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Abstract

In natural scenes, objects rarely occur in isolation but appear within a spatiotemporal context.
Here, we show that the perceived size of a stimulus is significantly affected by the context of the
scene: brief previous presentation of larger or smaller adapting stimuli at the same region of space
changes the perceived size of a test stimulus, with larger adapting stimuli causing the test to appear
smaller than veridical and vice versa. In a human fMRI study, we measured the blood oxygen
level-dependent activation (BOLD) responses of the primary visual cortex (V1) to the contours of
large-diameter stimuli and found that activation closely matched the perceptual rather than the
retinal stimulus size: the activated area of V1 increased or decreased, depending on the size of the
preceding stimulus. A model based on local inhibitory V1 mechanisms simulated the inward or
outward shifts of the stimulus contours and hence the perceptual effects. Our findings suggest that
area V1 is actively involved in reshaping our perception to match the short-term statistics of the
visual scene.

Introduction

Adaptation is a primary function of perceptual systems that tunes perceptual mechanisms to
the statistical content of the retinal images (Shapley and Enroth-Cugell, 1984; Barlow, 1990;
Blakemore et al., 1990; Sharpee et al., 2006; Clifford et al., 2007; Kohn, 2007), maximizing
sensitivity to more probable events at the expense of rare ones. Although adaptation clearly
improves coding efficiency, it often leads to an “illusory” perception that does not
correspond to the physical stimulus (McCollough, 1965; Blakemore and Sutton, 1969;
Gregory, 1997; Carandini, 2000; for review, see Thompson and Burr, 2009). Perception of
size—a crucial task of our visual system—is not an exception to this rule because object size
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is rarely perceived veridically: spatial context (Leibowitz et al., 1969; Massaro and
Anderson, 1971), vergence (Arnold et al., 2008), and apparent distance (Kaufman and Rock,
1962) all affect perceived size generating strong illusion.

Until recently, it has been considered that size perception is a high-level function, probably
mediated by specific cortical areas selective to objects and object size (Ungerleider and Bell,
2011; for review, see Kourtzi and Connor, 2011; Konkle and Oliva, 2012). It has also been
shown that the visual system has a double representation of size: one for conscious
perception and one for the action system, which is less prone to illusion. The two size
systems can be dissociated in the laboratory under particular conditions, reinforcing the idea
of a high-level size representation for conscious size perception (Goodale et al., 1991;
Aglioti et al., 1995).

Recently, the view that size constancy is only a high-level function has been challenged by
two reports. One showed that the apparent size of an object activates different primary visual
cortex (V1) representations, if displayed together with perspective visual cues (Murray et al.,
2006; Fang et al., 2008). The other evidence uses the classic afterimage apparent size, which
changes with vergence and fixation distance: V1 activity modulates with the perceived rather
than the retinotopic stimulus size (Sperandio et al., 2012). Although both these experiments
provide strong evidence for the involvement of V1 activity in size illusions, the BOLD effect
in V1 in the experiment by Murray et al. (2006) could originate from pictorial cues driving
distant neuronal process (Gilbert and Li, 2012) and in the study by Sperandio et al. (2012)
could originate by eye-positional signals because these are known to strongly modulate V1
(Trotter and Celebrini, 1999; Andersson et al., 2007).

The effect of nonsimultaneous context, or adaptation, on size perception is less well
documented than spatial context, although adaptation aftereffects are usually strong and not
related to neuronal fatigue (Thompson and Burr, 2009). Importantly, adaptation does not rely
on spatial contextual cues, such as depth or vergence, that originate in higher visual areas
and is therefore optimally suited to test the role of early visual areas in the perception of
object size. Here, we used an adaptation technique to high-pass images of circles that have
the advantage that size cannot be deduced by energy at low spatial frequencies. These
classes of stimuli, that induce the well known Craik—O’Brien—Cornsweet illusion, elicit
localized activity in V1 in correspondence to the edges (Perna et al., 2005; Boyaci et al.,
2007). This allows to trace the difference in perceived size at the level of the local edge
activation in V1. Here, we first demonstrate that apparent size changes depend on the
context of visual information and can be strongly elicited by very short exposure of the
stimuli. Then we show that the perceptual size illusion is strongly correlated with the activity
in V1. Finally we show that a long-lasting local V1 inhibitory effect can mediate the size
illusion.

Materials and Methods

Participants

Six healthy adults (two females, four males; mean age, 27 years) with normal or corrected-
to-normal vision took part in our main experiments (data shown in Fig. 1 B, Cand
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subsequent figures). In the additional psychophysical experiments that tested size adaptation
aftereffect for different adapter duration, we tested other five subjects, and three of these
participated also in the experiment with different adapter—test intervals. Each subject gave
informed consent before participation, in accordance with the guidelines of the Human
Studies Review Board of the Stella Maris Scientific Institute. Subjects first performed the
behavioral experiment outside the scanner and were subsequently scanned for a total of ~3—
4 h, over several days (3 h for the main experiment, 30—60 min for the retinotopy and
eccentricity localizers).

Visual stimuli

Visual stimuli were generated in MATLAB (MathWorks), using the Psychophysics Toolbox
version 3 extensions. For the behavioral experiments, stimuli were displayed on a Barco
Reference Calibrator V CRT monitor (resolution of 1280 x 1024 corresponding to 42° x
31.5° from subject viewing distance of 57 cm with a refresh rate of 100 Hz). For the fMRI
experiment, stimuli were presented on LCD goggles (Resonance Technology) with a visual
field of 24° x 32° at a luminance of ~30 cd/m2. The resolution of the display was 600 x 800
pixels, with a refresh rate of 60 Hz. In all experimental conditions, visual stimuli were
displayed with an eccentricity of 9° with adaptors and test stimuli displaced on the left-hand
side and the reference (just present in the psychophysical study) on the diametrical opposite
position.

The stimuli were Craik—O’Brien—Cornsweet stimuli as shown in Figure 1. The stimuli were
constructed by high-pass Gaussian filters (with a 50% cutoff at spatial frequency of 0.5
cycles/®), with the advantage of eliciting localized activation of the visual cortex, limited to
their edges (Perna et al., 2005; Boyaci et al., 2007). To avoid afterimages, the polarity of the
stimuli was reversed at 10 Hz. We obtained similar size adaptation aftereffects with a variety
of different stimulus configurations (gratings, annuli, homogeneous disks), but we limited
for fMRI study to the Craik— O’Brien—Cornsweet stimuli given their localized response in
V1.

Behavioral experiments

In the behavioral experiments, the test stimulus was always presented on the left at 9°
eccentricity, whereas the reference stimulus was presented with the same eccentricity on the
right. The adapter stimulus was always centered at the same eccentricity as the test. In large
adapter blocks, the adapter was 10°, whereas the size of the test was varied by using an
adaptive staircase (Quest) on every trial in the range from 0.66 to 1.9 times the size of
reference (kept constant at 5°). Therefore, the physical size of the test stimulus was always
smaller than the adapter. In small adapter block trials, the adapter was 10°, and the size of
the test stimulus was varied from 0.66 to 1.9 times the size of reference (kept constant at a
size of 15°), and thus the test stimulus was always larger than the adapter. Each block
consisted of 30 trials, and the order of trials was fully randomized within each block. We
collected 30-60 trials for each condition (test > adapter, test = adapter, test < adapter).

The timing of the events and their temporal separation was selected with great care after
running several pilot studies. In initial pilot experiments, we used a long adaptation duration
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(40 s initial adaptation and 7 s top-up), short separation (300 ms), and short stimulus
presentation times (300 ms), given that adaptation effects are typically strongest in these
conditions (Suzuki and Cavanagh, 1998). We then measured the adaptation as a function of
temporal separation between the adapter and the test stimulus (Fig. 10, top). In this
condition, the adaptation and top-up duration were 2 s, and the test duration 300 ms. Data
for different separations between adapter and test were collected in separate sessions. For the
fMRI experiment, to avoid excessive temporal overlap between responses to adapter and test
stimuli, we chose a relatively long temporal separation of 3 s, which still provided a strong
effect. We also measured the effect as a function of adaptation duration between 0.5 and 40 s
(Fig. 1D, bottom), using a separation and test duration constant of 300 ms (for adaptation
durations larger than 7 s, the subsequent top-up durations were fixed at 7 s, durations smaller
than 7 s, and the same initial and top-up durations were used). Based on the finding of these
two psycho-physical experiments, we chose a relatively short adaptation duration (3 s) for
our fMRI stimuli, which allowed us to collect more trials at a shorter time. Using stimuli
with timings in which the effect of adaptation is maximum, we would likely have observed a
stronger effect of adaptation of that shown in Figures 2 and 3.

Inside the scanner, subjects passively viewed the stimuli without performing a task to avoid
an attentive contamination to the adaptation effect and to present a reference stimulus in the
contralateral visual field that could elicit an ipsilateral modulation of the response. Visual
stimuli (adapter and test) were always presented on the left-hand side to avoid any spatial
uncertainty about the location of the stimulus. Subjects were instructed to maintain fixation
throughout the experiment and were monitored online with the infrared camera of the
goggles. Given that all subjects were trained to keep fixation during the psychophysical
testing, we never observed a break of fixation during the stimulus presentation in the
scanner. Each trial comprised an adaptation phase (3 s) a blank interval (3 s), and test
interval (3 s). Intertrial intervals were varied between 4, 5, or 6 s. In the scanner, we acquired
~45 trials per condition across several functional runs (see below).

fMRI procedure

Data acquisition—MRI data was collected on a 1.5 T scanner (Signa HDxt 1.5 T; GE
Healthcare) outfitted with an eight-channel phase array coil. Whole brain functional data
were acquired with a single-shot gradient-echo, echo planar sequence. Acquisition
parameters were as follows: 42 ms echo time (TE); 3000 ms repetition time (TR); 90° flip
angle; 32 axial slices; 4 mm slice thickness; 96 x 96 matrix; 240 x 240 mm 2 field of view;
voxel size of 3 x 3 x 3 mm. For the main experiment, we acquired 8 —12 functional runs,
each consisting of 124 functional volumes (the first four volumes were discarded to allow
stabilization of the BOLD signal). Full-brain anatomical T1-weighted images were acquired
for each session of functional data using a three-dimensional fast spoiled gradient recalled
echo sequence (TR, 12.3 ms; TE, 2.4 ms; flip angle, 10°; matrix, 256 x 256; 1 x 1 x 1 mm 3
voxel dimensions; 128 slices).

Data analyses—All the data analyses used Brain Voyager QX (version 1.9; Brain
Innovation) and MATLAB. After standard preprocessing steps (temporal interpolation and
motion correction, as described previously; Crespi et al., 2011), the functional data of each
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session was realigned and coregistered with the anatomical scans of the same session.
Subsequently, for each subject, all sessions were realigned with the high-resolution
anatomical scans and were transformed into a standard Talairach coordinate system. To
generate flat representations of the cortical surface, the cortex was segmented, inflated, and
flattened by geometric projection.

Retinotopic mapping and localizer—We performed separate scans in which we
applied classical retinotopic mapping techniques (Tootell et al., 1998) to demarcate the
boundaries between areas and to isolate area V1 (white dashed lines in Figure 2B represent
the border between area V1 and V2). These maps were acquired by presenting alternating
(12 times) horizontal and vertical meridian stimuli (moving dots, 0.33° diameter, expanding
or contracting every 2.0 s, limited lifetime of 300 ms, presented in two opposing sectors, at
+18° angle) in a 15 s block design, while subjects were instructed to maintain fixation. One
run of polar and meridian mapping was recorded for each subject. For eccentricity mapping,
a series of counter-phase-flickering annuli, alternating between different radii (from 1.25° to
20°), were used to define V1 regions that represented different eccentricities (Fig. 358). Our
subsequent analysis was based on the activity of the cortical surface identified as area V1/V4
and the ROIs of the entire area.

We identified lateral occipital area 1 (LO1) as an area that preferentially responds to intact
versus scrambled (Malach et al., 1995; Kourtzi and Kanwisher, 2000, 2001) Craik—O’Brien—
Cornsweet stimuli. To localize LO1, we used a blocked presentation design with 24 stimulus
epochs (duration 3, TR of 9 s) interleaved with fixation periods (duration 2, TR of 6 s).
Stimuli consisted of intact or scrambled versions of Craik— O’Brien—Cornsweet stimuli
presented in three different sizes (5°, 10°, and 15°) and in fully randomized order. Stimuli
were presented in the left visual field, 9° eccentricity as had been used in our main
experiments. The scrambled images were created by dividing the intact images in a 20 x 20
square grid (corresponding to 5° x 5 °, 10° x 10°, and 15° x 15°) and by scrambling the
positions of each of the resulting squares. The grid lines were present in both the intact and
scrambled images. We acquired one run of the lateral occipital complex (LOC) localizer for
each subject that consisted of four repetitions of each stimulus configuration (i.e., six
configurations: three sizes, either intact or scrambled). In our GLM model, we pooled the
responses across different stimulus sizes and contrasted the responses to the intact and
scrambled stimuli. We selected LO1 as the portion of LOC that is located anterior to dorsal
V3 (Larsson and Heeger, 2006).

Event-related analyses—The adaptation trials comprised four events— adapter, blank,
test (all of 3 s), and a blank stimulus of variable and random duration (between 4 and 6 s)—
whereas for the no-adaptation trials, only the test (duration of 3 s) and blank stimuli were
presented, again of random duration. Event-related time courses shown on Figure 2A were
computed by averaging the event-related responses, with the average of the three time points
before the main event serving as the baseline. We performed a linear deconvolution analysis
(Burock and Dale, 2000) to separate the responses that were evoked by the test stimulus
from responses to the adapter. In this analysis, each trial was modeled as a set of identical
time-shifted stimulus impulses [finite impulse response (FIR) functions]. We used eight
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delta functions, with the first one representing the trial onset (presentation of the test
stimulus in no adaptation blocks and presentation of the adapter in adaptation blocks), and
the other seven impulse functions representing a single time point of the event-related fMRI
time course, each shifted by 3 s (1 TR). Subsequently, we used a GLM analysis to estimate
the overall activity evoked at each time point and at each voxel of area V1. The statistical
maps (as shown in Fig. 2B8) represented ¢values of the FIR regressor that corresponded to
the peak response (i.e., third stick function for no adaptation at time 6 s and fifth stick
function for adaptation conditions at time 12 s; these times correspond to the vertical arrows
in Fig. 2A). To calculate the area of activated V1 cortex, for each subject, we counted the
number of activated vertices (NAVSs) on the inflated cortex that were marked at a fixed ¢
threshold. If the #threshold is set at an extremely low value (e.g., £=-3), all the vertices of
the inflated cortex will show an activation that passes this threshold, and NAV will be equal
to all V1 vertices. On the other extreme, at highest #values (e.g., £=5), none of the vertices
will be selected (NAV = 0). Between these two extremes, there will be a range of #values in
which the NAVs will correctly represent the size of the stimuli (i.e., NAVge < NAVgo <
NAV150). The final threshold can then be any value within this range. We chose the midpoint
of this range [i.e., 0.5 x (Max;— Min,)] as the final threshold for each subject [similar results
were obtained with different thresholds: from 0.28 x (Max;— Min,) to 0.55 x (Max;— Min)
was used]. The thresholds were derived from the data without adaptation, and the same
values were used for the adaptation condition and for all stimuli. The comparisons between
NAV in different conditions were done by performing Student’s paired ftests. The activities
at different eccentricities on V1 (shown on Fig. 3C) were computed from the BOLD
amplitude modulation at 6 s for no adaptation and 12 s for the adaptation condition (Fig. 24)
and were averaged across all voxels of an ROI. These activations were used to evaluate our
computation model (Fig. 3C).

Modeling the adaptation effect

We modeled the V1 representation of the test stimuli as elliptical contours whose major axis
had the corresponding length of the diameter of the Craik—O’Brien—Cornsweet stimuli used
in our experiments. To obtain BOLD cortical simulation, these ellipses [Input(x, )] were
convolved with a two-dimensional Gaussian:

2
2 Tact

22442
Activation (z, y)=Input (z,y) x ezp (— L ,

where o4 is the width of the activation elicited by an isolated delta function, and xand y
are cortical eccentricity along the horizontal and parallel to vertical meridian.

The gain modulation attributable to the preceding adapter was modeled by convolving the
adapter ellipse [represented by InputA(x, J)] with a Gaussian function and is given by the
following:

- : 2’ +y?
Inhibition (z, y)=1+gain — Input A (z,y) x exp 557 |
Tinhib
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where ajnhip IS @ space constant.

Adaptation aftereffects were then simulated by a point-by-point multiplication of the
activation and inhibition profiles and integrating the two-dimensional spatial response along
the horizontal eccentricity to simulate the overall response along iso-eccentricity lines.

The overall response function was modeled by the following:

Response (z)= 38" Activation (z,y) x Inhibition (z, y) dy.

The gt Tinhib, @nd gain were the free parameters of our model, and we obtained best fits
when they were set to 4.5°, 2°, and 0.25, respectively, for all stimulus conditions.

Presentation of a spatially high-pass-filtered circle (adaptor stimulus) influenced the
perceived size of a similar circle presented successively (the test stimulus; Fig. 1 B, ).
When the adapter was larger than the test (adapter, 10°; test, 5°; Fig. 15, top), the
psychometric curve, reporting the percentage of perceived larger stimuli in a two-alternative
forced-choice discrimination task, was shifted to the right relative to the baseline, indicating
a decrease in the perceived size of the test stimulus. Smaller adapters (adapter, 10°; test, 15°;
Fig. 1B, bottom) had the reverse effect, shifting the psychometric function leftward. When
the adapter and the test were the same size (Fig. 18, middle), perceived test size remained
veridical, with no shift in the psychometric curves. The effect occurred in all subjects we
tested, on average, 12.20% for larger adapters and 3.5% for smaller adapters (Fig. 1C).

The amount of adaptation decreased monotonically (p= 0.005, ftest) with increasing
temporal separation between the adapter and the test (Fig. 1D, top), but the effect was still
present after 10 s, indicating a prolonged change in neuronal activity, typical of early
adaptation phenomena (Maffei et al., 1973). More importantly, the strength of adaptation
effect did not vary with the duration of adaptation from 0.3 to 40 s (#test for the difference
of regression slope from 0, p = 0.173), indicating that the temporal dynamics is consistent
with the flow of visual information during a single fixation (Fig. 10, bottom). The
perceptual effect is strong enough and lasts for sufficient time to be measurable in fMRI
experiments, addressing the question whether the size illusion could be traced back to V1
activity.

Inside the fMRI scanner, we measured the BOLD activity elicited by our stimuli in blocks
with and without adaptation; subjects passively viewed the eccentric stimuli, without making
a size judgment to avoid contamination from the task response or the introduction of a
contralateral stimulus reference for the comparison task. In addition, the stimuli were
presented intermingled, all attracting the same attentional resource. Figure 2A shows the
event-related BOLD responses averaged across all V1 voxels (defined by individual
retinotopy). As expected, the average response of all voxels (including the portion not
representing the stimuli) is higher for large compared with small stimuli, reflecting the
physical size of the stimulus. The average BOLD modulation of the entire V1 decreases
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slightly after adaptation for all three stimuli by a similar amount (see arrows at time 6 and 12
sin Figs. 2A, 4). However, the extent of the activated region over a fixed fthreshold (see
Materials and Methods) changes differently in the adapted state between small and large
size. Figure 2B shows on the inflated cortex of one typical subject the extent of V1
activation in response to different stimulus sizes, with and without adaptation. It can be seen
that, when the test stimulus is smaller than the adapter, the area of the activated V1 surface
shrinks in size, whereas with test stimuli larger than the adapter, the area of activated V1
surface is enlarged. The activities are consistent with the positions of the border of the
stimuli (Fig. 3; Perna et al., 2005). The single focus of activity to the 5° test after adaptation,
positioned between the two foci in the no-adaptation condition, suggests fusion of the two
boarder activities in one, consistent with the perception of a smaller stimulus. Analogously,
the shift toward more foveal and peripheral location of the foci for the larger-size stimulus
after adaptation is consistent with the perception of a larger stimulus. The reduction of the
activated area for the smaller stimulus and the increase for the larger stimulus were observed
over a wide range of thresholds (from ¢= 0 to ¢= 2; see Materials and Methods), indicating
that the phenomenon is general. To quantify this effect, we counted the NAVs of the inflated
cortex of each subject (see Materials and Methods). Across all subjects, we found that
adaptation to a larger stimulus significantly decreases the size of the activated V1 cortex by
37% (paired ttest, p= 0.013), adaptation to the same size did not produce any significant
change (paired ttest, p=0.13), and adaptation to a smaller stimulus increased the activated
surface of V1 by 13% (paired ¢ftest, p=0.015). Although size adaptation occurred
perceptually in all subjects, its magnitude varied considerably, allowing us to look for
correlations between the magnitude of the perceptual and the BOLD effects. We observed a
significant correlation between change in perceived size of the stimulus and change in the
region of activated V1 (Fig. 2D, r=0.62, p=0.005). These results show that the behavioral
effects of size adaptation are reflected in the activity of V1.

To quantify the effect of migration of the foci activity after adaptation (see example in Fig.
2B), we measured the magnitude of V1 activation as a function of the eccentricity as
illustrated in Figure 3C for the three stimulus sizes, averaged across all subjects. The
measured responses to the different stimuli varied with eccentricity (see Materials and
Methods), with a significant interaction between stimulus size and the eccentricity at which
maximum adaptation effect was observed (repeated-measures ANOVA with difference in
adapted and non-adapted responses as dependent variable and stimulus size and eccentricity
as independent variables, A5 5) = 2.04, p=0.048). This is consistent with the finding that the
tuning for the 5° test (Fig. 3C, green data points) becomes narrower after adaptation,
whereas that for the 15° test becomes broader. The adaptation-induced changes of V1
response pattern can be intuitively understood by considering that, after presentation of any
stimulus, the cortex becomes less reactive to any subsequent stimulus: a depression trace
that persists for a short time, rendering the neurons less likely to be excited by a subsequent
stimulus. This phenomenon will generate an interaction between responses elicited by the
adapter and the test. We quantitatively modeled the size illusion, hypothesizing that the
persistent poststimulus inhibition (Fig. 34, blue curve) modulates response gain. So a border
that normally produces responses similar to the green panel of Figure 3A will produce a
deformed activity when it follows the presentation of an adapter border at a different
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position (Fig. 34, magenta curve). The overall effect—the local multiplication of the recent
activation (green curve) with the persistent trace (blue curve)—is a centripetal deformation
of activity away from the adapter response (for details, see Materials and Methods). If the
test stimulus is smaller, this will result in an inward shift for the representation of the
stimulus edge, and, if the test stimulus is larger, the representation of stimulus edges will be
pushed outward. The model predicts that, for different stimulus sizes, maximum adaptation
effect occurs at different locations relative to the adapter edges. We also simulated
quantitatively the spatial tuning of responses in both adapted and non-adapted conditions
and obtained a good fit to all the data (mean A2 = 81%), reproducing the observed change in
tuning after adaptation.

We have so far shown that activation of area V1 closely matches the behavioral effects of
size adaptation and that a response gain model based on local excitation and inhibition
within area V1 can simulate our results. We also measured the size adaptation effect in the
downstream cortical areas. Given the poorer retinotopic representation of the associative
visual cortex with respect to V1, we focused our analysis on areas in which measurement of
the surface of the activated cortex could be reliably performed. We observed a similar and
significant increase of activated vertices for large-size test and decrease for smaller-size test
than the adapter stimulus in extrastriate areas V2 and V3 (all p values <0.05, paired £test).
For V4, the trend was present, but the effect was not significant (Fig. 4A4). Interestingly, the
pattern of activation of area LOC, the first area in which objects are categorically
represented (Malach et al., 1995; Kourtzi and Kanwisher, 2000), was quite different. In area
LO, adaptation resulted in a decrease in the surface of activated cortex for all sizes of the test
stimulus with a maximum and significant effect for the stimuli with the same size as the
adapter (10°), which is in line with the role of this area in coding object entity (Konen and
Kastner, 2008).

The number of significantly activated vertices depends on thresholding and also on
amplitude of the BOLD response. Usually, the higher the amplitude of BOLD modulation,
the larger the NAVS. Interestingly, although the NAVs increased or decreased depending on
the relative size of test and adapter (Fig. 4A), the amplitude of the response modulation,
averaged across all the vertices of the anatomically defined visual area, was slightly lower
(although not reaching statistically significance) but not different for the different sizes in
V1, V2,V3, and V4 (Fig. 4B). In LO1, we observed a significant reduction in the amplitude
of the responses when test and adapter stimuli had the same size (10°), corroborating the
existence of size-invariant object coding mechanisms in this area (Konen and Kastner,
2008).

Discussion

We have shown that brief previous presentation of a shape of a certain size changes the
perceived size of the succeeding similar shape stimuli. Using shape stimuli that do not
contain low spatial frequencies, we were able to show that the activity of V1 correlates with
the perceived size of the shape rather than the retinal size. In addition, we were also able to
simulate the effect quantitatively by a local inhibitory mechanism that modulates response
gain.
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Single-unit studies have shown that adaptation changes the sensitivity, tuning, and coding
efficiency of neurons at different levels of the cortical hierarchy (Maffei et al., 1973; Dragoi
et al., 2000; Georgeson, 2004; Kohn and Movshon, 2004; Gutnisky and Dragoi, 2008).
These findings have motivated the proposal that adaptation serves to maximize the efficiency
of encoding and the amount of information conveyed by a population of neurons (Barlow,
1990; Clifford et al., 2007). Our results are in line with this theoretical framework, and our
proposed model in Figure 3A provides a mechanistic explanation based on gain- control
mechanisms (Shapley and Enroth-Cugell, 1984) of how this may come about. Gain—control
mechanisms are ubiquitous throughout sensory systems and have been identified in the
coding of luminance (Enroth-Cugell and Shapley, 1973; Purpura et al., 1990), contrast
(Shapley and Victor, 1981; Heeger, 1992; Carandini et al., 1997), and even in more complex
perceptual processes, such as face perception (Leopold et al., 2001). Gain—control allows
sensors and other mechanisms to adjust sensitivity to the prevailing levels of stimulation, be
it light level, contrast, or noise intensity. Typically, inhibitory circuits are responsible for
control neuronal gain (Morrone et al., 1982; Heeger, 1992; Carandini and Heeger, 1994).
Interestingly, during the awake state, inhibition is predominant and has the role to confine
the spread of the evoked response (Haider et al., 2013) in cortical territory and in time. Here
we show that gain—control mechanisms, probably through an inhibitory circuit, also underlie
more complex perceptual phenomena, such as size adaptation: the tendency to perceive a
stimulus larger when it is preceded by a smaller adapter may in fact reflect an automatic
adaptation to the prevailing stimulus properties that will enhance the discrimination power
for stimuli very similar to the adapter. Through this mechanism, the visual system can
increase the amount of information that is conveyed by the neuronal responses (Dragoi et al.,
2000). Remarkably, we show that this adaptive coding can be traced back to the spatial
BOLD excitation profile of the population responses in area V1. Therefore, adaptation at the
level of both single cells and populations of neurons may reflect mechanisms underlying
cortical plasticity (Gilbert and Li, 2012) in response to a dynamic environment in which
objects may appear in succession and object size scales dramatically with depth. Given the
strong evidence that adaptation induces gain changes at the level of single neurons in V1
(Dhruv et al., 2011), it is highly possible that the illusory size effects originate in area V1
and then propagate in a feedforward manner across the cortex. The fact that the size
adaptation effect, measured as the NAVs, decreases from V1 to V4 supports this view.
However, it is also important to stress that BOLD response in V1 is strongly modulated by
feedback signals, and the signal that modulates locally gain response may have a top-down
origin, probably from LO, which has selective BOLD tuning for objects (Konen and
Kastner, 2008). This view would be consistent with the result that attention is important to
elicit in V1 the pictorial size illusion (Murray et al., 2006; Fang et al., 2008). Application of
a technique with a higher temporal resolution will be necessary to resolve this issue.

Natural visual scenes are rich in information and continually changing: perception is
constantly affected by factors that surround our currently viewed stimulus in space or time
(Schwartz et al., 2007). Size adaptation has been considered to be a particular case of figural
aftereffects and interpreted as resulting from a shape distortion (Suzuki and Cavanagh, 1998)
or motion-related inheritance of spatiotemporal features (Kawabe, 2008). Although these
explanations point to the involvement of shape-specific areas, such as the inferotemporal
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cortex (area IT) or motion-related areas (area MT+), our data strongly suggest that activity
of area V1, the earliest stage in cortical processing of visual information, may be
instrumental in mediating the behavioral effects of size adaptation.

Our results are thus in line with recent findings suggesting that area V1 represents the
perceived rather than physical size of a stimulus (Murray et al., 2006; Fang et al., 2008;
Song et al., 2011; Sperandio et al., 2012). In the classical design in which contextual size
illusions are elicited by perspective or vergence cues, the effect observed in V1 could have
been generated in areas that perform cue combination (Cate et al., 2011) and feedback in V1
(Murray et al., 2006; Sperandio et al., 2012). Indeed, optimal cue combination is one of the
most powerful models to simulate size illusions (Kersten et al., 2004); the cortical areas that
process cue combination might be responsible for computation of the illusory size. In our
paradigm, stimuli are presented at the same distance and depth from the observers, so the
apparent size could not be attributable to simultaneous spatial contextual effects. It is also
unlikely that the illusory perception of size relies on computations performed by higher
visual areas and fed back to area V1. Because the effect could be simulated by a
strengthening of local inhibition within V1 circuits, it suggests a primary, not auxillary, role
of striate cortex. Our results are in agreement with the recent finding that the individual
variability of perceived size correlates well with the retinotopic distortion of the V1 map
(Schwarzkopf et al., 2011). These findings strongly suggest that V1 activity may be essential
in mediating many complex percepts and that the overall role of V1 may be more global,
rather than local, in time and space.

Attention is usually an important player in modulating V1 activity (Brefczynski and DeYoe,
1999; Gandhi et al., 1999; Martinez et al., 1999; Somers et al., 1999). To avoid that the
attention associated with the judgment of relative size could induce a modification of V1 and
generate a response spuriously correlated with the illusion, our subjects did not perform the
task during the scans. Given that the adapter and the probe had the same duration, it would
have been very difficult for the subject to discriminate between veridical and illusory
percepts in the randomly intermingled presentations. In addition, all stimuli would attract the
same attentional resources, given that their transient appearance minimized possible
attentional interference. The fact that we report a differential effect for small and large
stimuli and between two adaptation stages is additional evidence against an explanation
based on the attentional state of the subject. Although attention seems an unlikely
explanation for the differential BOLD adaptation change to the small- and large-size stimuli,
a possible confound may be associated with the stronger or weaker brightness illusory
percepts. It is known that V1 activation correlates with individual subjective brightness
(Tsubomi et al., 2012), and this could vary with perceived size (Wachtler and Wehrhahn,
1997) and the apparent contrast of the stimuli (Burr, 1987) that is reduced after adaptation.
However, the predicted effects of brightness-induced changes are in the opposite direction.
High-contrast edges would induce weaker brightness illusions (Burr, 1987), whereas the no-
adapt BOLD response are higher than in the adapted condition. Similarly, larger-size stimuli
induce a weaker brightness illusion (Wachtler and Wehrhahn, 1997), although we report an
increase in the activated area, not a reduction. Furthermore, the reported variations of the
illusory brightness perception are very small, so the presumed contamination in any case
would be very small too.
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Size illusions have been successfully used to dissociate the systems of vision for action and
vision for perception. The dissociation is possible only in particular conditions, in which the
perceptual system is more vulnerable to contextual effects (Aglioti et al., 1995). The
perceptual system, usually associated with the ventral stream, is more prone to illusory size,
and object-size selectivity (Konkle and Oliva, 2012) has been observed along this pathway
whereas the vision for action system is usually robust to size illusions (Aglioti et al., 1995).
Our result showing that the size aftereffect illusion originates in V1 predicts that the action
system should be prone to the same illusion, as preliminary data from our laboratory seem to
suggest.

As already discussed, adaptation is not a phenomenon related exclusively to very long
exposure times, because we observed the size illusion for adapters as short as 300 ms. This
finding suggests that the effect may be an inherent feature of normal vision that biases the
perceived size relative to the size of preceding stimuli. At each fixation (which usually lasts
a few hundred of milliseconds), V1 receives different information also about retinal size; for
optimal fusion of information across various fixation, temporal context must play a major
role in tuning the brain to encode the statistics of the world and recalibrate a subsequent
retinal activation on the information of the previous fixation. V1 is probably the most
appropriate station for this continuous tuning, given the rich representation of the retinal
scene that it contains as we observed here for apparent object size.
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Figure 1.
Behavioral experiments. A, Subjects discriminated the size of two sequentially presented

stimuli (test and reference) displaced horizontally to opposite positions (eccentricity £9°)
relative to screen center. The reference stimulus was 5°, 10°, or 15°, and the size of the test
stimulus varied around that of the reference. The stimuli were bandpass images of filled
circles, which induced the Craik—O’Brien—Cornsweet illusion (apparent spreading of
brightness over the region). In adaptation blocks, the adapter stimulus (10°) was presented
before the test centered at the same spatial location. Adapter, test, and the reference stimuli
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(all at 100% contrast) and the blanks between them were presented for 3 s. B, Psychometric
discrimination functions for 5°, 10°, and 15° of a typical subject: when the size of the
reference stimulus was 5° (top, green), adaptation to a 10° stimulus resulted in a rightward
shift of the psychometric curve, indicating that adaptation decreases the perceived size.
When the reference was 10° (middle, blue), no shift in psychometric curve was observed.
With larger stimuli (15°, bottom), adaptation led to a leftward shift, indicating an increase in
the perceived size. C, Percentage change in perceived size across all subjects: negative
values indicate that stimuli appear smaller after adaptation, and positive values indicate that
they appear larger. Stimuli of 5° and 15° exhibited a significant change in perceived size
with adaptation (*p < 0.05, paired ¢test). D, Decay of the adaptation effect over time (test
size, 5°; adapter size, 10°). Adaptation strength decreases monotonically with increased
temporal separation between adapter and test (top; regression slope = —10.44 + 1.4% per
log-second). Changes in adaptation duration, over a range of 2— 40 s, do not significantly
affect size illusion (bottom, slope of regression = 3.73 + 2.1% per log-second). The stars
depict the average percentage of size change across subjects, the dashed black line is the best
linear fit to the data, and the dashed purple lines are the 95% confidence interval of the fit.
Error bars are standard error of the mean (SEM).
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Representation of size illusion in V1 cortex. A, Time course of the event-related V1 activity
computed from deconvolved BOLD responses and averaged across all voxels. It should be
noted that time courses are from all V1 vertices, defined on anatomical criteria; therefore,
higher responses imply a larger spatial extent of activation. The shaded bars indicate the
duration of the different events: dark gray, test stimulus; light gray, blank; white, adapter.
The responses are aligned to the first event of each trial, i.e., the onset of the test stimulus in
no-adaptation blocks and the onset of the adapter in adaptation blocks. The vertical arrows
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on the abscissa mark the time of maximum responses. B, BOLD activity map of V1 cortex
in the adapted and non-adapted condition: the activated cortex shrinks or enlarges when the
test is smaller or larger than the adapter, respectively. C, Change in the size of activated V1
cortex (number of vertices suprathreshold) across all subjects, reflecting the decrease, no
change, and increase in the size of the activated V1 cortex, when test stimulus was smaller,
equal, or larger than the adapter, respectively. D, Correlation between the behavioral and the
fMRI effects on each individual subject. Error bars are standard error of the mean (SEM).
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Adaptation effect and its simulation by gain normalization as a function of eccentricity. A, A
computational model of the size adaptation effect: after the presentation of the adapter
stimulus, cortical areas representing the edges of the adapter undergo suppression, which can
be simulated by a response gain modulation as function of cortical space (blue curve).
During presentation of the subsequent test stimulus, activation that would normally be
elicited by the stimulus (green curve) will be modulated by the gain modulation set by the
previous adapter. The multiplication of the two curves will result in a shift in the
representation of the stimulus edges away from the adapter. Such a model would predict
that, for large stimuli, the edges are shifted outward, whereas for small stimuli, they will
shift inward. B, To test the model depicted in A, responses of six different ROIs at different
eccentricities were sampled (1.25° to 20°) C, The responses to the stimuli with and without
adaptation are shown at each eccentricity with open and filled circles. The vertical black

arrow represents stimulus center (9° eccentricity) and colored arrows the location of
stimulus edges at each size. The continuous and dashed curve report the predicted

activations based on the modelshown in A (for computational details, see Materials and
Methods). The curves closely match the measured responses (mean A2 = 81%).
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Figure 4.

Comparison of adaptation effect in different cortical areas. A, Change in the size of activated
cortex across all subjects for areas V1, V2, V3, V4, and LO. B, Peak responses measured at
the time points markedonthe abscissa of Figure 2A4 to the stimuli of different size, with and
without adaptation. Test for statistical significance at p< 0.05, paired #test. Error bars are
standard error of the mean (SEM).
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