of a
scene can be extracted in order to determine salient objects, which
are then quickly scanned during an initial series of brief fixations.
Over time, fixation duration increases to allow for more detailed
inspection of specific elements in the scene.

Many lines of evidence suggest two separate information
streams project from V1 into other brain regions (Ingle et al.,
1967; Milner and Goodale, 1993, 2008; Velichkovsky, 2002).
One stream—referred to as the ventral or “what” stream—
projects toward temporal areas of the brain and is involved in
object analysis (Milner and Goodale, 2008). The second stream—
referred as the dorsal or “where” stream—projects to parietal
areas and deals with spatial vision. Based on the previously
described eye-movement findings, it has been suggested that
natural viewing behavior can be categorized into two distinct
types of viewing behavior that are associated with processing in
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the dorsal and the ventral pathways (Velichkovsky, 2002; Unema
et al., 2005). Preattentive scanning behavior, evident from large
saccades combined with short fixations, would reflect dorsal
pathway processing. In contrast, attentive inspection behavior,
evident from small saccades combined with long duration fixa-
tions, would reflect ventral pathway processing. Whether and how
these two different types of viewing behavior indeed imply the
involvement of these distinct neural systems is—at present—not
known.

Here, we use combined eyetracking and fMRI to investigate
the neural correlates of the different types of viewing behav-
ior. Specifically, we test the hypothesis that short fixations cou-
pled with large saccadic amplitudes—which would be related to
the build-up of a spatial map—reflect dorsal stream process-
ing. In contrast, longer fixations coupled with small saccades
would show more activity in regions along the ventral visual
stream.

METHODS
SUBJECTS
Sixteen healthy right-handed subjects (three of whom were
female) were scanned in a Philips 3 Tesla Intera MRI scan-
ner (Philips, Best, The Netherlands). All subjects maintained
normal healthy vision. All subjects gave informed consent and
ethical approval was provided by the local medical ethical
committee.

STIMULI
Stimuli were taken from the original eye tracking study by
Unema et al. (2005) and consisted of 12 computer generated
indoor scenes, each containing eight household objects (hereafter
referred to as “normal scenes”). Furthermore, we created two
additional sets by manipulating the original images (Figure 1):
one set in which the background was removed, so that only the
objects are visible on a solid grey background (“cutout objects”).
In the other set the objects were scrambled, leaving the scene’s
background intact (“scrambled objects”). This scrambling was
performed by rasterizing a square patch the size of each object
in patches of 5 × 5 pixels, and shuffling these patches across
the raster. Images were 800 × 600 pixels and were displayed on
a translucent display positioned at the head-end of the fMRI
scanner using a video projector (Barco, Kortrijk, Belgium) with
a resolution of 1024 × 768 pixels. Participants viewed the screen
via a mirror. The distance from the eyes to the screen was 75 cm,

and the width and height of the translucent display was 44 and
34 cm, respectively. This subtends a visual angle of 32 × 25.5◦ for
the entire screen. The stimuli were not presented in full-screen,
due to known eye-tracking difficulties in the upper and lower
corners of the screen: The corneal reflection would fall behind the
lower eyelid when subjects would be looking entirely upwards.
Moreover, when looking entirely downward, subjects tended to
close their eyes more, which also resulted in loss of eye tracking.
Therefore, the visual angle of the stimuli subtended 25 × 20◦.
Each stimulus was shown for 10 s.

EXPERIMENTAL PARADIGM
Participants were instructed to perform normal viewing behavior
during the experiment. After each set of four stimuli a fixation
cross was shown for 10 s. Four functional runs and one anatom-
ical scan was recorded (see the “functional imaging” section).
During the first and third run the stimuli from “normal scenes”
and “cutout objects” were displayed. During the other two runs,
subjects were presented the “normal scenes” and the “scrambled
objects” sets. Each participant viewed a stimulus two times during
each run in a pseudo-random order: First, the “normal scenes”
were randomly mixed with either the “cutout objects” (run 1
and 3) or the “scrambled objects” (run 2 and 4) to create a stimu-
lus series. This series was presented twice during a run. All visual
stimuli were programmed using the Psychtoolbox (Brainard,
1997), and fed to the projector using an Apple MacBook Pro
laptop (2.33 GHz Intel Core 2 Duo processor with 2 GB’s of
RAM).

EYETRACKING
Eye movements made during the fMRI experiments were
recorded using an MR compatible eyetracker (IviewX MRI)
with a temporal resolution of 50 Hz. (SMI, Teltow, Germany).
Before commencing the functional runs, calibration of the eye-
tracking system took place using a nine-point calibration tech-
nique. The nine points were placed on a grid covering the
central 800 × 600 pixels of the display where the images were
displayed. The calibration was validated, and a recalibration
was performed when necessary until a good calibration was
achieved.

FUNCTIONAL IMAGING
Four runs of 157 BOLD volumes (EPI) each were recorded with a
Repetition Time (TR) of 2000 ms, Echo Time (TE) of 28 ms and

FIGURE 1 | Example stimuli used in the experiment. Stimuli from the study by Unema et al. (2005) were used and adapted into two additional variants
(cut-out objects and scrambled objects).
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a flip angle of 70◦. Each functional volume contained 39 slices
with an in-plane resolution of 64 × 64 pixels. The Field of View
was set to 224 × 156 × 224 mm (voxel size: 3.5 × 4 × 3.5 mm).
This setting was chosen to allow for recording of the whole
brain. Furthermore, an anatomical T1 (Fast Field Echo) scan was
recorded (160 slices with a resolution of 256 × 256 pixels). Field
of View was 224 × 160 × 224 mm (voxel size: 0.8 × 1 × 0.8 mm).

FIELD OF VIEW EXPERIMENT
We tested the influence of the narrow bore of the MR scanner
on eye movement parameters in a separate experiment per-
formed outside the scanning environment. For this experiment,
a 17′′ LCD monitor at a resolution of 1024 × 768 was used.
Stimuli were presented a total of four times using two display
sizes were used (full screen and half the size of the screen in both
dimensions) and two presentation times (10 and 20 s). Stimuli
contained all the images from the main experiment and were
presented two times in random order within a block of identical
presentation size and duration. 15 new participants (10 of whom
were female) with healthy vision performed this experiment for
which eye tracking was recorded (monocular, right eye) using an
Eyelink 1000 (Desktop mount version) at a temporal resolution
of 1000 Hz. The order of conditions was balanced across subjects
to limit possible effects due to order of presentation. For stability,
participants were asked to place their head into a chin rest. We
examined the existence of separate viewing modes in eye behavior
by plotting fixation duration vs. saccade amplitude as reported in
Unema et al. (2005).

ANALYSIS
Fixations were extracted using IViewX software (SMI, Teltow
Germany) with minimum fixation duration set to 80 ms. All
subsequent analyses were performed in Matlab 7.4 (Mathworks,
Natick MA, USA). Saccadic amplitudes were calculated based on
screen positions of subsequent fixations (not separated by blinks),
due to the resolution of the eyetracker (50 Hz). Events where
blinks occurred in between were filtered out.

Fixations during stimulus presentation were extracted and
their durations were plotted against a binned timeline. In total,
participants made 11027 fixations during stimulus presentation.
For the initial analysis, fixations and subsequent saccades were
classified into one out of four categories: Short fixations (< 200
ms) followed by small saccadic amplitudes (< 7.8◦, i.e., 250 pixels
on screen), short fixations followed by large saccadic amplitudes
(>= 7.8◦) (“scanning”), long fixation durations (>= 200 ms)
followed by small saccadic amplitudes (“inspection”) and long
fixation durations followed by small saccadic amplitudes. Cut-
off values were data-driven and determined based on the 70th
percentile (30% short fixations, 70% long fixations, 30% small
saccades, 70% large saccades). The onsets and durations of all
fixations in these categories were written to a design file in SPM
format. Beforehand, eye movement timings were orthogonalized
on the presentation sequence (block design) for each stimulus
types (normal scenes and cutout objects, random objects). This
orthogonalization was performed to rule out possible effects
due to the type of scene (“normal scenes”, “cutout objects” or
“scrambled objects”).

fMRI ANALYSIS
Preprocessing of the functional imaging data was performed in
SPM51 in Matlab and consisted of realignment to correct for
subject movement, coregistration to align all functional data to
the subjects’ T1 image, normalization to convert all images to
MNI space. Smoothing was applied using a full width at half
maximum (FWHM) of 8 mm. Statistical parametric maps were
generated using the design files with the canonical haemodynamic
response function.

First, the overall effect of both scanning and inspection types
of eye movements were calculated vs. baseline (i.e., the level of
brain activity while a white fixation cross was presented on a black
screen). A direct comparison of both modes of viewing behavior
was constructed using the contrasts “scanning > inspection” and
“inspection > scanning”.

INDEPENDENT COMPONENT ANALYSIS
We conducted a spatial Group Independent Component Analysis
(ICA) of 30 components using the Group ICA of fMRI toolbox
version 1.3g (Calhoun et al., 2001) . This number of components
was estimated beforehand using the mean value of Minimum
Description Length (MDL) across subjects (McKeown et al., 1998;
Calhoun et al., 2001). The MDL provides a criterion for the
selection of models, regardless of their complexity, without the
restrictive assumption that the data form a sample from a “true”
distribution. Next, we tested whether any of the components was
significantly related to viewing behavior using the following two
contrasts: (1) short fixation durations > long fixation durations;
(2) small saccades > large saccades and two interaction con-
trasts; (3) short fixations combined with small saccades > short
fixations combined with large saccades; and (4) long fixations
combined with small saccades > long fixations combined with
large saccadess. Note that for these particular tests, their reverse
is equivalent. A component was considered to be significant on
the basis of p < 0.05, bonferroni corrected.

To further explore the effect of both fixation duration and
saccade amplitude on the activity in the significant components,
we extracted beta weights (i.e., effect sizes) averaged across each
component map. For this, event-related statistical parametric
models were built with all fixation events in one regressor and
with three parametric modulations; one for fixation duration,
one for saccade amplitude and one for the interaction term
“fixation duration × saccade amplitude”. This resulted in a total
of four beta weights. Finally, a series of t-tests were performed to
investigate difference in effect size between each pair of significant
components.

RESULTS
ANALYSIS OF VIEWING BEHAVIOR
Results from the eye tracking recordings (Figure 2) show that
fixation duration increases across the 10 s of stimulus presentation
(Figure 2, Panel D). Initial fixation durations are relatively short.
Fixation durations increase rapidly over the first 2 s, and remain
relatively constant after that. This behavior is very similar to that
reported by Unema et al. (2005). At the same time, saccadic

1http://www.fil.ion.ucl.ac.uk/spm/software/spm5/
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FIGURE 2 | Eyetracking results. Panel A indicates the distribution of
fixations and following saccades plotted in terms of fixation duration
against saccade amplitude. Panels B and C show the distribution of
all viewing events (fixation followed by a saccade) of each viewing
mode across the display of the stimulus (red = scanning, blue =

inspection). Count is the total number of events for all subjects.
Panel D shows fixation duration over stimulus presentation time
with a running average across 50 ms. Panel E shows the saccade
amplitude over stimulus presentation time with a running average
across 50 ms.

amplitude remains relatively constant over entire duration of the
presentation (Figure 2, Panel E). This deviates somewhat from
that reported by Unema et al. (2005). They described an initially
steep decrease in saccade amplitude as a function of the stimulus
presentation time. Panels B and C of Figure 2 show eye movement
behavior after categorizing it in terms of the scanning (Panel B)
and inspection (Panel C) types of behavior. Both types of viewing
behavior are encountered approximately equally frequently across
the presentation duration of the images. Panel A in Figure 2
provides a scatter plot of one examplary individual showing
fixation duration vs. saccade amplitude.

FIELD-OF-VIEW EXPERIMENT
A possible cause for the difference between our present results and
those of Unema et al. (2005) is the relatively small field of view of
the display in the MR scanner. To examine the influence of display
size, we compared fixation durations and saccade amplitudes
for two different field of views. This experiment was conducted
outside the MR scanner with different subjects. One display was
comparable in size to that used by Unema et al. (2005) (31 × 26◦)
whereas the second one was comparable to that used in the
scanner (25 × 20◦).

Figure 3 shows fixation duration (left) and saccade amplitude
(right) plotted as a function of presentation time using a bin
size of 500 ms. These results shows that the increase of fixation

FIGURE 3 | Results from the Field-of-View Experiment. Figures show
fixation duration duration (left) and saccade amplitude (right) for four
conditions (Full/Half size presentation of a stimulus, presentation duration
for 10/20 s).

duration with presentation time remains present also for relatively
smaller stimuli, but that the initial decrease in saccade amplitude
is smaller.

To test this, we performed a least squares linear fit within-
subject across the 10 s stimulus presentation duration on both
fixation duration and saccade amplitude. For saccadic amplitude,
we found that for the “Half-size, 10 s” condition the average
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fitted slope was −0.02◦ (standard error of 0.0275◦), whereas for
the “Full-size, 10 s” condition the slope was −0.36◦ (standard
deviation of 0.14◦). This difference was significant (p < 0.05;
paired t-test).

For fixation duration, for the condition “Half-size, 10 s” the
average fitted slope was 0.25 ms (standard error of 0.225 ms)
while for the condition “Full-size 10 s” the average fitted slope was
0.2 ms (standard deviation of 0.275 ms). This difference was not
significant. Therefore, this experiment indicates that the smaller
decreasing trend in saccadic amplitude inside the MR scanner can
be attributed to the limited field of view of the display used.

fMRI RESULTS
Figure 4 shows the brain activations for the two categories of
viewing behavior when compared against fixation cross (base-
line). Scanning behavior, i.e., short fixations followed by large
saccades, is correlated with activity that predominates in ventro-
medial occipital areas. Inspection behavior, i.e., longer fixations
followed by small saccades, is correlated with activity in more
ventrolateral occipital regions. At first glance, there appears to
be little overlap in the regions activated by the two different
categories of viewing behavior. Figure 5 shows the statistical
parametric map for the direct comparison of the two viewing
modes (“scanning > inspection”). This analysis indicates, how-
ever, that only at a relaxed threshold, (p < 0.001, uncorrected), a
statistical differentiation of the two viewing modes in the ventral
visual cortex can be demonstrated. The contrast “inspection >
scanning” did not reveal significant results.

Standard GLM, as performed above, informs about the activity
of certain areas in certain conditions, but not about the degree
to which a particular region can be considered to contribute to
a network. ICA, on the other hand, will reveal independent and
separate networks, that can than be associated with a particular
experimental condition or specific behavior. For this reason, we

FIGURE 4 | fMRI results of each viewing mode vs. baseline for 16

subjects. Scanning (short fixations followed by large saccades) indicate
visual regions near the cuneus. Inspection (long fixations followed by small
saccades) indicate brain activity along the ventral stream. Results display
T-maps, thresholded with a value of T > 3.

FIGURE 5 | fMRI results of the direct comparison “scanning” >

“inspection”. Results are based on 16 subjects presented at a lenient
threshold of p < 0.001, uncorrected.

analysed the same dataset again, this time first performing an
ICA in order to segregate the brain activity into different com-
ponents/clusters that can be considered seperate networks. This
resulted in 30 components.

Next, four contrasts were examined to test whether and how
activity in each of these components was associated with viewing
behavior. Only the interaction term “short fixations and large
saccades > long fixations and small saccades” was significant in
three of the 30 components. None of the other contrasts reached
significance in any of the components. The three components
cover distinct regions in visual cortex and are shown in the
upper row of Figure 6. The first component (displayed in red,
Figure 6) is located in the ventromedial occipital cortex and
covers parahippocampal areas. The second component (displayed
in green, Figure 6) is located more occipital and ventrolateral
and covers the lateral occipital complex. The third component
(displayed in blue, Figure 6) covers early visual cortex in par-
ticular. The significance of the interaction term “short fixations
and large saccades > long fixations and small saccades” indicates
that scanning behavior resulted in more activity than inspection
behavior throughout early and ventral visual cortex.

To further explore the underlying activity patterns, we
extracted average effect sizes for a statistical parametric model
with fixation events, two parametric modulations (fixation dura-
tion and saccade amplitude) and an interaction term. In Figure 6,
the extracted effect sizes are shown below each of the three clusters
found in the ICA (upper row). Note that in itself the directions of
these findings should not come as a surprise, as this is anticipated
based on the significance of the above mentioned interaction term
“short fixations and large saccades > long fixations and small
saccades”. What is revealed by this analysis though, is the relative
magnitude of these effects in the three different clusters.

In the ventromedial cluster (red in Figure 6), the effect size for
saccade amplitude is positive and relatively large, confirming that
more activity is associated with larger than with shorter saccades.
As expected, the effect size for fixation duration is negative,
indicating more activity for shorter than for longer fixations.

In the ventrolateral cluster (green in Figure 6), the effect sizes
are much smaller than those in the ventromedial cluster. Post-hoc
paired t-tests between the magnitude of the effect sizes for the
three clusters were performed for all conditions and are displayed

Frontiers in Systems Neuroscience www.frontiersin.org December 2013 | Volume 7 | Article 109 | 5

http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Systems_Neuroscience/archive


Marsman et al. Linking visual processing and viewing behavior

FIGURE 6 | Results from ICA. Three independent component maps
reflecting visual cortex, and their average beta weights in the fixation
duration and saccade amplitude models. Out of 30 components these
remained significant with the direct comparison of scanning and
inspection. Brain maps were thresholded at Z > 2.5. Lower graphs

show effect sizes in the parametric GLM for: (1) the main effect of
a fixation, (2) saccadic amplitude modulation, (3) fixation duration
modulation, and (4) the interaction between fixation duration and
saccadic amplitude. Error bars denote standard error of the mean
over subjects.

in Table 1. The effect sizes for fixation event, saccade amplitude
and fixation duration differ between the ventromedial and the
ventrolateral cluster. For the cluster in early visual cortex (blue
in Figure 6), the effect size for fixation event differs from that in
the ventromedial cluster, while the modulatory effect of fixation
duration differs from that in the ventrolateral cluster. Other effect
sizes do not differ from those in the other two clusters. In all three
clusters, there is a small negative interaction term, indicating that
the modulating influence of saccade amplitude is less for longer
fixations than for shorter fixations (Table 2). The magnitude of
this interaction effect does not differ between the clusters.

We also tested whether the effects found in these compo-
nents could stem from other, picture-related effects. To do so,
we analyzed the following contrasts: “normal scenes > cutout
objects”, “cutout objects > normal scenes”, “cutout objects >
scrambled objects”, “scrambled objects > cutout objects”, “normal

Table 1 | Results per condition from all paired t-tests performed

between the effect sizes of all three components against all

other effect sizes.

Condition Component 1 Component 2 P-value

Fixation event ventromedial ventrolateral 0.02*
ventrolateral early visual 0.8
ventromedial early visual 0.04*

Saccade amplitude ventromedial ventrolateral 0.0001**
ventrolateral early visual 0.3
ventromedial early visual 0.15

Fixation duration ventromedial ventrolateral 0.01*
ventrolateral early visual 0.02*
ventromedial early visual 0.18

Interaction ventromedial ventrolateral 0.65
ventrolateral early visual 0.67
ventromedial early visual 0.74

∗p < 0.05, ∗∗p < 0.001

scenes > scrambled objects” and “scrambled objects > normal
scenes”. None of the tests revealed a significant effect for these
components. Therefore, we conclude that the differential activity
in the clusters is primarily related to the differences in viewing
behavior of the observers.

DISCUSSION
We report on a functional magnetic resonance study in
which we measured the brain activity of 16 observers’ dur-
ing the free viewing of computer-generated images. Observer’s
eye-movements were recorded using a MR-compatible eye
tracker. Using a combination of ICA and fixation-based event-
related analysis (Marsman et al., 2012), we find that the activity
in different regions in the visual cortex is differentially associated
with observer’s viewing behavior. Below, we discuss the conclu-
sions we draw from our study, as well as the limitations of our
present approach.

Table 2 | Results per condition of student’s t-tests for each effect

size for each cluster significantly different from 0.

Condition Component P-value

Fixation event ventromedial 0.002
ventrolateral 0.004
early visual 0.001**

Saccade amplitude ventromedial 0.001**
ventrolateral 0.04*
early visual 0.03*

Fixation duration ventromedial 0.03*
ventrolateral 0.1
early visual 0.03*

Interaction ventromedial 0.02*
ventrolateral 0.03*
early visual 0.02*

∗p < 0.05, ∗∗p < 0.001
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PREATTENTIVE AND ATTENTIVE VIEWING MODES DO NOT MODULATE
DORSAL VISUAL PROCESSING
One of the motivatons for performing this study came from a
behavioral eye-movement study by Unema et al. (2005). Accord-
ing to the theory proposed by these authors, dorsal and ventral
processing would be associated with distinctive viewing behav-
ior (“pre-attentive” and “attentive” in nature, respectively). Our
results do not corroborate this theory. Neither in the GLM-
based approach, nor in our ICA-based approach, we found clear
evidence of dorsal processing coupled to eye-movements. Our
main eye-movement–related activations occured in early visual
cortex and the ventral visual cortex.

VIEWING MODES IN EYE TRACKING DATA ARE INFLUENCED
BY DISPLAY SIZE
Unema et al. (2005) theory about the existence of distinct modes
of visual processing was grounded in findings about how eye
movement behavior develops as a function of stimulus presenta-
tion time. It is therefore important to establish that the viewing
behavior we recorded in the scanner environment conformed
to this same pattern. Indeed, the pattern of fixation duration
in our eye tracking results (Figure 2) was similar to that of
Unema et al. (2005), although on average they found shorter
initial fixation durations. However, such longer initial fixation
durations (approx. 200 ms), as we find now, have also been
reported previously (Unema et al., 2005; Hooge et al., 2007).
Furthermore, Unema et al. (2005) reported also a decreasing trend
for saccadic amplitudes. This initial drop in saccadic amplitude
was less clearly visible in our experiment.

To study the origin of this difference, a separate eye tracking
experiment using different subjects conducted outside of the
scanner indicated that these findings are due to the relatively small
size of the stimulus inside the bore of the magnet (see Figure 3).
During this experiment, pictures as used in the MRI experiment
were shown in two sizes and for two presentation durations. For
the smaller images, the decreasing trend for saccadic amplitude
was much less distinctive. The initial increase of fixation duration
across stimulus presentation was present for both large and small
presentations of the images. Unema et al. (2005) used a smaller
cut-off value to determine ambient and focal viewing modes for
saccadic amplitude. We used a data-driven approach in which the
70th-percentile of the saccades was defined as the cut-off value
30% small saccades, 70% large saccades). This is the reason that
we employed a different cut-off value for our saccadic amplitude
in the MR experiment in comparison to Unema et al. (2005).

Based on the significant difference between fitted slopes of
the saccadic amplitude curves for the “Half-size” and the “Full-
size” conditions, we conclude that despite the smaller display size
facilitated by the scanner environment and a smaller number of
different stimuli used, our observers’ viewing behavior conformed
to the patterns described by Unema et al. (2005).

THREE INDEPENDENT COMPONENTS IN VISUAL CORTEX ARE
ASSOCIATED WITH VIEWING BEHAVIOR
We chose to explore the use of blind source separation (ICA), as it
has been proven to be very suitable for studying natural viewing
in fMRI (Bartels and Zeki, 2004; Malinen et al., 2007). Using
such blind source separation methods we find evidence for three

separate components that are related to our measures of viewing
behavior, of which one component is situated in primary visual
cortex and two in the ventral cortex (Figure 6).

PRE-ATTENTIVE VIEWING MODULATES ACTIVITY IN EARLY VISUAL
AND VENTROMEDIAL CORTICES
The GLM-based analysis indicates that the main difference
between activity associated with different viewing modes could
be found in ventromedial cortex. However, the effect was not very
strong and could only be retrieved when applying a relatively
lenient statistical threshold (Figure 5). Nevertheless, the ICA
approach corroborated that the ventromedial cluster in particular
is modulated by eye movement characteristics. Activity in this
cluster (red in Figure 6) was significant and positively modulated
by saccade amplitude and negatively by fixation duration. The
processing in this region therefore appears to be most clearly
associated with the “preattentive”, “ambient”, or “scanning mode”
viewing behavior as defined by Unema et al. (2005) (short
fixations in combination with large saccades). Activity in the
cluster in the ventrolateral visual cortex (green in Figure 6) was
much less distinctively modulated by any of the eye-movement
characteristics considered. In both other clusters, the modula-
tory influence of fixation duration was larger. The modulatory
influence of saccade amplitude was similar to that in the visual
cortex cluster, but much smaller than that in the ventromedial
cluster.

Previous studies on scene perception suggest that during the
early stages of perception, a schematic representation of the scene
is captured, which subsequently guides eye movements (Rensink,
2004). This initial representation is commonly referred to as
the “gist” of a scene (Torralba et al., 2006). Presently, regions
in the ventromedial cortex are assumed to be involved in gener-
ating the gist of a scene (Fize et al., 2000). Furthermore, several
studies have investigated the nature of this mechanism and pro-
pose that it is based on extracting global statistical features (Cant
et al., 2009; Cornelissen et al., 2009). In parallel, behavioral studies
have shown that the average fixation duration of viewing behavior
increases as a function of stimulus presentation time (Antes, 1974;
Friedman and Liebelt, 1981; Unema et al., 2005; Hooge et al.,
2007). This indicates that early stages of perception involve brief
fixations coupled with large saccadic eye movements. Unema et al.
(2005) proposed that this early viewing behavior represents a pre-
attentive or “ambient” mode of perception. During this ambient
mode, the dorsal pathway was hypothesized to be mostly active,
when it deals with layout of objects in the scene. However, in con-
trast with this hypothesis that predicts more parietal activity, we
find predominantly ventromedial activity for this type of viewing.
This could imply that during such scanning behavior, information
is processed at a statistical level, where—in line with findings
in the scene perception literature—global features are extracted.
In turn, this suggests that the visual system may comprise two
types of processing, the activity of which is associated to the eye
movements we make.

DOES EYE-MOVEMENT RELATED CORTICAL ACTIVITY REFLECT
TOP-DOWN OR BOTTOM-UP PROCESSING?
Eye-movements not only depend on bottom-up components of
processing, but will also be associated with top-down processing
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related to saccade-planning and determining currently required
task-relevant information (Ballard and Hayhoe, 2009). As such,
we believe that it is most likely that our current activity patterns
integrate activity of both top-down and bottom-up processing
components. For this reason, it is also unlikey that each fixation
and saccade would initially have the same neural activity map that
only starts to deviate after a particular time. The use of imaging
modalities with higher temporal resolutions could perhaps give
a more detailed insight in the spreading of activation throughout
the visual system following a fixation. In our experiments,
participants were performing natural viewing behavior. However,
when specific task instructions would be given, we would expect
to find different patterns of viewing behavior (conform the earlier
results of Yarbus (1967)).

LIMITATIONS OF THE PRESENT STUDY
In both the “Field-of-View” and the fMRI experiments, we pre-
sented each stimulus more than once. This could have influ-
enced both the eye movement patterns as well as perception
over time, and, consequently, may have affected the fMRI sig-
nal as well. Another limitation in the current paradigm is that
participants viewed static computer-generated stimuli for 10 s.
Future experiments could therefore improve on the present
paradigm by examining viewing behavior in dynamic, natural
stimuli.

CONCLUSION
We started the present experiment, expecting that activity pat-
terns associated with different types of viewing behavior would
reveal dorsal and ventral visual regions in the human brain.
We do not find this. Further exploratory analyses revealed that
eye movement behavior consisting of short fixations and large
saccades (“scanning behavior”) in particular is associated with
activity in a ventromedial occipital region. This corroborates with
the current understanding of the involvement of this region in
fast “gist-based” scene perception. Ventrolateral parts in visual
cortex, currently understood to be involved in (detailed) shape
and object recognition, was much less affected by the specific eye-
movement parameters. Eye-movement characteristics thus differ-
entially influence neural processing in different regions in visual
cortex. In summary, we conclude that evaluating the modulatory
influence of viewing behavior is crucial for unraveling natural
cortical visual processing.

ACKNOWLEDGMENTS
This research is supported as a Pathfinder-project “PERCEPT” by
the European Commission within the Measuring the Impossible
call as part of the NEST (grant number #043261). The authors
would like to thank all partners within this project for their
useful comments. In particular we thank Dr. Jens Helmert and
Dr. Sebastian Pannasch for their help in performing and analyzing
the field of view experiment. Furthermore, we would like to thank
Anita Sibeijn- Kuiper and Judith Streurman-Werdekker for their
help in data acquisition. Frans W. Cornelissen and Koen V. Haak
were additionally supported by European Union grant #043157
(Syntex).

REFERENCES
Antes, J. R. (1974). The time course of picture viewing. J. Exp. Psychol. 103, 62–70.

doi: 10.1037/h0036799
Ballard, D. H., and Hayhoe, M. M. (2009). Modeling the role of task in the control

of gaze. Vis. Cogn. 17, 1185–1204. doi: 10.1080/13506280902978477
Bartels, A., and Zeki, S. (2004). Functional brain mapping during free viewing of

natural scenes. Hum. Brain Mapp. 21, 75–85. doi: 10.1002/hbm.10153
Brainard, D. H. (1997). The psychophysics toolbox. Spat. Vis. 10, 433–436.

doi: 10.1163/156856897X00357
Calhoun, V. D., Adali, T., Pearlson, G. D., and Pekar, J. J. (2001). A method

for making group inferences from functional MRI data using indepen-
dent component analysis. Hum. Brain Mapp. 14, 140–151. doi: 10.1002/
hbm.1048

Cant, J. S., Arnott, S. R., and Goodale, M. A. (2009). fMR-adaptation reveals
separate processing regions for the perception of form and texture in the
human ventral stream. Exp. Brain Res. 192, 391–405. doi: 10.1007/s00221-008-
1573-8

Cornelissen, F. W., Haak, K. V., and Renken, R. J. (2009). Texture representations
in human scene-responsive cortex [Abstract]. Perception 38, 64. doi: 10.1068/
v090760

Fize, D., Boulanouar, K., Chatel, Y., Ranjeva, J. P., Fabre-Thorpe, M., and Thorpe,
S. (2000). Brain areas involved in rapid categorization of natural images: an
event-related fMRI study. Neuroimage 11, 634–643. doi: 10.1006/nimg.2000.
0585

Friedman, A., and Liebelt, L. S. (1981). On the time course of viewing pictures
with a view towards remembering. Eye Mov. Cogn. Vis. Percept. 11, 137–
155.

Hooge, I. T. C., Vlaskamp, B. N. S., and Over, E. A. B. (2007). “Saccadic search: on
the duration of a fixation,” in Eye Movements: A Window on Mind and Rain, eds
R. G. van Gompel, M. H. Fischer, W. S. Murray and R. L. Hill (Elsevier: Oxford),
581–596.

Ingle, D., Schneider, G., Trevarthen, C., and Held, R. (1967). Locating and
identifying: two modes of visual processing. Psychol. Res. 31, 42–43. doi: 10.
1007/bf00422384

Malinen, S., Hlushchuk, Y., and Hari, R. (2007). Towards natural stimulation
in fMRI—issues of data analysis. Neuroimage 35, 131–139. doi: 10.1016/j.
neuroimage.2006.11.015

Marsman, J. B., Renken, R., Velichkovsky, B. M., Hooymans, J. M., and Cornelissen,
F. W. (2012). Fixation based event-related fmri analysis: using eye fixations as
events in functional magnetic resonance imaging to reveal cortical processing
during the free exploration of visual images. Hum. Brain Mapp. 33, 307–318.
doi: 10.1002/hbm.21211

McKeown, M. J., Makeig, S., Brown, G. G., Jung, T. P., Kinderman, S. S., Bell,
A. J., et al. (1998). Analysis of fMRI data by blind separation into independent
spatial components. Hum. Brain Mapp. 6, 160–188. doi: 10.1002/(sici)1097-
0193(1998)6:3<160::aid-hbm5>3.0.co;2-1

Milner, A. D., and Goodale, M. A. (1993). Visual pathways to perception and action.
Prog. Brain Res. 95, 317–337.

Milner, A. D., and Goodale, M. A. (2008). Two visual systems re-viewed. Neuropsy-
chologia 46, 774–785. doi: 10.1016/j.neuropsychologia.2007.10.005

Over, E. A., Hooge, I. T., Vlaskamp, B. N., and Erkelens, C. J. (2007). Coarse-to-
fine eye movement strategy in visual search. Vision Res. 47, 2272–2280. doi: 10.
1016/j.visres.2007.05.002

Pannasch, S., Helmert, J. R., Roth, K., Herbold, A. K., and Walter, H. (2008). Visual
fixation durations and saccade amplitudes: shifting relationship in a variety of
conditions. J. Eye Mov. Res. 2, 1–19.

Rensink, R. A. (2004). Visual sensing without seeing. Psychol. Sci. 15, 27. doi: 10.
1111/j.0963-7214.2004.01501005.x

Rothkopf, C. A., Ballard, D. H., and Hayhoe, M. M. (2007). Task and context
determine where you look. J. Vis. 7, 16.1–20. doi: 10.1167/7.14.16

Torralba, A., Oliva, A., Castelhano, M., and Henderson, J. M. (2006). Con-
textual guidance of attention in natural scenes: the role of global fea-
tures on object search. Psychol. Rev. 11, 766. doi: 10.1037/0033-295x.113.
4.766

Unema, P. J. A., Pannasch, S., Joos, M., and Velichkovsky, B. M. (2005). Time course
of information processing during sceneperception: the relationship between
saccade amplitude and fixation duration. Vis. Cogn. 12, 473–494. doi: 10.1080/
13506280444000409

Frontiers in Systems Neuroscience www.frontiersin.org December 2013 | Volume 7 | Article 109 | 8

http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Systems_Neuroscience/archive


Marsman et al. Linking visual processing and viewing behavior

Velichkovsky, B. M. (2002). Heterarchy of cognition: the depths and the highs
of a framework for memory research. Memory 10, 405–419. doi: 10.1080/
09658210244000234

Yarbus, A. L. (1967). Eye Movements and Vision. New York: Plenum press.

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 18 March 2013; paper pending published: 22 April 2013; accepted: 25
November 2013; published online: 18 December 2013.

Citation: Marsman JC, Renken R, Haak KV and Cornelissen FW (2013) Linking
cortical visual processing to viewing behavior using fMRI. Front. Syst. Neurosci. 7:109.
doi: 10.3389/fnsys.2013.00109
This article was submitted to the journal Frontiers in Systems Neuroscience.
Copyright © 2013 Marsman, Renken, Haak and Cornelissen. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permit-
ted, provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Systems Neuroscience www.frontiersin.org December 2013 | Volume 7 | Article 109 | 9

http://dx.doi.org/10.3389/fnsys.2013.00109
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Systems_Neuroscience/archive
http://creativecommons.org/licenses/by/3.0/

	Linking cortical visual processing to viewing behavior using fMRI
	Introduction
	Methods
	Subjects
	Stimuli
	Experimental paradigm
	Eyetracking
	Functional Imaging
	Field of View Experiment

	Analysis
	fMRI Analysis
	Independent component analysis

	Results
	Analysis of viewing behavior
	Field-of-view experiment
	fMRI results

	Discussion
	Preattentive and attentive viewing modes do not modulate dorsal visual processing
	Viewing modes in eye tracking data are influenced by display size
	Three independent components in visual cortex are associated with viewing behavior
	Pre-attentive viewing modulates activity in early visual and ventromedial cortices
	Does eye-movement related cortical activity reflect top-down or bottom-up processing?
	Limitations of the present study

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


