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The capture of covert spatial attention by salient visual events influences subsequent gaze
behavior. A task irrelevant stimulus (cue) can reduce (Attention capture) or prolong (Inhi-
bition of return) saccade reaction time to a subsequent target stimulus depending on the
cue-target delay. Here we investigated the mechanisms that underlie the sensory-based
account of AC/IOR by manipulating the visual processing stage where the cue and target
interact. In Experiment 1, liquid crystal shutter goggles were used to test whether AC/IOR
occur at a monocular versus binocular processing stage (before versus after signals from
both eyes converge). In Experiment 2, we tested whether visual orientation selective
mechanisms are critical for AC/IOR by using oriented “Gabor” stimuli. We found that the
magnitude of AC and IOR was not different between monocular and interocular viewing
conditions, or between iso- and ortho-oriented cue-target interactions. The results suggest
that the visual mechanisms that contribute to AC/IOR arise at an orientation-independent
binocular processing stage.
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Introduction

The mechanisms that underlie the control of
visuospatial attention determine where we look at any
moment. During everyday vision, the sudden appearance
of a visual stimulus can “capture” attention (Godijn
& Theeuwes, 2002), which can initially facilitate orient-
ing to that location, but later may inhibit orienting to that
location. These reflexive, covert orienting behaviors have
been termed Attention Capture (AC) and Inhibition of
Return (IOR), respectively, and have been central to our
understanding of visuospatial orienting in real world con-
texts (Fecteau and Munoz 2006; Klein 2000; Klein and
Maclnnes 1999; Jonides 1981; Posner et al 1985; Sumner
et al. 2002).

Traditionally, a cue-target task has been used to in-
vestigate AC and IOR (Posner and Cohen 1984): an irrel-

evant visual stimulus (the cue) is flashed briefly to the
left or right of a fixation stimulus, and the participant is
required to respond (either manually or with a saccadic
eye movement) to the appearance of a visual target at the
same (cued) or different (uncued) location as the preced-
ing cue. When the time between the cue and target (Cue-
Target Onset Asynchrony; CTOA) is short (typically <
200 ms), responses to the target at the cued location are
faster than to uncued locations (AC). When the CTOA is
long (typically > 200 ms), responses to the target at the
cued location are slower than to uncued locations (IOR)
(Jonides 1981; Klein 2009; Klein 2000; Maylor, 1985;
Posner & Cohen, 1984).

The neural substrates responsible for AC and I0R
are still not well understood. Behavioral studies in hu-
mans with damage to various brain areas support the su-
perior colliculus (SC) as a likely candidate (Danziger et
al 1997, Posner et al 1985, Sapir et al 1999, Sapir et al
2002, Sereno et al 2006). Also, direct neural correlates of
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AC and IOR have been identified in the SC of monkeys
trained to perform the cue-target task (Bell et al. 2004;
Dorris et al. 2002; Fecteau et al. 2004; Fecteau and
Munoz 2005). In these studies, neurons in the intermedi-
ate SC layers (SCi) show an enhanced target related visu-
al response following a cue at the same location at a short
CTOA (typically < 200 ms). The magnitude of this en-
hanced target related response is correlated with the faster
reaction times associated with AC. This sensory based
neural correlate of AC was only observed in the SCi, and
not the superficial SC layers (SCs). Because the SCs re-
ceives visual inputs relatively early in the visual pro-
cessing stream (retina, V1), whereas the SCi only re-
ceives visual inputs from brain areas relatively late in the
visual processing stream (i.e., frontal, parietal, and ex-
trastriate visual cortices; for a recent review of the SC see
White and Munoz, 2011), the neural substrates responsi-
ble for AC have been proposed to arise from these later
areas, or within the SCi itself (Fecteau and Munoz 2005).

In contrast, there is evidence of a neural correlate of
IOR in both the SCs and the SCi. In this case, neurons in
both regions show an attenuated target related visual re-
sponse when followed by a cue at the same location at a
long CTOA (typically > 200ms; Bell et al. 2004, Dorris et
al. 2002; Fecteau et al. 2004; Fecteau and Munoz 2005).
The magnitude of this attenuated target related response
is strongly correlated with the slower reaction times asso-
ciated with IOR.

However, it is not clear whether the SC is the critical
substrate underlying these orienting behaviors. There is
evidence that the SC is not inhibited during IOR, but that
the visual attenuation arises upstream of the SC neurons
they recorded (Dorris et al. 2002). Because the SCs re-
ceives projections from very early stages of processing
(retina, V1), and the SCi receives projections from rela-
tively later stages of processing (frontal and parietal in-
puts) (Fries, 1984; Lock et al., 2003), the mechanism
responsible for IOR likely arises early in the processing
stream because a neural correlate of it is already observed
in the SCs. That is, the attenuated target related response
associated with 10R is unlikely to arise from parietal or
frontal inputs because the earliest part of this response is
already attenuated in the SCs (Bell et al. 2004; Fecteau et
al. 2004; Fecteau and Munoz 2005), which does not re-
ceive inputs from these areas. This narrows the potential
locus of IOR in particular.
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The aim of this study is to elucidate the neural sub-
strate(s) underlying this sensory based account of AC and
IOR by manipulating the visual processing stage where
the cue and target interact (Fig. 1). In Experiment 1 (Vis-
ual Occlusion Manipulation), we tested whether AC or
IOR arise at a monocular processing stage (i.e., before
visual signals from both eyes converge) versus a binocu-
lar processing stage (after visual signals from both eyes
converge). This was achieved by using liquid crystal
shutter goggles which controlled visual input to the left
and right eyes independently, thereby controlling the pro-
cessing stage (monocular vs. binocular) in which these
signals could interact (Fig. 2B). We asked whether pre-
senting the cue and target to different eyes (interocular
viewing) produces the same pattern of AC and IOR as
when presenting the cue and target to the same eye (mo-
nocular viewing) or both eyes (binocular viewing). If the
critical interaction between cue and target that produces
AC and IOR occurs at a monocular stage (i.e., retina or
lateral geniculate nucleus; Monocular Hypothesis, Fig.
1), we predict that the cuing effects will be attenuated in
the interocular viewing condition (red line, Fig. 1B), but
not the monocular viewing condition (blue line, Fig. 1B).
Alternatively, If the critical interaction between cue and
target that produces AC or IOR occurs at a binocular
stage (e.g., visual cortex or SC; Binocular Hypothesis,
Fig. 1), the magnitude of AC and IOR should be similar
between interocular and monocular/binocular conditions
(Fig. 1C).

Experiment 2 (Stimulus Orientation Manipulation)
was aimed at further exploring the Binocular Hypothesis,
because this hypothesis comprises several possible brain
areas (Fig. 1A). We exploited the fact that orientation is a
predominant tuning property of neurons in primary visual
cortex (V1) in particular (Ferster and Miller 2000; Hubel
and Wiesel 1968, 1975), but not the SC (Cynader and
Berman,1972). Also, recent evidence suggests that IOR is
attenuated in monkeys with a V1 lesion (lkeda et al.,
2011). We tested whether some component of AC or IOR
occurs through orientation selective mechanisms in visual
cortex. This was achieved by using carefully controlled
oriented “Gabor” stimuli (see Methods), such that the cue
and target could be the same (iso-orientation) or different
(orthogonal-orientation) orientation (Fig. 2C). We rea-
soned that, if AC and IOR involve a pathway through
orientation selective mechanisms in visual cortex, the
magnitude of these effects should be influenced by the
degree to which the cue and target drive the same versus
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different orientation selective mechanisms. If so, we pre-
dict that AC and IOR will be attenuated when the cue and
target are of different orientation (red line, Fig. 1B) com-
pared to the same orientation (blue line, Fig. 1B). Figure
1B depicts the extreme case in which AC and IOR de-
pend entirely or not at all on orientation selective mecha-
nisms.
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Figure 1: Schematic of visual pathways and structures impli-
cated in our hypotheses (A). Exp. 1 tested the hypothesis that
AC/IOR occur at a monocular processing stage (before visual
signals from both eyes converge) versus a binocular processing
stage (after visual signals from both eyes converge). Exp. 2
tested the hypothesis that AC/IOR involve a pathway through
orientation selective mechanisms in visual cortex. Panels B and
C show the hypothesized pattern of results produced by sub-
tracting the saccadic reaction time (SRT diff) to a target pre-
ceded by a cue in the opposite location minus the same location.
The Monocular Hypothesis predicts attenuated AC/IOR during
interocular viewing (B). The Binocular Hypothesis predicts
equal magnitude AC/IOR between monocular and interocular
viewing conditions (C). The Orientation-Dependent Hypothesis
predicts attenuated AC/IOR when the orientation of the cue and
target are different (ortho-oriented) versus the same (iso-
oriented) (B). The Orientation-Independent Hypothesis predicts
equal magnitude AC/IOR between stimulus orientation condi-
tions (C). Abbreviations: LGN — lateral geniculate nucleus; Pul
— Pulvinar; SC — superior colliculus; SCi - SC intermediate
layers; SCs — SC superficial layers.
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Figure 2: Schematic illustrating the series of events across tri-
als. A. Each trial began with the subject fixating a central fixa-
tion point (FP). The cue was then flashed briefly to the left or
right of fixation (5° vs 10° eccentricity in Exp. 1 and 2, respec-
tively). After a delay (CTOA) the target appeared at the same or
opposite position as the cue. SRT to the target was measured. B.
Schematic of the Visual Occlusion Manipulation (Exp. 1). Prior
to cue appearance, the left, right, both, or neither lens was oc-
cluded so that the cue was presented to one, neither, or both
eyes. The lenses became transparent after the disappearance of
the cue. Prior to target appearance, the left, right, or neither
lenses were again occluded and the target was presented to the
same or opposite location as the cue. C. Schematic of the Stimu-
lus Orientation Manipulation (Exp. 2). The cue and target were
oriented Gabor stimuli (4 cycles per degree) presented at either
the same (iso-oriented) or orthogonal (ortho-oriented) orienta-
tion. Here, the eyes were not occluded.
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Methods

Participants

The participants (N=10 and N=18 for Experiments 1
and 2, respectively) ranged in age from 19 to 32 years,
had no known visual, psychiatric, or neurological disor-
ders, and had normal or corrected-to-normal vision. They
were remunerated for their participation. Both experi-
ments in this study were approved by the Queen’s Uni-
versity Human Research Ethics Board, in accordance
with the Declaration of Helsinki.

Visual Occlusion Manipulation (Exp. 1)

Adjustable head-mounted liquid crystal shutter gog-
gles with lenses that could be occluded independently
were created by attaching the lenses to welder’s goggles
with two individual connected eyepieces preventing con-
tamination from ambient light (model 5444T5; McMas-
ter-Carr). The lenses (model LV4500P-OEM; Display-
tech) used Ferroelectric Liquid Crystal technology to
occlude vision when a voltage change was applied. Be-
cause the goggles had two separate eyepieces, each eye
could be occluded individually with no consequence on
the other eye.

Horizontal eye position was recorded using direct
current bi-temporal electrooculography (EOG). Ag-AgCl
electrodes were attached to the forehead (ground), and
the outer canthus of both eyes (underneath the goggles).
Using a Grass P18 amplifier, the signal from the elec-
trodes was amplified and low-pass filtered. REX (Hays
et al. 1982) was used to present the stimuli, control the
shutter goggles, and record the data (see Munoz et al.
1998).

A translucent tangent screen was placed 1 m from
the subjects’ eyes and spanned +£35° of the visual field. A
central red light-emitting diode (LED; 7.9 cd/m?) served
as the fixation point (FP), and another red LED (0.4
cd/m?) positioned 5° to the left and the right of central
fixation on the horizontal meridian served as the cue and
target. To prevent dark adaptation, the tangent screen
was diffusely illuminated (1 cd/m?) for a brief 500 ms
during each inter-trial interval.

The participants were instructed to fixate the central
FP for 800-1000 ms, and during this interval a cue ap-
peared 5° to the left or right of the FP (Fig. 2A). The cue
remained visible for 30 ms and the participant was in-
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structed not to look to the cue. Shortly after, the target
appeared either at the same or opposite location as the
cue (simultaneous with FP disappearance). Participants
were instructed to look to the target as soon as it ap-
peared. The time between the onset of cue and target
(Cue-Target Onset Asynchrony; CTOA) was 100 or 500
ms. The target was visible for 800 ms, after which the
background illumination appeared. Cue and target loca-
tion as well as CTOA were equally probable and random-
ly selected.

Just before a cue appeared, the left, right, both, or
neither of the shutter goggles were occluded (Fig. 2B).
After the cue and just before the target appeared, the left,
right, or neither of the shutter goggles were again occlud-
ed. These patterns of visual occlusion were independent
of each other and were randomly selected on a trial-by-
trial basis. Both lenses were transparent during the inter-
trial interval, assuring that both eyes were exposed to the
diffuse illumination during this period. Thus, the cue was
presented to the right, left, both or neither eyes, and the
target was then viewed with the same eye (monocular),
the opposite eye (interocular), or both eyes (binocular) as
the cue. The combination of CTOA, stimulus position,
and cue/target occlusion resulted in some trial types that
were not crucial for the purpose of this study, and added
unnecessarily to the total trial count (the full factorial
design would consist of 96 conditions). Therefore, the
experiment did not include trial types where the cue was
occluded from both eyes, and the target was occluded
from one eye, reducing the total to 80 trial types. Specifi-
cally, there were 2 CTOAs (100/500ms), 2 cue positions
(left/right), 2 target positions (left/right), and 10 occlu-
sion conditions in which the cue or target was occluded
from one eye (left cue, right cue, left targ, right targ), the
cue and target were occluded from one eye (left cue/left
targ, right cue/right targ, left cue/right targ, right cue/left
targ), the cue was occluded from both eyes (left and right
cue), or neither stimulus was occluded. The critical com-
parison was where the cue and target appeared monocu-
larly versus interocularly.

Each participant completed 1600 trials in four or five
experimental sessions. The trials were divided into 10
blocks of 160 trials, and each block contained two pseu-
do-randomized repetitions of the 80 trial types. Before
each session of the experimental task, a short block of 20-
40 trials of the control task (see below) was administered
to ensure proper visual occlusion.
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The onset of a saccade was marked as the time when
eye velocity exceeded 30°/s. A saccade was labeled cor-
rect if it began after the target appeared and was directed
to the correct location. Saccades made in the wrong di-
rection or before the appearance of target were marked as
errors. Saccades were discarded if the reaction time was
less than 90 ms (anticipation errors) or longer than 400
ms.

The latency from target appearance to the initiation
of the saccade (saccadic reaction time; SRT) was used as
the dependent measure. Mean correct SRTs were subject-
ed to a repeated measures ANOVA. For this analysis, the
viewing condition of the target with respect to the cue
was considered (monocular, interocular, vs binocular)
and was contrasted with CTOA (100 vs 500 ms), and cue-
target relationship (same vs opposite location). An alpha
of 0.05 was used as an index of significance. Pair-wise
comparisons used the t-distribution and appropriate cor-
rections were made due to multiple comparisons (Bonfer-
roni).

Visual Occlusion Control Task

Ten participants performed a control task designed to
assess whether the shutter goggles effectively blocked
vision. The participants maintained gaze on a red FP for
800-1000 ms. Disappearance of the FP was followed by
occlusion of the shutter goggles (the left, right, neither, or
both), and appearance of the target 5° to the left or right
of the FP. The participant was required to generate a
saccade to the target as soon as it appeared. Three types
of catch trials were also included in which a target should
not have been visible: no target without occlusion, no
target with occlusion, and target appearance with occlu-
sion. These catch trials were inserted to assess whether
the stimuli could be seen through the occluded lenses and
to test for guessing of target location in trials for which
both lenses were occluded; in none did we expect partici-
pants to make a saccade. Each participant contributed a
total of 1000 trials in two experimental sessions. The
trials were divided into 5 blocks of 200, and each block
consisted of twenty pseudo-randomized repetitions of the
ten different trial types. Short breaks were provided be-
tween blocks.

Mean correct SRTs were analyzed using repeated
measures analysis of variance and pair-wise t-tests. SRTs
were contrasted between the different viewing conditions
(monocular vs binocular) and the different locations of
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the target (left vs right). The number of saccades generat-
ed on the three types of catch trials was also analyzed.

When the target was visible, subjects generated sac-
cades on 99.1% of the trials, and made very few direction
errors (0.05% of the trials; Fig. 3A). The participants
generated saccades on only 1.2% of the catch trials, and
the number of errors made between the three catch trial
conditions (occlusion and no target, no occlusion and no
target, occlusion and target) were equivalent, F(3,27)=
0.16, n.s (Fig. 3A). This indicates that the targets could
not be seen when the lenses were occluded. Mean correct
SRTs (Fig. 3B) were shorter when the target was viewed
binocularly (206 ms + 11) than when it was viewed mo-
nocularly (238 ms + 12), t(9)= 9.90, p<0.001. This binoc-
ular advantage (“binocular summation”) has been report-
ed in a variety of different tasks, including flicker fusion,
form recognition, acuity, and increment detection (Blake
and Fox 1973; Minucci and Connors 1964; Poffenberger
1912). Comparing the monocular viewing conditions
revealed no significant differences between trials in
which the left (227 ms £ 13) or right (247 ms * 13) eye
was occluded, t(9)=2.44, n.s.
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Figure 3: A. Proportion of saccades elicited as a function of
condition in the Visual Occlusion Control Task. B. Cumulative
SRT distribution (see Methods for details). Trial types: binocu-
lar (blue), left eye occluded (red), right eye occluded (tur-
quoise), occlusion without target (pink), no occlusion without
target (orange), and occlusion with target (green).
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Condition

Stimulus Orientation Manipulation (Exp. 2)

The participant’s head was stabilized with a chin rest
while stimuli were presented on a Samsung SyncMaster
video monitor (Model 957MB, screen resolution of 1024
X 768 pixels, refresh rate of 100 Hz non-interlaced, 8 bits
per channel intensity resolution). Viewing distance was
50 cm, resulting in a viewing area of 36° x 27°. The volt-
age to luminance relationship (gamma) was linearized
using the Model S471 Portable optometer with Model
2153 filter (UDT Instruments, San Diego, CA).
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Eye position was recorded at 250 Hz using the Eye-
link Il system (SR Research, Mississauga, Ontario). Cali-
bration was performed with a nine point stimulus routine.
Custom designed software in C++ was used to present the
stimuli, and control the Eyelink. Saccades were deter-
mined from Eyelink’s saccade detector, which is based
on a velocity threshold of 35°/s, and an acceleration
threshold of 9500°/s”.

Stimuli were presented on a neutral gray background
at 26 cd/m? and the fixation stimulus was a black spot
0.2° in diameter. Both the cue and target were stationary
Gabor stimuli defined as a sine wave grating of 4 cy-
cles/°, windowed by a Gaussian with a standard deviation
of 0.6°. The cue and target were vertically or horizontally
oriented, and both had the same phase. They were pre-
sented at an eccentricity of 10° left or right of fixation.
The eyes were never occluded in this experiment.

Contrast of the target was fixed at 3 log units above
each participant’s detection threshold in an effort to pre-
vent a target of one orientation from being detected by
mechanisms tuned to the orthogonal orientation. Detec-
tion threshold was determined separately for each partici-
pant using a 2-alternative forced choice procedure (left
versus right), and an adaptive staircase procedure with a
1-up 3-down rule. This yielded the 79% correct threshold
for targets at the 10° left/right position (Macmillan and
Creelman, 2005). Cue contrast was fixed at 50%.

The participant fixated the central FP and then initi-
ated each trial by pressing a key on a gamepad, which
was followed by a random interval of 500-1000 ms be-
fore presentation of the cue (Fig. 2C). The cue was
flashed for a duration of 30 ms to the left or right (10°
eccentricity) of the central FP. After a delay (CTOA of
100 ms or 500 ms relative to the appearance of the cue),
the target was presented in either the same or opposite
position as the cue, simultaneous with the removal of the
FP. The participant was instructed to make a saccade to
the target as soon as it appeared. SRTs less than 90 ms
and more than 400ms were removed from analysis. On
one-third of the trials there was no cue. All conditions
were randomly interleaved.

Each participant completed a total of 480 trials in a
single experimental session (10 blocks of 48 trials each).
Sessions were typically 1.5 hours and participants could
take breaks between blocks if desired. All analyses were
performed offline.

Higenell, V., White, B.J., Hwang, J.R., & Munoz, D.P. (2013)
Mechanisms underlying sensory-based AC/IOR

The latency from target appearance to the initiation
of the saccade (SRT) was used as the dependent measure.
Mean correct SRTs were analyzed using repeated
measures analysis of variance and Bonferroni-corrected
pair-wise t-tests. Analysis contrasted CTOA (100 ms vs
500 ms), cue-target relationship (same vs opposite) and
stimulus orientation (iso- vs ortho-oriented). An alpha of
0.05 was used as index of significance.

Results

Experiment 1 (Visual Occlusion Manipulation)

Although data were collected when there was only
one occlusion per trial (e.g., an occlusion of the cue or the
target but not both), only data with a cue occlusion and a
target occlusion (or no occlusion for either) are reported
here.

Three percent of the trials were discarded because
participants looked toward the cue instead of waiting for
the target to appear. Also, 0.12 % of trials were discarded
because participants looked in the opposite direction of
the target. A main effect of occlusion was observed,
F(2,18)=15.95, p<0.001. Mean SRT for binocular presen-
tation (231 ms + 9) was faster than for monocular (242
ms + 9) or interocular presentation (241 ms * 8),
t(9)=4.3, p=0.003, and t(9)=4.0, p=0.006, respectively
(Fig. 4A; see also Fig. 3B). Participants had longer SRTs
at the 100 ms CTOA (267% 9) than the 500 ms CTOA
(209 ms £ 9), F(1,9)=212, p<0.05. This is a common
finding in cueing studies, and may be related to a warning
effect produced by the cue (Correa et al., 2004; Fecteau
and Munoz, 2007; Tipper & Kingstone, 2005; see also
Niemi, & N&éténen, 1981), or the fact that longer fixation
durations can also lead to shorter SRTs (Paré and Munoz,
1996).

The interaction involving CTOA and cue-target rela-
tionship was significant (F(1,9)=14.36, p<0.01), indicat-
ing the presence of a robust opposite location advantage
at 500 ms (IOR) and a weak (non-significant) same loca-
tion advantage at 100 ms (AC). There was no interaction
between CTOA, cue-target relationship, and viewing
condition (F(1,9)<1, n.s.), indicating that the above cue-
ing effects persisted with all types of visual occlusion.
There was no difference in mean SRT for interocular or
monocular stimulus presentation at the 100 ms CTOA
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Figure 4: A. Mean SRT (x1 standard error) for same (solid
bars) versus opposite (stippled bars) cue-target locations across
the different goggle manipulations (Exp. 1): Monocular (blue),
Interocular (red), Binocular (black). Data were collected at
CTOA of 100 ms and 500 ms. B. SRT differences (opposite
SRT-same SRT) for Monocular, Interocular, and Binocular
conditions.*p<0.05, Bonferroni corrected. There were no sig-
nificant differences across goggle manipulations

(t(9)=0.15, n.s.) or at the 500 ms CTOA (1(9)=0.20, n.s.)
(Fig. 4A).

Difference scores (opposite SRT-same SRT) were
calculated and defined as AC for values greater than zero
and IOR for values less than zero. The interaction be-
tween CTOA and viewing condition was not statistically
significant (F(2,18)<1, n.s.). At the 500 ms CTOA, the
difference was significantly less than zero across all
viewing conditions (Fig. 4B; monocular: 1(9)=4.80,
p<0.01, interocular: 1(9)=4.37, p<0.01, binocular:
t(9)=3.30, p<0.01), indicating robust IOR. At the 100 ms
CTOA, the differences were not significant (monocular:
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t(9)=0.77, n.s., interocular: t(9)=1.0, n.s., binocular: t(9)=
0.14, n.s.), but the trend was in the direction indicative of
AC. The lack of a robust effect of AC is most likely due
to individual differences in optimal CTOA that produce
the effect (Klein, 2000; Fecteau et al. 2005). That is, if
the CTOA is not short enough, some participants begin to
show a pattern indicative of I0OR, instead of AC. This
conclusion is consistent with the fact that three of the
participants showed a pattern of moderately prolonged
SRTs for cued locations at the short CTOA, indicative of
IOR. If we analyze the remaining data separately, a sig-
nificant main effect at both CTOAs begins to emerge.
However, even with these participants removed, there
was absolutely no indication of a difference between the
monocular and interocular viewing conditions (t(6)=
0.22, p=0.8). Although we were not able to optimize the
short CTOA for each participant to maximize the effect
size, we can conclude that the magnitude of the cueing
effect at the long CTOA was the same across monocular,
interocular and binocular viewing conditions (Fig. 4).
These results are in line with the Binocular Hypothesis
(Fig. 1A), that AC and IOR arise at a stage after visual
signals from both eyes converge.

Experiment 2 (Stimulus Orientation Manipulation)

The results of Experiment 1 suggest that AC and
IOR arise at a processing stage after visual signals from
both eyes converge (Binocular Hypothesis; Fig. 1A).
However, as described earlier, there is strong evidence
that the mechanism responsible for IOR in particular
must arise relatively early in the visual processing stream.
The neural correlate of IOR is already observed in the
earliest part of the target related response in neurons from
the SCs (Dorris et al. 2002; Fecteau and Munoz, 2005),
which does not receive inputs from parietal or frontal
cortices, but instead from the retina and primary visual
cortex (White and Munoz, 2011). This limits to some
degree the stage of visual processing that may contribute
to it (e.g., direct retinal inputs and V1). The aim of Ex-
periment 2 was to test the hypothesis that AC or IOR
involve an orientation selective pathway through visual
cortex.

Four percent of the trials were discarded because
participants looked toward the cue instead of waiting for
the target to appear. Also, 8.9 % of trials were discarded
because participants looked in the opposite direction of
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the target (percentage of errors per condition indicated
within the bars in Fig. 5A). The greater proportion of
target related direction errors was because in this experi-
ment target contrast was intentionally reduced to 3 log
units above detection threshold to prevent a target of one
orientation from being detected by mechanisms tuned to
the orthogonal orientation (see Methods).

We ran a 3-way repeated-measures ANOVA con-
trasting the effect of CTOA (100/500ms), cue-target posi-
tion (same/opp) and stimulus orientation (iso/ortho) on
SRT. As in Experiment 1, there was a main effect of
CTOA (F(1,17)=55, p<0.001). SRTs were longer at the
100ms CTOA (308 ms * 6) than at the 500 ms CTOA
(252 ms + 8) (Fig. 5), again likely due to the warning
effect produced by the cue at the longer CTOA (Correa et
al., 2004; Fecteau and Munoz, 2007; Tipper & Kingstone,
2005; see also Niemi, & Né&atanen, 1981), or longer fixa-
tion duration which is known to produce shorter SRT
(Paré and Munoz, 1996). There was also a significant
interaction between CTOA and cue-target relationship,
(F(1,17)=25.78, p<0.01) (Fig. 5A), but no other interac-
tions, including the 3-way, were found to be statistically
significant (F(1,17) < 2.6, p>0.13 across remaining inter-
actions). The 2-way interaction was due to a significant
effect of AC (t(17)=2.6, p<0.05) and IOR (t(17)=4.2,
p<0.01; one-tailed t-test on difference scores in Fig. 5B
collapsed across stimulus orientation). While there was
no significant interaction with stimulus orientation, the
main effect of orientation did reach statistically signifi-
cance (F(1,17)=6.04, p<0.05). However, post-hoc tests
failed to find a significant difference between the iso-
versus ortho-oriented stimulus conditions (t(17)=0.36,
p=0.72, for the 100 ms CTOA, and t(17)=1.6, p=0.23, for
the 500 ms CTOA, Bonferroni corrected). Although it is
tempting to argue that the main effect of orientation may
be driven by a subtle difference at the 500ms CTOA (Fig
5B), this interpretation cannot be adequately justified
without a significant post-hoc result. This is reinforced by
the fact that even without a post-hoc correction the dif-
ference at the 500ms CTOA was not statistically signifi-
cant (p=0.12). Thus, the results failed to show a reliable
effect of stimulus orientation on AC or IOR. More im-
portantly, neither effect was abolished as a function of
cue-target orientation. We conclude that orientation se-
lective mechanisms do not contribute significantly to AC
or IOR.
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Figure 5: A. Mean SRT (z1 standard error) for the same (solid)
versus opposite (stippled) cue-target locations across stimulus
orientation conditions (Exp. 2): Cue and target were either the
same (iso, blue) or orthogonal (ortho, red) orientation. Data
were collected at CTOA of 100 ms and 500 ms. The numbers
within the bars indicate the percentage of the total saccade
direction errors for a given condition. B. SRT differences for
iso-oriented (blue) versus ortho-oriented (red) stimuli.*p<0.05,
Bonferroni corrected. There was no significant effect of stimu-
lus orientation.

Discussion

The goal of this study was to elucidate the mecha-
nisms underlying the sensory based account of AC and
IOR (Bell et al. 2004; Dorris et al. 2002; Fecteau et al.
2004; Fecteau and Munoz 2005). In Experiment 1 (Visual
Occlusion Manipulation), we tested the hypothesis that
AC and IOR rely on an early monocular stage of visual
processing (i.e., the retina or LGN; Monocular Hypothe-
sis), versus a later binocular stage of visual processing
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(Binocular Hypothesis; Fig. 1). The results of Experiment
1 clearly support the Binocular Hypothesis: AC and IOR
were similar in monocular and interocular viewing condi-
tions demonstrating that they must rely on processes that
occur after the signals from both eyes converge, which
excludes several monocular areas such as the retina and
LGN (Fig. 1). However, this left several possibilities,
which led to the hypothesis proposed in Experiment 2
(Stimulus Orientation Manipulation). Here, we explored
further the Binocular Hypothesis by asking whether AC
or IOR involve a pathway through orientation selective
mechanisms in visual cortex, by exploiting orientation
selectivity of early visual cortical pathways (Hubel and
Wiesel 1968, 1975; Ferster & Miller, 2000). The results
supported the hypothesis that AC/IOR do not depend
significantly on stimulus orientation.

There is some evidence that orientation information
may be processed without V1 (Boyer et al. 2005), but V1
is certainly the dominant brain area where orientation
tuning originates. Although we cannot entirely rule out
the contribution of other pathways that might process
orientation, by reducing target contrast to a peri-threshold
level, only dominant orientation tuned mechanisms (e.qg.,
orientation selective neurons in V1) should have played a
significant role in shaping the results. Target contrast was
precisely controlled at 3 log units above each partici-
pant’s detection threshold to prevent a target of one ori-
entation from being detectible by mechanisms tuned to
the orthogonal orientation. The results indicate that orien-
tation selective mechanisms are unlikely to contribute to
AC or IOR (Fig. 5). Taken together, these results suggest
that AC and IOR arise from orientation-independent,
binocular mechanisms (Fig. 1C).

Previous studies have implicitly suggested that mod-
ulation of activity in early monocular structures may con-
tribute less to reflexive covert orienting than processing
in binocular structures. For example, the initial finding
that IOR is coded in environmental rather than retinal
coordinates is consistent with a Binocular Hypothesis
(Maylor and Hockey 1985; Posner and Cohen 1984).
Studies measuring manual RTs (Tassinari and Berlucchi
1993), or event-related potentials (McDonald et al. 1999)
presented stimuli interocularly in a cue-target task and
both AC and I0OR were found to transfer interocularly.
However, these studies did not utilize monocular (same
eye) presentation, so it was not clear that early monocular
processing did not contribute to the manifestation of AC
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or IOR. A more recent study (Self & Roelfsema, 2010)
showed a significant monocular cueing effect with manu-
al RTs at a short CTOA (50 ms) only when cue and target
were presented to the same eye. However, this study may
not be directly comparable to the current study because it
used methods very different from traditional cueing stud-
ies, and required participants to maintain correct fusion of
dichoptically presented stimuli using a mirror stereo-
scope. As such, SRTs may in fact look very different
from manual RTs in this task given the eye strain that
often accompanies the unnatural accommodation required
for fusing dichoptic images. In addition, this study re-
quired participants to perform a discrimination task as
part of the reaction time (i.e., participants had to manual-
ly respond whether the target was vertically or horizontal-
ly oriented). As noted earlier, comparisons with the bin-
ocular condition must be interpreted with some caution
because excitation of the photoreceptors of the combined
eyes would necessarily result in greater visual input into
the brain than in the monocular or interocular condition
(see for example the black bars and lines in Fig. 4). An
unpublished doctoral thesis (Maylor 1983) did show ap-
proximately equivalent magnitude of IOR for monocular
and interocular conditions, but it did not address the in-
terocular transfer of AC, and did not include the interocu-
lar “opposite” condition, in which cue are target are pre-
sented at the opposite location, to different eyes. Our
study extended these earlier findings in three important
ways: 1) The experimental design included the full facto-
rial combination of monocular, interocular, and binocular
cue and target presentations which allowed direct com-
parisons across conditions; 2) We included a critical con-
trol task that ensured no leakage of visual signals during
goggle occlusion; 3) We explored the Binocular Hypoth-
esis by testing whether a pathway involving orientation
selective mechanisms in visual cortex contributes to IOR
or AC.

Our results suggest that visual cortical areas selective
for orientation contribute little to AC or IOR. In a recent
study by Patel et al. (2010), a cue and target of the same
shape resulted in a smaller facilitation effect at the short
CTOA, but no differences at the longer CTOA. Interest-
ingly, Red et al. (2012) attributed this effect to a mecha-
nism residing in the dorsal processing stream, which is
not traditionally associated with shape selectivity. Simi-
larly, Taylor and Donnelly (2002) reported that cue-target
shape similarity had little effect on IOR provided it was
task irrelevant. A similar result was reported by Pratt et
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al. (2001). Although it was not in the interest of these
studies to use stimuli optimized for the visual tuning
properties of neurons in early visual cortex (namely V1),
our results are consistent with these earlier findings, in
particular those associated with the longer CTOA. How-
ever, we also did not see any evidence of orientation de-
pendency at the short CTOA (Fig 5B). Although this
seems inconsistent with Patel et al. (2010), there are im-
portant differences in the stimuli between these studies,
namely that we controlled stimulus visibility by deter-
mining within-subject detection thresholds, and our stim-
uli were optimized for V1 (Ferster and Miller 2000).

In a recent review, Sereno et al. (2010) reported that
neurons in the lateral intraparietal area (LIP) show re-
duced responses to a repeated stimulus, and these find-
ings have been used to suggest that this could be the up-
stream source of the attenuated signals observed in the
SC, or that the attenuation is an intrinsic property of neu-
rons in several brain areas. As noted earlier there is
strong evidence that IOR in particular must arise relative-
ly early in the visual processing stream, because a neural
correlate of it is already observed in the earliest part of
the target related response in neurons from the SCs (Dor-
ris et al. 2002; Fecteau and Munoz, 2005), which does
not receive inputs from parietal or frontal cortices, but
instead from the retina and V1 (White and Munoz, 2011).
Furthermore, similar correlates of AC and IOR have been
identified in several other visual areas (Constantinidis
and Steinmetz 2001; Lepsien and Pollman 2002; Mayer
et al. 2004; Prime and Ward 2006; Ro et al. 2003; Robin-
son et al. 1995; Sapir et al. 2004; Steinmetz et al. 1994).
Thus, the neural mechanisms responsible for IOR are
likely to emerge early in visual processing, and the effect
may then be propagated to other brain areas (Fecteau et
al. 2004; Fecteau and Munoz 2005; Fecteau and Munoz
2006). These observations limit to some degree the stage
of visual processing that may contribute to 10R. The re-
sults of our study suggest that adaptation of the incoming
sensory response (Boehnke & Munoz, 2008; Boehnke et
al. 2011) must emerge at one of the earliest stages of bin-
ocular visual processing (e.g, non-orientation channels
through V1, input to the SCs, or the pretectum).

First, along the thalamocortical pathway, efferents
from each eye are segregated into monocular layers in the
LGN, and project to monocular simple cells in layer 4c of
V1 that are segregated into eye-specific patches (Hubel
and Wiesel 1968, 1975). These cells progressively syn-
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apse onto complex then hypercomplex cells in layers
above and below 4c, and binocular convergence occurs
later within V1 (Hubel and Wiesel 1968, 1975). Modula-
tion of the target related response observed in IOR could
occur as early as V1 binocular (non-orientation tuned)
neurons, and then propagate to other visual areas, includ-
ing the SCs and SCi (Fries, 1984; Lock et al., 2003). This
hypothesis is supported by recent evidence that IOR (but
not AC) is dramatically attenuated in monkeys with V1
lesion (Ikeda et al., 2011).

Second, the retina and visual cortex project directly
to the SCs, where the majority of neurons respond equal-
ly well to stimuli presented monocularly or binocularly,
and only a minority of cells respond to one eye only
(Cynader and Berman 1972, Goldberg and Wurtz 1972,
Hubel et al. 1975, Humphrey 1968, Schiller et al. 1974).
Inputs to the SCs could represent a critical locus for IOR.
The Dorris et al. (2002) study showed that the visual at-
tenuation that is the neuronal signature of IOR must oc-
cur upstream of the SC neurons they recorded. Therefore,
the processes that lead to IOR could occur at the synapse
of the inputs to the SCs. Although signals invisible to the
retinotectal path (S-cone signals) can still lead to robust
AC and IOR (Sumner et al. 2002), corticotectal inputs
could remain critical. Parvocellular-based (chromatic)
singletons can also elicit oculomotor capture (Leonard
and Luck, 2011), which is consistent with the fact that the
SC is highly sensitive to both achromatic and chromatic
signals, most likely arising from corticotectal inputs
(White et al. 2009). The SCs is ideally situated to relay
these signals back to most visual cortical areas via the
inferior Pulvinar nucleus (Berman & Wurtz, 2010; see
also Boehnke and Munoz 2008). This would be con-
sistent with many studies that have reported correlates of
AC and IOR in several other visual areas (Constantinidis
and Steinmetz 2001; Lepsien and Pollman 2002; Mayer
et al. 2004; Prime and Ward 2006; Ro et al. 2003; Robin-
son et al. 1995; Sapir et al. 2004; Steinmetz et al. 1994).
In a recent review of thalamic pathways for active vision,
Wurtz et al. (2011) argued that these ascending SC-to-
cortex pathways may contribute to the neuronal mecha-
nisms that underlie visuospatial attention. The observa-
tions described in our study are certainly consistent with
this view.

Finally, the retina also projects directly to two sub-
nuclei of the pretectum: the nucleus of the optic tract
(NOT) and the pretectal olivary nucleus (PON) (Gamlin,
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2005). It is unknown whether the PON projects to the SC
(Benevento et al. 1977; Edwards et al. 1979), or whether
the SC-projecting NOT cells are the same cells which
receive retinal input (Nunes Cardozo et al. 1994), but the
pretectum does project to many other structures in the
brain, including the thalamus, midbrain, pons, medulla,
subthalamus, hypothalamus, and cortex (Gamlin, 2005).
However, the pretectum is a less likely candidate of IOR,
because it would have to receive, process, and resend this
attenuated response to the rest of the brain before the SCs
receives visual information directly from the retina and
V1.

Although this study was motivated by the sensory
account of AC/IOR, we realize that this mechanism may
not entirely account for the many variants of AC/IOR
observed in the literature (e.g., contingent capture (Folk
et al., 1992); environmental-based accounts of IOR (Pos-
ner and Cohen 1984; Maylor & Hockey 1985; Hilchey et
al., 2012); object-based IOR (Tipper et al., 1991)). A
more definitive conclusion about the precise locus of the
sensory mechanisms responsible for reflexive covert ori-
enting will require direct neuronal measurements of
modulated visual signals in other brain areas associated
with these effects. Using a process-of-elimination ap-
proach, and integrating behavioral results with neuroana-
tomical evidence, the results of this study suggest that
early monocular areas and orientation selective visual
cortex cannot adequately explain the sensory based ac-
count of AC/IOR. More importantly, the results point to
structures like the input to the SCs and non-orientation
selective regions of early visual cortex as potential loci
for further investigation.
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