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SUMMARY

Nearly all of the information that reaches the pri-
mary visual cortex (V1) of the brain passes from
the retina through the lateral geniculate nucleus
(LGN) of the thalamus. Although the LGN’s role in
relaying feedforward signals from the retina to the
cortex is well understood [1, 2], the functional
role of the extensive feedback it receives from
the cortex has remained elusive [3-6]. Here, we
investigated whether corticothalamic feedback
may contribute to perceptual processing in the
LGN in a manner that is distinct from top-down ef-
fects of attention [7-10]. We used high-resolution
fMRI at 7 Tesla to simultaneously measure re-
sponses to orientation-defined figures in the hu-
man LGN and V1. We found robust enhancement
of perceptual figures throughout the early visual
system, which could be distinguished from the
effects of covert spatial attention [11-13]. In a
second experiment, we demonstrated that figure
enhancement occurred in the LGN even when the
figure and surrounding background were pre-
sented dichoptically (i.e., to different eyes). As
binocular integration primarily occurs in V1
[14, 15], these results implicate a mechanism of
automatic, contextually sensitive feedback from
binocular visual cortex underlying figure-ground
modulation in the LGN. Our findings elucidate the
functional mechanisms of this core function of the
visual system [16-18], which allows people to
segment and detect meaningful figures in complex
visual environments. The involvement of the LGN in
this rich, contextually informed visual processing—
despite showing minimal feedforward selectivity
for visual features [19, 20]—underscores the role
of recurrent processing at the earliest stages of
visual processing.

RESULTS

Figure Enhancement in the LGN and V1 Is Not
Contingent on Directed Attention

We investigated the functional role of the lateral geniculate
nucleus (LGN) and primary visual cortex (V1) in figure-ground
processing, comparing fMRI responses to perceptual figures
that were cued to be attended or ignored. Recent studies of
awake-behaving monkeys have found that figure enhancement
effects in V1 are severely attenuated in tasks that require
attending away from the figure [11], raising the question of
whether figure enhancement arises from an automatic percep-
tual process in the early visual system or whether it reflects a
byproduct of covert spatial attention [12, 13].

In the first experiment, observers maintained fixation while
viewing two lateralized figures, which consisted of oriented
texture patches presented against a textured background (Fig-
ure 1A). The figures and background were dynamically regener-
ated every 200 ms to strongly activate the visual system. On
each stimulus block, one patch was congruent in orientation
with the background texture (i.e., collinear), whereas the other
was incongruent (i.e., orthogonal) with the background and
thereby evoked a stronger percept of a figure. By contrasting
the incongruent and congruent figure conditions, we could miti-
gate the contribution of low-level stimulus differences that would
otherwise result if one compared a figure to a uniform back-
ground, including local edge effects.

A central cue indicated whether the observer should covertly
attend to the left or right texture patch to monitor for a brief in-
crease (200 ms) in that figure’s spatial frequency. The changes
occurred randomly and independently at both figure locations,
and observers were instructed to selectively attend and respond
to the cued figure. This manipulation of spatial attention allowed
us to determine whether figure enhancement occurs for both
attended and unattended stimuli, as would be expected for an
automatic, perceptually informed type of feedback.

Results are shown in Figure 1: figure enhancement, or greater
neural responses to incongruent than to congruent figures, was
evident both in V1 (F(1, 6) = 23.3, p = 0.003) and in the LGN
(F(1,6) =21.2, p=0.0037). We also observed stronger responses
for attended figures than unattended figures (LGN: F(1, 6) =19.6,
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Figure 1. Figure Enhancement in the LGN and V1 Is Not Contingent on Directed Attention

(A) Example of display from Experiment 1, in which a small cue directed participants to attend to one of two lateralized figure regions. This design allowed
simultaneous measurement of responses to an attended and unattended figure region. Displays consisted of bandpass-filtered oriented noise and were
regenerated every 200 ms for the duration of each 16-s stimulus block. A 0.15° grayscale gap separated both figures from the background.

(B) Left: Average fMRI responses in the LGN based on estimated beta weights. Error bars depict + 1 SEM across participants (n = 7), and asterisks denote
significant t differences between experimental conditions at a threshold of p < 0.05. Center: time course of fMRI activity in units of mean percent signal change,
shown relative to the stimulus onset and offset (gray vertical lines) for each condition. Right panel: the magnitude of figure enhancement (incongruent minus
congruent orientation betas) in the LGN in both attended and unattended conditions. Circles indicate individual participant data.

(C) Results for area V1.
See also Figures S1 and S3 and Video S1.

p = 0.004; V1: F(1, 6) = 48.5, p = 4.4x10~*), indicating robust
attentional modulation of early visual responses. Notably, these
effects of figure enhancement occurred in the LGN and V1 not
only when the observer attended to the figure (LGN: one-tailed
t(6) =2.3, p =0.032; V1: t(6) = 2.7, p = 0.017) but also when spatial
attention was directed to the opposite hemifield (LGN: ¢(6) = 2.5,
p =0.023; V1: t(6) = 5.0, p = 0.0013), with no evidence of an inter-
action effect (LGN: F(1, 6) =0.15, p=0.71; V1: F(1,6)=0.87,p =
0.39). Although participants were better at detecting task-relevant
changes to incongruent figures than to congruent figures (89%
versus 80%; t(6) = 4.2, p = 0.0058), a behavioral control experi-
ment (Figure S2) indicated that participants’ exogenous attention
was no more likely to be attracted by unattended (or deprioritized)
incongruent figures than by congruent ones. These fMRI results
imply that covert spatial attention does not need to be directed
at a particular figure region for enhancement to occur; instead,
these effects of figure enhancement in the LGN and V1 can be
attributed to more automatic perceptual processes.

The Role of Binocular Corticothalamic Feedback in LGN
Figure-Ground Modulation

In a second experiment, we capitalized on the known anatomical
organization of the binocular visual system to evaluate whether
corticothalamic feedback to the LGN, rather than feedforward
processing, was the likely cause of figure enhancement at this
very early stage of the visual hierarchy. Inputs from the two
eyes project to distinct monocular layers of the LGN and are sub-
sequently integrated in the primary visual cortex [14, 15, 21].
Thus, should figure enhancement persist in the LGN while the
figure and the surrounding background are shown to two
different eyes, such LGN modulation can be attributed to corti-
cothalamic feedback from V1, rather than feedforward process-
ing in the LGN. Moreover, dichoptic presentation avoids the
potential impact of stimulus edge effects that can arise at the
boundary between two visual patterns (cf. Figure 1A), as such
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abutting texture-defined edges were not present in the stimulus
visible to either eye.

In Experiment 2A, observers were presented with figures and
background to either the same eye or to different eyes (Figure 2).
Participants performed a fixation-monitoring task throughout the
experiment and had to monitor for brief changes in fixation
contrast. Thus, the lateral figures were not task-relevant to par-
ticipants at any point in the study.

The results of monocular figure-ground presentation in the
LGN were highly consistent with the findings in Experiment 1.
We found robust effects of figure enhancement in the LGN
(F(1,7)=15.6, p =0.006) across the two presentation conditions,
with no main effect of dichoptic versus monoptic presentation
(F(1, 7) = 0.33, p = 0.58) or any evidence of an interaction effect
(F(1,7)=0.23, p = 0.65). Thus, the results of Experiment 2A repli-
cated the findings of Experiment 1 in that unattended figures
were enhanced when the figure and surround were presented
to the same eye (¢(7) = 3.1, p = 0.0083). More importantly, figure
enhancement persisted in the LGN when the figure and back-
ground were presented to different eyes (t (7) = 2.3, p = 0.028),
implicating a mechanism of corticothalamic feedback for these
contextually sensitive responses in the LGN. In V1, we again
found strong effects of figure enhancement (F(1, 7) = 27.0,
p = 0.0013) when the stimuli were presented both monoptically
(t(7) = 5.7, p = 0.0004) and dichoptically (f(7) = 4.1, p = 0.0022);
here, stronger enhancement was observed under monoptic
presentation (interaction effect in V1: F(1, 7) = 34.2,
p=6.3x107%).

Although Experiment 1 suggested that figure enhancement in
the LGN is not contingent on directed attention to the figure, we
considered whether the central fixation task in Experiment 2A
was sufficiently difficult to discourage participants from concur-
rently attending to the lateral figures, as behavioral performance
was high (mean accuracy 95.3%, standard error 0.94%). We
therefore sought to replicate and extend these findings in a
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follow-up experiment that required participants to perform a
challenging letter recognition task at central fixation (mean accu-
racy, 56.7%, SE 5.7%).

In Experiment 2B, participants had to monitor a rapidly pre-
sented continuous stream of letters (6.25 letters/second) and
report whenever a “J” or “K” briefly appeared (on average,
once per 1.6 s) by pressing one of two corresponding buttons
on a response box. Participants performed this challenging
task, which required sustained attention, throughout the entire
~4.5 min experimental run (Figure 3A; chance performance is
0%). Critically, behavioral performance in the scanner was unaf-
fected by the onset or offset of the lateral figures, implying that
these task-irrelevant figures did not distract participants from
performing their central task (Figures 3A and 3B; stimulus on
versus off (5) = 0.21, p = 0.84). Moreover, a behavioral control
experiment performed outside of the scanner indicated that par-
ticipants could successfully attend to the letter monitoring task
(80.7% accuracy, SE 2.29%) but performed at chance-level
when they were occasionally cued to report whether the incon-
gruent figure appeared to the left or right of fixation (mean accu-
racy 52.8%, chance level 50%, t(5) = 0.42, p = 0.69; Figure S3).

Experiment 2B revealed consistent effects of figure enhance-
ment in the LGN (Figure 3B; F(1, 5) = 10.5, p = 0.022) when the
stimuli were presented both monoptically (t(5) = 2.3, p = 0.035)
and dichoptically (t(5) = 3.1, p = 0.013). There was no evidence
of an interaction effect between figure enhancement and ocular
presentation (F(1, 5) = 0.02, p = 0.90). Primary visual cortex like-
wise showed enhancement both in monoptic and dichoptic con-
ditions (F(1, 5) = 24.1, p = 0.005; t’s (5) > 4.6, p’s < 0.003; main
effect of figure enhancement: F(1, 5) = 24.06, p = 0.0045; interac-
tion effect: F(1, 5) = 2.52, p = 0.17). Thus, we find compelling ev-
idence of figure enhancement in the LGN, even when figure and
surround are presented to different eyes and even when partic-
ipants performed an attentionally demanding task away from the
figures.

What neural processes can readily account for figure-ground
modulation in the LGN, allowing for contextual sensitivity to
orientation differences and the ability to integrate information
across the two eyes? Given that the feedforward response prop-
erties of the LGN are quite rudimentary, we believe these effects
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Figure 2. The Role of Binocular Corticotha-
lamic Feedback in LGN Figure-Ground
Modulation
Design and results of Experiment 2A (n = 8), in
which the figure and surround stimuli were pre-
sented either to the same eye or to different eyes.
Plotting follows the conventions of Figure 1.

(A) Example dichoptic stimuli used in Experiment
\/\/ \ 2A; when viewed through red/green anaglyph
: glasses, as shown, the two lateralized figures are
visible to the right eye, while the surround is visible
to the left.
(B) Estimated Beta weights and time courses
across conditions in Experiment 2A.
(C) The magnitude of figure enhancement in the
dichoptic and monoptic conditions for LGN.
Circles represent individual participants.
See also Figure S3 and Video S2.
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are unlikely to originate within the structure itself. Both magno-
cellular and parvocellular neurons in the LGN are monocularly
driven, and the proportion of LGN neurons that exhibit binocular
responses is estimated to be very low (~3%) [15, 22-24]. Addi-
tionally, single-unit recordings in anesthetized monkeys have
failed to find evidence of orientation-tuned spatial interactions
[2, 19]. (That said, more research is needed to determine the
full range of neural computations that occur within the LGN.)

Information from V1, as well as V2, can be propagated back to
the LGN via distinct feedback projections [3]. In primates, V1 is
widely considered the first stage of the visual hierarchy in which
information from the two eyes is combined and processed
binocularly [14]; indeed, layer 6 of V1, where the majority of cor-
ticothalamic feedback originates, consists mostly of binocularly
responsive neurons [25]. Contextual sensitivity to orientation,
including pervasive effects of orientation-tuned surround sup-
pression [26, 27], is likewise well-documented in V1. Given these
properties and the multiple positive reports of figure-ground
modulationin V1 [11, 16, 17], corticothalamic feedback provides
a parsimonious account for the figure enhancement we
observed in the LGN.

Could other structures that project to the LGN bear responsi-
bility for figure-ground effects? Notably, the superior colliculus
(SC) contains a large percentage of binocular neurons [28, 29]
that project to the LGN [30] and is heavily involved in orienting
attention and planning saccades to behaviorally relevant
objects. However, it is not evident how the SC would process
the unattended, behaviorally irrelevant figures for which we
observed enhancement or whether it can encode relative differ-
ences in orientation. Although orientation selectivity in the SC
has been found in the rodent [31], this tuning is absent or weak
in the primate [28, 32, 33], comparable to the coarse orientation
preferences found in the primate LGN [34].

DISCUSSION

The patterns of light that form on the retinae are not perceived
as a continuous two-dimensional array; instead, we experience
a parsed landscape of meaningful figures, surfaces, and objects.
Visual features, such as orientation, color, and binocular disparity,
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provide powerful cues for the segmentation of visual objects. Fig-
ures defined by these features have been found to evoke
enhanced responses from neurons recorded in the V1 [16, 17].
Two distinct mechanisms have been identified for the separation
of figure from ground: an initial boundary detection and a subse-
quent region-growing mechanism that groups portions of the
image that share features. Edge detection of orientation-defined
figures is thought to arise from feature-tuned suppression and
can act very rapidly [26, 35]. Enhancement within the figure,
however, emerges later in time, suggesting that feedback propa-
gates from higher to lower visual areas [36, 37], due to either auto-
matic perceptual processing or a mechanism of spatial attention
[11, 12, 38, 39]. In support of a dual-stage segmentation process,
human performance at discriminating figures is well described by
models that instantiate both border detection and a subsequent
filling-in process [40, 41].

Our findings shed light on the functional role of feedback to the
LGN in visual perception and figure-ground processing. We pro-
vide novel evidence that figure-ground modulation in the LGN
operates in a manner that is consistent with automatic percep-
tual processing mediated by corticothalamic feedback. Specif-
ically, we find that figure-ground modulation in the human visual
cortex and LGN occurs (1) in the absence of directed attention to
the figure and (2) even when the figure and surround are pre-
sented to different eyes, as predicted by top-down modulation
from the binocular visual cortex.

The LGN of the thalamus receives a large number of feedback
projections from V1 [3] and constitutes the earliest stage of the
visual hierarchy that can be modulated by top-down feedback
[7-10]. Studies of the primate visual system have generally found
that the LGN has minimal feature selectivity: though the LGN may
inherit some weak orientation biases from the retina [19, 20, 42], it
demonstrates little specificity or tuning in its extra-classical recep-
tive field properties [2, 19]. However, studies of anesthetized ani-
mals find that orientation-tuned V1 neurons send spatially struc-
tured feedback signals to the LGN in a manner that corresponds
with the structure of their oriented receptive fields [6]. In this
respect, even if individual LGN neurons show little orientation tun-
ing, the retinotopic pattern of feedback modulation in the LGN
could potentially be informed by orientation processing in the early
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Figure 3. Dichoptic Figure Enhancement
when Attention Is Strongly Engaged Else-
where

Behavioral and imaging results of Experiment 2B
(n = 6), in which participants performed a chal-
lenging letter detection task while viewing figures.
Plotting follows the conventions of Figure 2.

(A) Performance on the J/K detection task, both
when the oriented noise stimuli were on and off the
screen. Overlaid lines indicate individual subject
performance.

(B) Performance across subjects relative to the
onset and offset of stimulus blocks; bins corre-
P spond to 160 ms letter presentations.

(C) Mean Beta estimates show significant figure
&® enhancement in LGN and V1 under both presen-
tation conditions.

(D) The magnitude of figure enhancement in LGN.
Circles represent individual participants.

See also Figures S2 and S3 and Video S3.
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visual cortex [21]. Recent neuroimaging work from our lab has
shown that orientation information can be decoded from fMRI
response patterns in the LGN and that these modest but reliable
orientation-biased responses can be modulated by top-down
attention [9]. The current study shows that feedback can likewise
carry higher-order perceptual information from the visual cortex to
the LGN, as responses to the figure region are modulated by the
relative orientation of the figure and the surround. This supports a
recurrent model of processing in the very early visual system [43],
in which V1 neurons can interact via feedback connections with
the LGN to effectively increase the gain of visual responses to rele-
vant features or locations [44-47]. Our study may also suggest a
spatial dependency of this type of gain enhancement, as we pre-
viously found no evidence of response enhancement in the LGN to
a uniquely oriented grating presented among an array of gratings
(grating size 1°, gap separation 1.8°), while robust enhancement
occurred in the visual cortex [48]. In the present work, LGN
enhancement occurred when the figure and surround abutted
each other closely (0.15° gap separation), suggesting that figure
enhancement is distinguishable from more long-range contextual
effects [49-52].

Neural theories of predictive coding [53, 54] have long posited
that topographically organized feedforward-feedback connec-
tions between the LGN, V1, and higher cortical visual areas are
essential for the computations performed by the visual system.
After the initial feedforward sweep of visual responses, neurons
in higher areas with large receptive fields can process visual in-
formation in a more global and abstracted manner and send pre-
dictions regarding the patterns of activity they receive to the
lower area that provides their input. Predictions and actual inputs
are then compared in the lower area, and any residual errors in
these local predictions are then propagated forward from the
lower area to the higher area for further processing. This process
results in more efficient coding and lower firing rates over time. A
potential implication of this theory is that top-down predictions
from higher-level visual areas with larger integration windows
might propagate to the lowest possible site of the visual hierar-
chy, modulating the response of the LGN to figural regions that
differ in appearance from the adjacent background. Recent im-
plementations of predictive coding in deep neural networks
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suggest that error signals associated with detecting a figure or
object in a natural scene can lead to spatially widespread effects,
even in the lowest layers of the network where the receptive
fields of individual units are extremely small [55]. The current
work provides novel evidence that concurs with the anticipated
effects of predictive coding in the LGN.

Our study further demonstrates that figure enhancement
occurs even when spatial attention is directed away from the
figure. Given that the LGN can be reliably modulated by spatial
attention [8-10, 48], it is important to control for potentially con-
founding effects of attentional modulation in studies of figure-
ground perception. In a recent study of monkeys trained to
saccade to motion-defined figures, promising effects of figure-
ground modulation were observed in the LGN [13]. However,
this study could not distinguish whether modulatory effects
were attributable to automatic perceptual processes or to
effects of spatial attention directed to the figure [11, 12, 56].
This distinction can be particularly difficult to make in animal
studies that rely on reward-based training paradigms to
encourage the animal to look at a perceptual figure, as such
training is known to alter the value-driven attentional capture of
trained stimuli [57, 58]. Our results provide compelling evidence
that figure-ground modulation is an automatic, perceptually
driven function of the early visual system.

Our findings contribute to a growing body of evidence sug-
gesting that even at early stages, perception involves much
more than simple feedforward processing along the visual hier-
archy. In addition to top-down modulation by attention, re-
sponses at the earliest stages of the visual system are altered
by complex shape and figure processing typically attributed to
higher-order areas [17, 18, 37, 43, 59, 60]. Our demonstration
of automatic feedback modulation in the LGN evoked by percep-
tual figures suggests that recurrent processes may underlie core
aspects of vision across all of its processing stages.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

preprocessed fMRI data This paper https://github.com/soniapolt/LGN-figureground
Software and Algorithms

Freesurfer http://surfer.nmr.mgh.harvard.edu Version 5.1.0

FSL https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/ Version 6.0

Matlab Mathworks Version R2014A

custom Matlab scripts (experiments, This paper https://github.com/soniapolt/LGN-figureground
processing) and upon request

Psychtoolbox http://psychtoolbox.org/ Version 3

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sonia
Poltoratski (sonia09@stanford.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Participants

Eight experienced human observers (five females), ages 23-31, participated in Experiment 1, eight (six females, 24-31) participated
in Experiment 2A, and seven (five females, 25-32) participated in the follow-up Experiment 2B. Based on an earlier study (Poltoratski
& Tong, unpublished data), where we observed figure-ground modulation in the LGN for centrally presented orientation-defined
figures (Cohen’s d = 1.18), we estimated that running eight participants would yield 0.90 power to detect this effect in each of the
experiments in this study.

All participants provided written informed consent and received monetary compensation. All aspects of this study followed the
guidelines of and were approved by the Vanderbilt University Institutional Review Board. One participant’s data were excluded
from Experiment 1 after an imaging artifact located over his occipital pole was evident across functional images. The remaining seven
subjects (including author SP) and one new subject participated in Experiment 2A. Of these subjects, six (including author SP) and
one new subject participated in Experiment 2B. Data from one participant in Experiment 2B was discarded due to excessive motion
over the course of the experiment (> 8mm).

METHOD DETAILS

Stimuli and Design

In all studies, observers viewed stimulus displays showing two lateralized figures embedded in an oriented surround. The two circular
figures (4° in diameter) were presented to the left and the right of central fixation at 3° eccentricity. In each stimulus block, one figure
was always congruent in orientation with the surround while the other was incongruent. Stimulus displays were created using
randomly generated bandpass-filtered oriented noise (0.5-4cpd, 100% contrast, 45° and 135° with an orientation bandwidth
of £10°). The experimental conditions were presented in 16s stimulus blocks, during which the oriented noise patterns were
dynamically regenerated every 200ms in Experiments 1 and 2A, and every 160ms in Experiment 2B; these stimulus blocks were
interspersed with 16s fixation rest blocks. A 0.15° greyscale gap encircled both figure regions to minimize potential local orientation
effects associated with the physically abutting figure and surround stimuli. This concern was fully addressed in Experiments 2A/B, in
which figures and surround were presented to different eyes, minimizing the possibility of very local low-level interactions.

In Experiment 1, the figure and surround stimuli were presented binocularly in greyscale (Video S1). One second before each stim-
ulus block, the participant was presented with a central cue indicating whether the left or right figure should be attended on that block.
The task-relevant cue consisted of a pair of dots (0.1°), one white and one black, that appeared to the left and to the right of fixation.
Each participant was told to attend to the side indicated by one of these two dots throughout the experiment, and cue (black/white)
was counterbalanced across participants.

The task required subjects to report whenever they saw a brief (200ms) change in the spatial frequency of the task-relevant figure,
which shifted from 0.5-4cpd to 1.5-12cpd. These changes occurred, on average, 4 times at each figure location at randomly
determined times in each 16s block; the timing of their occurrence was independently determined for each figure. Participants
used a button box to make their responses in the scanner, and maintained central fixation throughout the experiment.
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The experimental conditions of figure/surround orientation and attended location were fully counterbalanced and presented in
randomly ordered blocks within each experimental run, which lasted approximately 4.5 min. Each participant completed 10-16 func-
tional runs of this task. Performance was somewhat better when participants attended to incongruent figures (89%, SE 1.5%) than
to congruent figures (80%, SE 3.2%; t(6) = 4.2, p = .0058). However, this behavioral difference cannot account for the stronger
responses that we observed for incongruent than for congruent figures: prior research [61] predicts that modulations by task should
instead lead to stronger responses for the congruent figure task, which was more difficult for participants.

In Experiment 2A, we used red/green anaglyph glasses to present the figures and the surrounding background either to the same
eye or to different eyes (Video S2). Participants wore these glasses throughout the scanning session, with the red lens always placed
over the right eye; thus, oriented noise specified by the red LCD component of the projector would be visible to the right eye but
filtered by the lens on the left eye and vice versa. To create the colored stimuli, we presented full-contrast oriented noise (same pa-
rameters as Experiment 1) using only the red and green color channels of the projector; the green color channel was reduced from a
range of 0-256 to a range of 0-200 to more closely match the apparent luminance of the red, though our experimental design did not
necessitate luminance matching of the two colors. Using a photometer to measure the scanner projector, we confirmed that less than
1.5% cross-talk occurred for red/green images projected through the mismatched filter. Dichoptic stimuli consisted of red/green
figure/ground or vice versa, and monoptic stimuli were either all red or all green. Colors used (and thus eye of presentation) were
counterbalanced and randomized across blocks. To participants, the stimuli appeared largely achromatic; however, we acknowl-
edge that we cannot rule out the contribution of some color differences between the figure and surround in the dichoptic condition.
Future work should explore potential interactions between the defining features of the figure (e.g., orientation, color, disparity) and
the response enhancement that results from such manipulations.

Throughout the experimental run, the participant’s task was to detect brief (200ms) contrast decrements of the central fixation
point, which was a small circular 2 x 2 checkerboard to facilitate stable fixation and vergence (as illustrated in Figure 2A). These
decrements were 50% contrast in magnitude, and occurred on average 4 times per block. Participants detected these events
with 95% accuracy (SE 0.94%) and performed between 12 and 16 functional runs.

The stimulus design of Experiment 2B followed that of 2A, consisting of lateralized figures monoptically or dichoptically presented
through red/green anaglyph glasses (Video S3). All parameters of the oriented noise stimuli were identical except the rate at which the
entire visual display was regenerated; this was changed from 200ms to 160ms to accommodate the difficult letter task. Throughout
the entire experimental run, the central fixation point (0.4° diameter) contained a rapid letter stream consisting of all 26 uppercase
English letters. Participants were instructed to monitor the letters, and to press one button (1, pointer finger) on the button box
when they saw a ‘J,” and another button (2, middle finger) when they saw a ‘K.” Chance-level performance was 0% for this task,
as it required both detection and identification of a variable number of brief (160ms) targets. The timing of the targets was randomized
within the 272s run, but targets could not occur in the first or last 640ms of the run, nor within 320ms of a previous target. The number
of targets in a run was selected stochastically such that 10% of letters were a J/K target, for an average of 167 targets per run
(or 1 target every 1.62 seconds on average). Participants performed the J/K detection task with accuracy of 56.7% (SE 5.7%); if a
participant’s performance did not rise above 40% after 2-3 runs, the size of the fixation and letters was increased to 0.5° diameter.
For one participant, an additional change was made to slow the presentation rate of the letters to 200ms to improve task accuracy.
Participants reported consistent engagement in the letter detection task, and minimal awareness of the surrounding stimuli. Each
participant completed 10-14 functional runs of this task.

fMRI scanning parameters

All functional data were collected at the Vanderbilt University Institute for Imaging Science research-dedicated 7Tesla Philips Achieva
scanner using a quadrature transmit coil in combination with a 32-channel parallel receive coil array. BOLD activity was measured
using single-shot, gradient-echo echoplanar T2*-weighted imaging, at a 2 mm isotropic voxel resolution (40 slices in Experiments 1
and 2A; 34-40 slices in Experiment 2B; TR 2000ms, TE 35ms; flip angle 63°; FOV 224 x 224; SENSE acceleration factor of 2.9; phase-
encoding in AP direction). Additionally, each subject underwent a separate session of retinotopic mapping, which used a standard
phase-encoded design [62] and a mapping stimulus of flashing checkerboard wedges and expanding rings. Retinotopy data were
acquired using a Philips 3Tesla Intera Achieva MRI scanner equipped with an 8-channel receive coil array. The retinotopy fMRI data
were collected using 3-mm isotropic resolution (TR 2s, TE 35ms, flip angle 80°, 28 slices, 192 x 192 FOV).

ROI localization

In the experimental scan session, we ran 2-4 runs of a visual localizer consisting of full-contrast flickering checkerboards at each of
the two figure locations; the checkerboards were presented in 16s alternating blocks. These data were used in conjunction with a
separate session of retinotopy mapping to identify cortical regions of interest in V1-hV4. Boundaries between retinotopic areas
V1-hV4 were manually delineated for each participant based on reversals in the phase of the polar-angle map measurements
[62, 63]. One participant in Experiment 2B lacked consistent hV4 maps, so these data are missing from the Supplemental Information
analysis of hV4. These retinotopic labels were aligned to the functional space of the current experiment using FSL and Freesurfer
software; this registration was checked and adjusted by hand. Subsequently, cortical regions of interest (ROls) were selected
from the conjunction of retinotopy and a statistical map of the left vs. right contrast of our functional localizer. We report results
from the 100 most functionally selective voxels (defined by the t-statistic map) in each lateralized early visual area V1-hV4, although
our reported results hold across selection criteria.
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The LGN was identified on the basis of the checkerboard functional localizer as the contiguous cluster of voxels in the medial sub-
cortex using a t-statistic threshold of no less than 2.3; we sought to select a maximally lateralized cluster in each hemisphere to avoid
including other neighboring regions of the thalamus. The LGN is more readily activated by visual stimulation than other subcortical
regions, and studies suggest that functional localizers that rely on passive viewing, as ours did, do not effectively activate the pulvinar
[64]. LGN ROls in individual subjects consisted of 23-48 voxels bilaterally in Experiment 1 (mean 37.0, SD 8.3), 19-57 voxels bilaterally
in Experiment 2A (mean 37.3, SD 13.1), and 15-53 voxels bilaterally in Experiment 2B (mean 35.8, SD 13.7). An example of the local-
ized LGN is shown in Figure S1A.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were preprocessed using FSL and Freesurfer tools (documented and freely available for download at http://surfer.nmr.mgh.
harvard.edu), beginning with 3D motion correction and linear trend removal, followed by a high-pass temporal filter cutoff of 60s.
Functional images were registered to a reconstructed anatomical space for each subject; this registration was first automated in
FSL and then checked and corrected by hand. This allowed for the alignment of the current fMRI data to the retinotopy data, which
were collected in a separate session. The functional localizer was spatially smoothed using a 1-mm Gaussian kernel; no spatial
smoothing was applied to the experimental runs. Further analyses were conducted using a custom Matlab processing stream.
Each voxel’s intensities were normalized by the mean of the time series, converting to mean percent signal change within each
run. Outliers were defined as time points for which the voxel's response measured more than 3 times its standard deviation from
its mean, and were Winsorised [65]. Finally, a general linear model was fitted to the time course of each run to generate a standardized
Beta weight for each stimulus block; these Beta weights were then averaged by experimental condition. For the reported analyses,
average Beta values from bilateral ROls in each subject were used.

As described in the Participants section, this experiment was designed to test for an effect of figure-ground modulation in the LGN.
The critical comparisons are reported as within-subject ANOVA results, and significance is defined at p < .05. In Experiment 1, the
main factors were attention (unattended vs. attended) and figure orientation (incongruent vs. congruent); in Experiments 2A/B, the
main factors were eye presentation (monoptic vs. dichoptic) and figure orientation (incongruent vs. congruent). t tests were used
to further refine our understanding of significant ANOVA results; one-tailed tests were used for comparisons for which we had a
strong expectation of the directionality of the effect (e.g., attended figures producing greater responses than unattended figures,
or incongruent-orientation figures producing greater responses than congruent-orientation figures); two-tailed tests were used
when no such expectation was evident (e.g., the magnitude of figure enhancement when figures were presented monoptically vs.
dichoptically). In addition, we used the Lilliefors test to confirm the normality of our data, which supported our use of parametric
statistical testing.

DATA AND SOFTWARE AVAILABILITY
The code used to generate stimuli for the main experiments, localizer, and behavioral controls can be found at https://github.com/

soniapolt/LGN-figureground. This repository also contains de-identified preprocessed fMRI data for the main experiments.
Additional requests for code and data should be directed to the Lead Contact, Sonia Poltoratski (sonia09@stanford.edu).
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