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Abstract

B An evolving view in cognitive neuroscience is that the dorsal
visual pathway not only plays a key role in visuomotor behavior
but that it also contributes functionally to the recognition of
objects. To characterize the nature of the object representations
derived by the dorsal pathway, we assessed perceptual perfor-
mance in the context of the continuous flash suppression
paradigm, which suppresses object processing in the ventral path-
way while sparing computation in the dorsal pathway. In a series
of experiments, prime stimuli, which were rendered impercepti-
ble by the continuous flash suppression, still contributed to per-
ceptual decisions related to the subsequent perceptible target

INTRODUCTION

The cortical visual system is almost universally consid-
ered to comprise two anatomically and functionally dis-
tinct pathways: a ventral occipitotemporal pathway that
subserves object perception and a dorsal occipitoparietal
pathway that subserves object localization (Ungerleider
& Mishkin, 1982) and visually guided action (Goodale
& Milner, 1992). Accumulating evidence from both human
and nonhuman primate studies, however, challenges this
strict binary distinction and suggests that regions in
the dorsal pathway also derive object representations and
that these representations are computed independently
of those in ventral cortex (e.g., Bracci, Daniels, & de
Beeck, 2017; Freud, Culham, Plaut, & Behrmann, 2017
Freud, Ganel, et al., 2017; Theys, Romero, van Loon, &
Janssen, 2015; Konen & Kastner, 2008; for a review, see
Freud, Plaut, & Behrmann, 2016).

However, it remains to be determined whether and in
what way these dorsal representations contribute to ob-
ject perception. Recent evidence for such a contribution
comes from a recent TMS study in humans that showed
that deactivation of the dorsal pathway impaired the con-
figural processing of faces (Zachariou, Nikas, Safiullah,
Gotts, & Ungerleider, 2017). Additional supportive evi-
dence comes from electrophysiology studies in nonhuman
primates that showed that reversible inactivation of the
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stimuli. However, the contribution of the prime to perception
was contingent on the prime’s structural coherence, in that a per-
ceptual advantage was observed only for targets primed by objects
with legitimate 3-D structure. Finally, we obtained additional
evidence to demonstrate that the processing of the suppressed
objects was contingent on the magnocellular, rather than the par-
vocellular, system, further linking the processing of the suppressed
stimuli to the dorsal pathway. Together, these results provide novel
evidence that the dorsal pathway does not only support visuo-
motor control but, rather, that it also derives the structural descrip-
tion of 3-D objects and contributes to shape perception. il

caudal intraparietal sulcus led to impairments in the 3-D
perception of surfaces defined by a single depth cue (ste-
reoscopic; Van Dromme, Premereur, Verhoef, Vanduffel, &
Janssen, 2016). Although the findings from such studies
reflect engagement of dorsal cortex in perception, they
do not specifically examine the role of dorsal cortex in
object-based perceptual behaviors per se.

To elucidate the relative contribution of the dorsal
pathway to object perception, we adopted an interocular
suppression technique, continuous flash suppression
(CES), which renders stimuli imperceptible for up to
several seconds (Tsuchiya & Koch, 2005). In this method,
a static, low-contrast image is presented to one eye, and a
rapidly changing colorful Mondrian pattern is presented
to the other eye (see example in Figure 1B). Observers
are typically unaware of the static image, which is sup-
pressed by the changing pattern. Both behavioral (Han,
Lunghi, & Alais, 2016; Sakuraba, Sakai, Yamanaka,
Yokosawa, & Hirayama, 2012; Almeida, Mahon, Nakayama,
& Caramazza, 2008; Bahrami, Lavie, & Rees, 2007) and
imaging findings (Tettamanti, Conca, Falini, & Perani,
2017; Fang & He, 2005) suggest that the CFS abolishes
activation of the ventral pathway but still allows largely
intact processing by the dorsal pathway, presumably by
the magnocellular system (for a different view, see Ludwig,
Kathmann, Sterzer, & Hesselmann, 2015). This arrange-
ment in which dorsal cortex derives representations
essentially in the absence of a ventral pathway contribu-
tion allows us to evaluate the perceptual role of the
dorsal pathway in relative isolation.
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Previous studies have already utilized CFS for a similar
purpose and have demonstrated that the dorsal pathway
is sensitive to object “toolness” (Tettamanti et al., 2017;
Almeida et al., 2008, 2014; Almeida, Mahon, & Caramazza,
2010) and elongation (Almeida et al., 2014; Sakuraba
et al., 2012), and that these representations can facilitate
perceptual behaviors. Importantly, however, these visual
and semantic features (as well as the decisions made by
the observers, namely, a tool/animal classification) are
tightly linked to visuomotor functions of the dorsal path-
way (Tettamanti et al., 2017), and therefore do not obvi-
ously permit conclusions about the contribution of the
dorsal pathway to general object perception.

Previous investigations in human and nonhuman pri-
mates have revealed that cortical sites along the dorsal
pathway are sensitive to binocular (e.g., Alizadeh, Van
Dromme, Verhoef, & Janssen, 2018; Georgieva, Peeters,
Kolster, Todd, & Orban, 2009; Durand et al., 2007) and
monocular depth cues (Georgieva, Todd, Peeters, &
Orban, 2008; Shikata et al., 2001; Taira, Nose, Inoue, &
Tsutsui, 2001; for a review, see Orban, 2011). The sensitiv-
ity of the dorsal pathway is not limited to depth cues, how-
ever, and can reflect the processing of object-based
structural descriptions (Freud, Rosenthal, Ganel, & Avidan,
2015; Theys, Pani, van Loon, Goffin, & Janssen, 2013;
Konen & Kastner, 2008; for a review, see Janssen,
Verhoef, & Premereur, 2018). However, it is not clear
to what extent these dorsal computations contribute to
the perception of 3-D, object-based information. To ad-
dress this, in the current study, we utilized the CFS tech-
nique to investigate the contribution of the dorsal
pathway to the perception of object-based structural
information.

In a series of four experiments, two different sets of
novel 3-D stimuli without any clear visuomotor associa-
tion or salient visual properties (such as elongation) were
presented in the context of a relative depth judgment
task that did not directly tap visuomotor engagement.
On each trial, the target object was preceded by either
the same object or a different object, both of which were
rendered imperceptible using CFS (see Figure 1A-B). We
hypothesized that the structural description of the CFS-
masked prime object is independently computed by the
dorsal pathway. We predicted then that, given the spatial
nature of the task (i.e., judgment of the relative depth of
two dots), the existence of a precomputed structural de-
scription that matched the target object would facilitate
performance (i.e., a priming effect). However, this facilita-
tion should only be observed when the dorsal pathway
could derive a coherent structural description of the ob-
ject and not when the 3-D information embedded in the
prime object was invalid (Experiments 2 and 3).

EXPERIMENT 1

Experiment 1 was designed to establish the contribution
of the dorsal pathway to the perception of 3-D structural
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information. To this end, target objects were primed by
the same or different objects that were rendered imper-
ceptible using CSF. We measured whether the prime ob-
jects modulated the processing of the target objects by
comparing the performance observed for “same” and
“different” trials.

Methods
Participants

Twenty participants were recruited for this experiment.
The data from two participants, who reported that they
perceived the masked stimuli during the main ex-
periment, were not analyzed. Data from the remaining
18 participants were analyzed (mean age = 20.3, SD =
3.61, 12 women). In this and the subsequent experi-
ments, all participants had normal or corrected-to-normal
vision. The experimental procedures complied with the
protocol approved by the Carnegie Mellon University In-
stitutional Review Board, and all participants provided
informed consent. Some participants received course
credit, and others were paid $10 for their participation.

Stimuli

Stimuli were 100 3-D rendered models of novel objects
(Figure 1) that had been used in a previous study
(Norman, Bartholomew, & Burton, 2008). Depth infor-
mation was cued by occlusion, texture, and lighting that
were superimposed on the original stimuli. For each
target object, another image, in which the original object
was rotated by 10° on the horizontal plane, was rendered.
The rotated objects served as the prime stimuli, and their
luminance was reduced to 5% from the original image.
The threshold of 5% was set based on a pilot study that
demonstrated the effectiveness of the CFS at this level of
luminance. Stimuli captured a visual angle of approxi-
mately 5.5° X 5.5° (see procedure for a full description
of the apparatus), suggesting that the processing of these
stimuli relied mainly on central vision mechanisms.

Two dots (blue and yellow) were superimposed on the
target stimuli, but not on the masked prime stimuli. The
dots were located on different surfaces to encourage
the processing of the object as a whole and were posi-
tioned such that they were at different depths on the object.
In addition, the assignment of the dots was counter-
balanced such that, for half of the stimuli, the closer dot
was lower in the vertical plane and, for the other half, the
closer dot was higher in the vertical plane, and that, on half
the trials, the closer dot was blue and, on the other half,
it was yellow.

Procedure

The participant’s head was secured in a chin rest. Two
mirrors, one at 45° and one at 135°, each reflecting one

Volume 30, Number 7



Figure 1. Experiment 1: Design
and results. (A) Examples of A
same and different trials. Prime
objects were the same (with

prime

a 10° offset) or different from
the target stimulus. Participants
were asked to judge which

dot (yellow/blue) was closer

to the observer in depth.

For presentation purposes,
yellow dots are shown here in

Same

orange. (B) Sequence of events

for an example trial. The right
and left columns represent the
information presented to each
eye separately. The middle
column represents the percept
of the participant. The dynamic
mask suppresses the processing

Different

B Left eye Percept Right eye
target
500 msec + + +
100 msec
(0]
E
=
100 msec
3000 msec

of the information presented to
the left eye, and the percept
corresponds to the information C
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was observed for target images
primed by the same than
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observed in RT but did not
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two conditions. Error bars are
the confidence interval (95%)
of the priming effect.

of two monitors, were arranged in front of the participant.
The total viewing distance was 63.5 ¢cm, which resulted
from the distance from the chin rest to the center of
the mirror (8 cm) and from the distance from the center
of the mirror to the monitor on the same side (55.5 cm).
Two black dividers were attached to the chin rest, block-
ing the participant’s direct view of the monitors, with the
result that the display was only visible in the mirror. Stim-
uli were presented using Matlab Psychtoolbox (Brainard,
1997). At the beginning of the experiment, participants
completed a calibration procedure to ensure that the im-
ages from the two screens were fused. Two fixation
crosses were presented, one on each monitor, and the
participants used the keyboard to move the fixation
crosses until the two crosses reached a position in which
they were perceived as a single, fused cross.

A single trial started with a fixation cross (500 msec)
presented to both eyes, followed by a dynamic (10 Hz)
random colorful (Mondrian) pattern that was presented
to the right eye, whereas a static, low contrast (5% of
the original image, a threshold that was found to be effi-
cient in a pilot experiment) stimulus was presented to the
left eye (200 msec) and served as the prime image (see
Figure 1). The target object was then presented to both
eyes. Participants were required to judge which of the

two dots was located closer in depth. The target object
remained on the screen until the participant responded
by pressing the designated keyboards keys (“f” for blue
and “g” for yellow) or for a maximum period of 3 sec.

Experiment 1 included a total of 200 trials in which the
target object was primed by the same object that differed
from it by a 10° viewpoint offset on the horizontal plane
(“same”) or by a different object (“different”). This en-
sured that the primes and targets within a same trial con-
tained the same object but were not identical images.
The colored dots were never superimposed on the prime
objects. Each target object was presented twice during
the experiment (once following the same prime and
once following a different prime).

Control Experiment

After completing the main experiment above, partici-
pants were asked whether they perceived the prime ob-
jects. Participants who perceived the prime stimuli were
excluded from the analysis (V = 2). All other participants
completed an additional control detection task to eval-
uate the effectiveness of the CFS procedure. The ex-
periment included a total of 100 trials. Similar to the
main experiment, the dynamic mask was presented for
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200 msec to the right eye. At the same time, a novel ob-
ject, similar to those used in the main experiment, was
presented to the left eye on 50% of the trials, whereas
an empty gray square was presented on the remaining
trials. Participants were told that a stimulus might be pre-
sented at the same time as the dynamic mask, and they
were asked to report whether an object was presented
and to respond by pressing the designated keyboards
keys (“f”—no object, “k”—object).

Results

Accuracy of depth judgment was high (91.6%, SD = 4%),
and better performance was observed for target images
that were primed by the same object (92.2%) compared
with a different object (91.0%), F(1, 17) = 4.521, p < .05,
nlz) =.21. A similar pattern was observed for response
times, with shorter RTs for the same trials, although it
did not reach statistical significance, F(1, 17) = 2.62,
p = .12, v =.13 (Figure 1C).

A follow-up control experiment (see Methods for de-
tails) ensured the effectiveness of the CFS procedure
by showing that the same participants performed poorly
on a masked object detection task (mean accuracy =
51.5%, SD = 2.7%). Performance was significantly above
chance level, #(17) = 2.28, p < .05, but clearly partici-
pants were largely unaware of the masked object in this
paradigm. Moreover, for each participant, a z test for a
single proportion validated that the performance was
not different from chance (p > .5, FDR corrected for
multiple comparisons).

The results of Experiment 1 are straightforward. Prime
objects, suppressed by the dynamic mask, facilitated per-
formance in the depth decision task. Importantly, the ret-
inal image of the prime and target was different for both
the same and the different trials, indicating that the rep-
resentation of the prime object was not limited to 2-D
attributes but, rather, was related to the shared 3-D struc-
ture of the prime and target object. A control experiment
confirmed the effectiveness of the mask in suppressing
the detection of the prime stimulus.

EXPERIMENT 2

Experiment 1 provided novel evidence that stimuli, sup-
pressed by the CFS and processed primarily by the dorsal
pathway, can facilitate subsequent perceptual decisions
related to object 3-D structure. These representations
were derived for objects that did not convey clear visuo-
motor associations. Moreover, the prime and target ob-
jects on “same” trials were presented from a different
viewpoint, reinforcing the notion that the 3-D structure
of the prime object facilitated the depth decision.
Although we have suggested that the superior perfor-
mance observed in Experiment 1 for the same prime-target
pairs over different prime—target pairs was a function of
dorsal cortex facilitation, there is an alternative account
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of the findings. This alternative view suggests that the
priming effect is contingent on the visual similarity be-
tween the prime and the target stimuli (which are still
more similar to each other than is true for the different
trials) and not on the representation of 3-D information.

Experiment 2 was designed to adjudicate between
these two explanations. If the dorsal pathway representa-
tions are anchored to the 3-D description of the object
(and not to visual similarity at the 2-D level), we would
not expect to observe priming when stimuli do not have
coherent 3-D structure, even when the prime and the
target object are visually similar.

Participants were presented with displays of target ob-
jects, which were primed by 3-D spatially possible or im-
possible objects. Importantly, the images of impossible
objects were visually highly similar to the possible objects
but violated the laws of 3-D spatial organization and
therefore could not be reconstructed in real 3-D space
(e.g., Freud, Ganel, et al., 2017; Freud, Rosenthal, et al.,
2015). As in Experiment 1, the task was to classify which
of two dots, located on an object, was closer to the ob-
server in depth. The priming effect was estimated by the
comparison between same and different trials, separately
for each object type.

Methods
Participants

Twenty-eight participants were recruited for this experi-
ment. The data from two participants were not analyzed,
as they reported that they perceived the masked stimuli
during the main experiment. The data of one additional
participant were excluded as their performance for one
or more of the types was poor (below 70% compared
with group mean accuracy ~90%). Data from the re-
maining 25 participants were analyzed (mean age =
19.5, SD = 1.91, 13 women).

Stimuldi

Stimuli were 71 grayscale line drawings of impossible
objects, all of which have been used in previous studies
(Freud & Behrmann, 2017; Freud, Ganel, et al., 2017;
Freud, Ganel, & Avidan, 2015). For each impossible ob-
ject, a matched possible object was derived by minimally
altering visual features to modify the object’s global
structure from impossible to possible. There were no ob-
vious differences in image statistics of the possible and
impossible images as demonstrated by comparisons
showing equivalence in the overall number of pixels
(37,323 vs. 37,365 for possible vs. impossible objects, re-
spectively) and the number of pixels that defined the ob-
ject’s edges (3738 vs. 3730 for possible vs. impossible
objects, respectively). Finally, the average pixel-wise cor-
relation between matched possible and impossible
objects was r = .96, whereas the average correlation of
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the nonmatched objects was » = .22, further reflecting
the high visual similarity between the matched objects.

As in Experiment 1, the luminance of the prime stimuli
was reduced to 5% from the original value, and one green
dot and one red dot were superimposed on the target ob-
jects. The assignment of the dots was done based on the
following logic. First, the dots were located on different sur-
faces to encourage the processing of the object as a whole.
Second, the dots were located in the same position for the
possible and matched impossible target objects to maximize
the similarity between object categories. Third, the dots
were not placed on the junctions that induced object impos-
sibility, thus precluding an objective “correct” decision in the
depth task for the two object categories. Finally, the assign-
ment of the dots was counterbalanced across stimuli such
that, for half of the stimuli, the closer dot was lower in the
vertical plane and, for the other half, the closer dot was
higher in the vertical plane and that, on half the trials, the
closer dot was red and, on the other half, it was green.

The experiment included a total of 212 trials in which
the target object was either possible or impossible. To
avoid a between-type priming effect, each participant was
exposed to only one version of a particular stimulus (pos-
sible or impossible; counterbalanced across participants).
The prime image was either identical to the target object
(same), a different object from the same category (differ-
ent) or a gray square (no object). The “no-object” condition
was not included in the analysis because, in retrospect,
it was not comparable to the same or different trials both
of which contained considerable visual information.

Control Experiments

Following the main experiment, participants were asked
whether they perceived the prime objects. Participants
who perceived the prime stimuli were excluded from fur-
ther analysis. Participants completed two control experi-
ments. The detection task (see Experiment 1 for details)
included a total of 80 trials, in which participants were
asked to detect whether an object (possible/impossible)
was present or not. To confirm further the effect of the
mask, an additional classification task, with a total of 140
trials, was employed. During this experiment, a dynamic
mask was presented for 200 msec to the right eye, and an
object was presented to the left eye. The objects (possi-
ble and impossible) were either intact or scrambled, and
participants were asked to classify the status of the object
(intact/scrambled).

Results

Accuracy in the depth decision task was high (mean =
88.9%, SD = 4%), and no priming effect nor interaction be-
tween object type and priming type was found, Fs(1, 24) <
1. Analysis of the RTs, however, showed that, for possible
target objects, a priming effect was observed, with faster
RTs for trials primed by the same object, compared with
the different object. In contrast, for impossible objects,
there was no evidence of a priming effect (Figure 2B).

A repeated-measures ANOVA on the RT data, with Ob-
ject type (possible, impossible) and Priming condition

Figure 2. Experiment 2: Design
and results. (A) Examples of A
same and different trials. Prime
objects were similar or different
from the target stimuli that
were either structurally possible
or impossible. Participants
were asked to judge which
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(same, different object) as independent, within-subject
variables revealed a robust main effect of Object type,
F(1,24) = 22.63, nﬁ, =48, p < .001, such that participants
were faster to respond to possible objects relative to im-
possible objects, reflecting the sensitivity of the visual sys-
tem to structural impossibility (Freud & Behrmann, 2017;
Freud, Ganel, et al., 2017; Freud, Rosenthal, et al., 2015).
More importantly, an interaction between Object type X
Priming condition was found, F(1, 24) = 4.28, nlzj =.15,
p < .05. Simple comparisons confirmed that, for possible
objects, a priming effect was observed with 37 msec faster
RT for trials primed by the same object compared with
trials primed by a different object, F(1, 24) = 4.54, p <
.05. Interestingly, for impossible objects, no such priming
was observed, F(1, 24) < 1, suggesting that if the prime
object violates legitimate 3-D structure, a 3-D repre-
sentation cannot be derived under CFS (and thus has no
subsequent effect on behavior).

Note that, in contrast to Experiment 1 (and to Experi-
ment 4, see below), the priming effect in this experiment
(as well as in Experiment 3, see below) was evident in
terms of RTs and not in terms of accuracy. For complete-
ness, we have presented both measures for every ex-
periment. That the key effect manifests in different
dependent measures for different experiments might
be related to the structural possibility of the targets,
namely in Experiments 2 and 3, but not in Experiments 1
and 4, impossible targets were included. The structural
incoherence of the impossible objects might have in-
creased the perceptual uncertainty of observers, even in
relation to the possible objects, and consequently modu-
lated the decision-making process applied by the ob-
servers. In other words, the presence of an impossible
object serves as a context effect that alters the observer’s
decision-making even for the possible objects (much like
when nonwords are included with words in a list, lexical
decision even of the legitimate words is adversely affected;
Lupker & Pexman, 2010). We directly examined this un-
certainty hypothesis by comparing the performance ob-
served for Experiments 2 and 4. The description of this
statistical quantification is included in the results section
of Experiment 4.

Two follow-up experiments with the same participants
(see Methods for details) ensured the effectiveness of the
CFS procedure. The first control experiment showed that
participants were unable to detect the presence of a
masked object even when they were informed that objects
were present on half of the trials (mean accuracy = 50.8%,
SD = 3%; difference from chance level ¢#(24) = 1.28,
p > .2). The second control experiment showed that
participants were unable to classify whether the masked
object was intact or scrambled (mean accuracy = 52%,
SD = 5%; difference from chance level #(21) = 1.71, p >
.05). As was done in Experiment 1, for each participant
a z test for a single proportion validated that the per-
formance was not different from chance (all ps > .1,
corrected for multiple comparisons).
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EXPERIMENT 3

The results of Experiment 2 replicate and extend the re-
sults of Experiment 1. First, we showed that impercepti-
ble prime objects, presumably processed by the dorsal
pathway, can support 3-D perceptual classification, and
this held across the two sets of objects that differed sub-
stantially in their visual and spatial properties, those from
Experiment 1 and those from Experiment 2. Second, the
priming effect was observed only for possible but not for
impossible 3-D objects, indicating that the priming effect,
presumably mediated by dorsal computations, was con-
tingent on the processing of legitimate 3-D information,
rather than on visual similarity per se.

In Experiment 2, the prime and the target could be
possible or impossible; hence, the facilitation for the
possible but not impossible cases might have arisen be-
cause of the status of the prime or because of the status
of the target. To adjudicate between these two alterna-
tives, in Experiment 3, the target objects were always
impossible and were primed by one of the following
objects: the same impossible object (same), a visually
similar, possible version of the target object (matched
possible), or a different impossible object (different;
Figure 3A). If the lack of the priming effect for impossible
objects in Experiment 2 reflects the difficulty processing
impossible prime stimuli, the counterintuitive prediction
is that no priming effect would be observed for trials
even when the target is primed by the same impossible
object. In contrast, a visually similar (but not identical)
possible prime will enable the dorsal pathway to derive
a 3-D representation, which, in turn, would facilitate
the perceptual decision, even when the target object is
impossible.

Methods
Participants

Twenty-six participants were recruited for this study. The
data from two participants were not analyzed because
they reported that they perceived the masked stimuli dur-
ing the main experiment. The data from the remaining
24 participants were analyzed (mean age = 22.3, SD = 4,
14 women).

Stimuli

The stimuli were identical to the stimuli used in Experi-
ment 2. However, in Experiment 3, only impossible ob-
jects served as target objects.

Procedure

The procedure was similar to that used in Experiment 2,
except for the following changes. The experiment
included a total of 212 trials in which the target object
was always impossible. The trials were drawn
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Figure 3. Experiment 3: Design
and results. (A) The target A
object was always impossible
and was primed by the same
impossible object, a visually
similar, but possible, version
of the object or a different
impossible object. (B) Results:
A priming effect was found
when the target objects were
primed by a matched (visually
similar, but not identical)
possible version of the same
object and not when the
object was primed by an
identical impossible or

a different object.
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equiprobably from three conditions: when the prime im-
age was either identical to the target (same), the possible
version of the target (matched possible), or a different
impossible object (different). Each target object was
primed by each of the three conditions.

Control Experiments

Similar to Experiment 2, two control experiments were
employed following the main experiment. Participants
performed a detection task (a total of 76 trials) and a
categorization task (a total of 140 trials) for objects
suppressed by CFS. See Experiment 2 Methods for
details.

Results

The results of Experiment 3 are presented in Figure 3B.
Accuracy of depth decision was high (89.7%), with no
priming effects, F(1, 46) < 1.2, p > .25. Interestingly, tri-
als primed by a matched possible object had shorter RTs
relatively to trials primed by an impossible object, even
when the impossible prime object was identical to the
target object. Planned comparisons validated that
matched possible primes led to faster RTs than the same

impossible objects and different impossible primes,
F(1, 46) = 5.28, p < .05. In contrast, no difference was
observed between same-impossible and different-
impossible trials (F < 1), replicating the lack of priming
for impossible targets primed by an impossible object.
Thus, Experiment 3 provides converging evidence for
the functional role of the dorsal pathway in perceptual
decisions related to 3-D structure and is compatible with
the notion that these dorsal representations are sensitive
to the legality of object geometry.

Similar to Experiment 2, two follow-up experiments
ensured the effectiveness of the CFS procedure by show-
ing that participants were at chance in detecting the pres-
ence of a masked object (mean accuracy = 50%, SD =
6%; difference from chance level #(23) < 1) and were also
at chance in classifying whether the masked object was
intact or scrambled (mean accuracy = 51%, SD = 6%, dif-
ference from chance level #(23) = 1.04, p > .05). As was
done in the first two experiments, for each participant a
z test for a single proportion validated that the perfor-
mance was not different from chance. One participant’s
data deviated from chance in one of the two control ex-
periments. Thus, the main analysis was conducted after
excluding this participant, and the results reported above
remained the same.
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EXPERIMENT 4

Experiments 1-3 show that, notwithstanding the absence
of overt perception of the prime stimuli presented in a
CFS paradigm, stimuli with coherent but not incoherent
3-D structure still modulated perceptual performance.
The main hypothesis is that the processing of the sup-
pressed (prime) image is mediated by dorsal pathway
computations, because the CFS perturbs object process-
ing primarily in the ventral visual pathway and, to a lesser
degree (if at all), in the dorsal visual pathway. This hypoth-
esis is supported by imaging (Tettamanti et al., 2017;
Fang & He, 2005) and behavioral evidence (Han et al.,
2016), although the neural underpinnings of the CFS
phenomena still remain debatable (Moors, Hesselmann,
Wagemans, & van Ee, 2017; Ludwig & Hesselmann, 2015;
Ludwig et al., 2015). Experiment 4 was designed specifically
to explore the neural underpinnings of the priming effects
observed in Experiments 1-3.

To this end, we utilized a psychophysics technique that
biases the processing of a visual stimulus to the magno-
cellular system or, alternatively, to the parvocellular system.
Notably, whereas the ventral pathway gets a significant
amount of input from the parvocellular system, the dorsal
pathway receives most of its input from the magnocellular
system (Merigan & Maunsell, 1993) and the koniocellular
(K) system (Almeida, Fintzi, & Mahon, 2013). Although this
separation is relative, rather than binary (Nassi, Lyon, &
Callaway, 2006; Ferrera, Nealey, & Maunsell, 1994), previ-
ous studies have utilized this characteristic to investigate
the differential nature of representations along the two
pathways (Kristensen, Garcea, Mahon, & Almeida, 2016;
Almeida et al., 2013; Mahon, Kumar, & Almeida, 2013;
Thomas, Kveraga, Huberle, Karnath, & Bar, 2012). If the
priming effect observed in Experiments 1-3 relies on dorsal
and not ventral representations, as we have surmised, only
a magnocellular-biased prime, which facilitates dorsal
pathway processing, should elicit a priming effect. In
contrast, the parvocellular-biased prime, which biases the
processing to the ventral pathway, should not elicit a prim-
ing effect.

Methods
Participants

Forty-five participants completed this experiment. The
data of two participants were excluded because their
accuracy in the main task for one or more of the catego-
ries was below 70% (mean accuracy ~ 90%). The data
from the 43 remaining participants (Experiment 4, mean
age = 21.1, SD = 3.3, 30 women) were analyzed.

Stimuli

Both prime and target stimuli included only possible ob-
jects, and these were taken from Experiments 2 and 3.
Two types of stimuli were used as the prime. Grayscale,
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low-contrast (luminance of 5%) stimuli were aimed at
stimulating the magnocellular system, and the same stim-
uli, but now colored red and green, were aimed at biasing
the processing to the parvocellular system. Note that pre-
vious experiments (Thomas et al., 2012) generated isolu-
minant stimuli that were adjusted individually for each
subject. In the present experiment, we could not repli-
cate this titration procedure because (a) the stimuli were
presented simultaneously with a colorful mask that likely
alters the sensitivity and (b) the generation of isolumi-
nant stimuli requires individual calibration. Employing
this calibration procedure could alert the participants to
the presence of such stimuli, and this, in turn, might im-
pair the effectiveness of the CFS procedure.

In contrast with Experiments 2 and 3, the dots for the
depth detection task were colored blue and yellow to
avoid plausible interaction with the parvocellular-biased
prime stimuli.

Procedure

Experiment 4 included a total of 140 trials in which the
target object was always possible. The prime image was
either identical to the target object (same) or was a dif-
ferent object (different). Half of the prime images were
colored red and green to activate specifically the parvo-
cellular system. The other half of the prime images were
grayscale (similar to Experiments 1-3) and stimulated the
magnocellular system. Each stimulus was presented twice
throughout the experiment and was primed by either
parvocellular-biased or magnocellular-biased images
(counterbalanced across participants).

Control Experiment

In the classification control task (140 trials), participants
were asked to report whether the suppressed stimulus
was intact or scrambled (see Experiment 2 Method). Im-
portantly, the experiment included parvocellular-biased
and magnocellular-biased stimuli to evaluate whether
the mask was equally efficient for the different prime

types.

Results

Participants were presented with displays of structurally
possible objects, which were preceded by a same or a dif-
ferent possible prime object that was either parvocellular-
biased (defined by color) or magnocellular-biased
(achromatic). As in Experiments 1-3, the task was to clas-
sify which of two dots, located on a possible target object,
was closer to the observer in depth. As before, the prime
objects were presented to the left eye and were sup-
pressed by the presentation of a dynamic random noise
(10 Hz) to the right eye (Figure 4A).
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Figure 4. Experiment 4: Design
and results. (A) Examples of the A
prime and targets for same and
different trials. Prime objects
were similar or different from
the target stimulus and were
either grayscale or red—green
images to bias the processing
to the magnocellular or

parvocellular systems,
respectively. Participants
were asked to judge which
dot (yellow/blue) was closer
to them in depth. (B) Results:
A priming effect was found
only for the magnocellular-
biased prime images and not

100%

for the parvocellular-biased
prime images.
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Accuracy in the depth detection task was high (93.9%). A
repeated-measures ANOVA with Prime type (parvocellular-
biased/magnocellular-biased) and Trial type (same/
different) revealed a significant two-way interaction,
F(1, 42) = 5.14, nf) =.11, p < .05. Simple comparisons
showed that, for magnocellular-biased primes (i.e.,
grayscale), higher accuracy was observed for same trials
(93.3%) than for different trials (92.2%), F(1, 42) = 3.98,
p = .05. On the other hand, no difference was observed
for the parvocellular (i.e., red-green) stimuli, F(1, 42) =
2.07, p > .15. Notably, the existence of a priming effect
in terms of accuracy is consistent with the uncertainty
hypothesis (see Experiment 2 and below), because only
possible objects were included in this experiment.

The analysis of the RTs did not reveal main effects or
an interaction effect (Fs < 1). These findings suggest that
the priming effects observed in Experiments 1-4 were
mediated by the magnocellular system, and as such,
provide additional support for the notion that the dorsal,
rather than the ventral, pathway supported the CFS
priming effects.

As described above, the CFS priming effect was mani-
fested in terms of accuracy (similar to Experiment 1), but
not in terms of RT (as was found in Experiments 2 and 3).
The main hypothesis was that the discrepancy across the
dependent measures might be explained by the uncer-
tainty elicited by the inclusion of impossible objects. To
examine this hypothesis, we compared the accuracy and
RT observed for the possible objects in Experiments 2
and 4. Importantly, in both experiments the possible ob-

jects were similar, although in Experiment 2 these possi-
ble objects occurred in the same study with impossible
objects, whereas in Experiment 4 only possible objects
were ever presented. We focused our analysis only on
the different trials to exclude the effect of the prime
objects. In accordance with the uncertainty hypothesis,
a robust effect of experiment was found, with better
accuracy for Experiment 4, in which only possible objects
were presented, F(1, 66) = 11.96, p < .01, v = .15. This
finding suggests that when possible objects alone were
shown, accuracy served as a reliable, dependent measure
to estimate the effect of the CFS prime objects. On the
other hand, when impossible objects appeared among
the stimuli and uncertainty in decision-making arose,
priming effects were more reliably estimated by RT.

Finally, the classification control experiment validated
the effectiveness of the mask for the two prime types. Clas-
sification accuracy was 50.3% for the magnocellular-biased
images and 50.4% for the parvocellular-biased images.
Paired-sample ¢ test verified that there was no difference
between the two image categories, #(42) < 1, and one-
sample ¢ tests validated that classification accuracy for the
two categories were not different from chance (s < 1).
Both magnocellular- and parvocellular-biased images were
therefore adequately masked using CFS, yet only the
magnocellular-biased primes conveyed an advantage in
the main depth task. Similar to Experiments 1-3, for each
participant a z test for a single proportion validated that the
performance was not different from chance (all ps > .25,
corrected for multiple comparisons).
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GENERAL DISCUSSION

Accumulating evidence from investigations using human
imaging (e.g., Bracci et al., 2017; Freud, Culham, et al.,
2017, Zachariou, Klatzky, & Behrmann, 2014; Konen &
Kastner, 2008) and from studies with neuropsychological
patients (Freud, Ganel, et al., 2017) and nonhuman pri-
mates (e.g., Van Dromme et al., 2016; Theys et al., 2015;
Durand et al., 2007; Denys et al., 2004) have demons-
trated that the dorsal visual pathway derives representa-
tions from objects in the environment. This is true even
under conditions that are not related to visuomotor con-
trol of the objects, and moreover, these representations
are dissociable from ventral object representations. These
findings challenge the binary distinction between the
functions supported by the two visual pathways. An open
question, however, is whether representations derived by
the dorsal pathway contribute functionally to perceptual,
object-based decisions. To address this, in four experi-
ments we exploited the CFS paradigm, which suppresses
the ventral pathway function, to demonstrate that the
largely isolated dorsal pathway can contribute to per-
ceptual decisions, at least to those involving object 3-D
structure.

Experiment 1 demonstrated that novel objects, which
were rendered imperceptible by the CFS and were
primarily processed by the dorsal pathway, can facilitate
object-based decisions related to the object 3-D struc-
ture, even when the prime and the target object were
presented from different viewpoints. Experiment 2 dem-
onstrated that the CFS priming effect was evident only for
possible, but not for impossible, objects, suggesting that
the dorsal pathway is tuned to 3-D object descriptions, but
only if the visual input is geometrically legal. Experiment 3
elaborated these findings and ensured that the lack of a
priming effect for impossible objects could not be attrib-
uted to the nature of the target object but rather to the
structural incoherence of the prime object—this result
further reflects the sensitivity of the dorsal pathway to
the legality of the geometrical information. In addition,
this experiment converged with the conclusion of Experi-
ment 1 and showed that the priming effect was not con-
tingent on low-level feature similarities between the prime
and target. Finally, Experiment 4 utilized an image-based
manipulation to uncover the neural substrate of the CFS
priming effect and showed that the priming effect relied
on the magnocellular system that largely projects to the
dorsal pathway and not on the parvocellular system that
largely projects to the ventral pathway.

The CFS paradigm has been used previously to dem-
onstrate the contribution of the dorsal pathway to the
representation of specific visual categories (i.e., man-
made tools), presumably based on the visuomotor asso-
ciations conveyed by these objects (Almeida et al., 2008,
2010). For example, one recent imaging study, which
supports this interpretation, found that images of tools,
masked by CFS, activated both the posterior parietal cor-
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tex and the ventral premotor cortex (Tettamanti et al.,
2017). Consistent with this, several studies have docu-
mented that a nontool object can prime perceptual deci-
sions, provided that the nontools are elongated and
offer affordances related to action (Almeida et al., 2014;
Sakuraba et al., 2012). Because these priming effects
likely rely on visuomotor associations and affordances,
one cannot make inferences about a functional contribu-
tion of the dorsal pathway to perception, independent of
the contribution to action. Here, by using two different
sets of novel objects (i.e., possible and impossible ob-
jects, and the 3-D stimuli used by Norman et al., 2008),
we show that the dorsal pathway contributes to percep-
tual decisions, independent of obvious visuomotor asso-
ciations. Future research can elaborate this line of
research and investigate whether other types of spatial
perceptual decisions (e.g., geometrical organization of
2-D images) are also supported by computations carried
out by the dorsal visual pathway.

The Nature of Object Representations in the
Dorsal Pathway

The current study builds upon a growing body of litera-
ture that has characterized the nature of the visual repre-
sentations computed by the dorsal pathway. These
investigations revealed that the dorsal pathway can ex-
tract shape information independent of the ventral path-
way (Kristensen et al., 2016; Almeida et al., 2013). These
dorsal representations are sensitive to shape information
(Freud, Culham, et al., 2017; Konen & Kastner, 2008)
and, in particular, to 3-D information (for reviews, see
Freud et al., 2016; Theys et al., 2015; Orban, 2011).

The findings from the present investigation elucidate
further the nature of the representation derived by the
dorsal pathway and, more importantly, link those repre-
sentations to perceptual (rather than visuomotor) behav-
iors. In all four experiments reported here, the prime
stimuli, which were presumably processed primarily by
the dorsal pathway, contributed to decisions related to
the 3-D structure of the targets. Based on these findings,
we have proposed that the dorsal pathway computes the
3-D structural description of the prime stimuli and that
this description contributes to perceptual processes
related to the 3-D structure of the target object. This con-
clusion is compatible with a neuropsychological investi-
gation in which patients with visual agnosia and
profound perceptual impairments resulting from ventral
lesions nevertheless revealed sensitivity to 3-D structural
information (Freud, Ganel, et al., 2017).

Importantly, previous investigations have also suggested
that the dorsal pathway representations are not monolithic
and, instead, can vary as a function of location and task. For
example, sensitivity to shape information, as well as its
correlation with perceptual behaviors, decreases along the
posterior-anterior axis of the parietal cortex (Freud,
Culham, et al., 2017), and the anterior parts of the dorsal
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pathway (e.g., anterior intraparietal sulcus) appears to de-
rive representations based on a combination of visual and
motor cues (Freud et al., 2018; Fabbri, Stubbs, Cusack, &
Culham, 2016; for electrophysiological results, see Murata,
Gallese, Luppino, Kaseda, & Sakata, 2000). Finally, even
within the same cortical regions, dorsal pathway represen-
tations are susceptible to task demands (Bracci et al., 2017,
Jeong & Xu, 2016). Although the present investigation
does not allow us to pinpoint the dorsal site/s that might
have contributed to the priming effects, based on previous
results, the posterior portion of the IPS is a suitable
candidate region for these computations.

Finally, although the results of the four experiments
confirm a functional role of the dorsal pathway in 3-D ob-
ject perception, it remains to be determined whether the
dorsal representations only contribute to perception or
are, in fact, necessary for intact perception. Despite initial
evidence that supports the latter interpretation (Zachariou
etal., 2017; Van Dromme et al., 2016), future research with
patients and animal models should address this important
question further and characterize the functional and
possibly necessary role of the dorsal visual pathway in
object perception.

Conclusions

To conclude, this study exploited the known properties
of the CFS paradigm to investigate the functional contri-
bution of the dorsal visual pathway to object perception.
In a series of experiments, we demonstrated that stimuli
suppressed by CFS nevertheless supported perceptual
classification that was contingent on the 3-D structure
of the object. Together, these results provide novel evi-
dence for a contribution of the dorsal pathway to 3-D
object perception and suggest that the dorsal pathway
not only derives geometric description of objects in
the service of action but in the service of perception,
as well.
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