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Abstract: Prolonged exposure to a sensory stimulus induces perceptual adaptation aftereffects. Tradi-
tionally, aftereffects are known to change the appearance of stimulus features, like contrast, color, or
shape. However, shifts in the spatial position of objects have also been observed to follow adaptation.
Here, I demonstrate that visual adaptation produced by different adapter stimuli generates a bi-
directional spatial repulsion. Observers had to judge the distance between a probe dot pair presented
in the adapted region and compare them to a reference dot pair presented in a region not affected by
adaptation. If the probe dot pair was present inside the adapted area, observers underestimated the
distance. If, however, the dot pair straddled the adapted area, the distance was perceived as larger
with a stronger distance expansion than compression. Bi-directional spatial repulsion was found
with a similar magnitude for size and density adapters. Localization estimates with mouse pointing
revealed that adaptation also affected absolute position judgments. Bi-directional spatial repulsion is
most likely produced by the lines of adapter stimuli since single bars used as adapters were sufficient
to induce spatial repulsion. Spatial repulsion was stronger for stimuli presented in the periphery.
This finding explains why distance expansion is stronger than distance compression.

Keywords: visual adaptation; aftereffects; space perception

1. Introduction

All primary visual features are adaptable (for a review, see [1]). The prolonged
exposure of a certain adapter stimulus produces an aftereffect such that a feature of a
subsequently presented test stimulus is changed in appearance. This aftereffect might be
positive in the direction of the adapter’s appearance or negative, repelling the appearance
of the test stimulus away from that of the adapter stimulus. The classical example is
the waterfall illusion [2], and a more recently discovered instance is adaptation to body
orientation [3]. Classical models [4–6] suggest neuronal fatigue, i.e., the elevation of the
neuron’s threshold for the activation of potential action [7] as the basis of adaptation. To
explain negative aftereffects, fatigue models assume that adaptation reduces the responses
of those channels most sensitive to the adapter stimulus in a population of narrowly tuned,
overlapping channels [6].

Another influential theory tries to explain adaptation as efficient neuronal coding
in response to redundant sensory information. Gibson [8] already suggested that the
repulsive tilt aftereffect after adaptation to oblique lines might be considered a recalibration
of spatial orientation. This idea has been developed further, granting visual adaptation
a functional role. During adaptation, neuronal responses might undergo self-calibration
and decorrelation in order to promote the effective use of its narrow range [9]. Shifting
neuronal responses after prolonged stimulus exposure could improve discrimination and
also increase the salience of novel stimuli. Images in the natural world are highly structured
and redundant [10]. Tuning neuronal responses to image statistics would increase coding
efficiency [11]. This theory works well for visual features because adaptive repulsion
exaggerates their differences and thereby enhances discriminability. However, it is unclear
what this theory could predict for the encoding of space since spatial positions have to be
represented veridically for most purposes, such as guiding movements.

Vision 2023, 7, 73. https://doi.org/10.3390/vision7040073 https://www.mdpi.com/journal/vision

https://doi.org/10.3390/vision7040073
https://doi.org/10.3390/vision7040073
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/vision
https://www.mdpi.com
https://doi.org/10.3390/vision7040073
https://www.mdpi.com/journal/vision
https://www.mdpi.com/article/10.3390/vision7040073?type=check_update&version=1


Vision 2023, 7, 73 2 of 11

Studies on figural aftereffects were the first to investigate the effect of prolonged
stimulus exposure on size and position [12,13]. Presenting an object with a given size
provokes a repulsive aftereffect, such that the size of subsequently flashed probe objects is
pushed away from the adapter size [14,15]. An fMRI investigation into this behavioral effect
revealed V1 as the most likely candidate to host the corresponding neural adaptation [15].
A more recent study found that size adaptation was unaffected by perceived size and
binocular disparity, suggesting that it occurs as early as the lateral geniculate nucleus [16].
After texture density adaptation, the distance between two probe dots appeared to be
shrunk [17].

The available theories on adaptive visual repulsion suggest that neural encoding of
size or shape influences how we judge the relative distance of successively presented objects.
However, adaptation to visual stimuli could directly distort an internal spatial metric before
the object size or shape is processed. Since this distortion takes place at an early level of
the neural hierarchy [15,16], it could be inherited in position judgments or estimations
of size or shape. In this study, I sought evidence for a distortion of spatial metrics via
visual adaptation. In this view, the borders of the adapter stimuli, as the region with the
highest contrast, might locally fatigue activity in a neuronal population representing a
labeled-line code of space. As a consequence, spatial encoding could be inhibited at the
adapted, i.e., fatigued, neurons, thus giving higher weight to the response of neighboring
neurons. In this way, adaptive fatigue could result in a transient misrepresentation of space
around the region of the borders of the adapter stimuli. I aimed to test this theory against
existing accounts of adaptive distortions of visual space. First, I tested localization for
stimuli that either straddled the adapted region or were placed inside the adapted region.
By definition, repulsion implied a compression for the former and an extension for the
latter stimuli. Second, I tested how a single bar stimulus—that should mimic only the
border of the size adapter—affected spatial localization. Third, by testing localization with
a mouse pointer rather than a comparison task, I tested whether adaptation influenced the
absolute apparent position.

2. Methods Section
2.1. Participants

In Experiment 1, 6 subjects (4 female, 2 male, mean age = 32 years); in Experiment 2,
4 subjects (3 female, 1 male, mean age = 29 years) and in Experiment 3, 6 different subjects
(3 female, 3 male, mean age = 30 years) participated. All subjects were reported to have
normal or corrected-to-normal vision. Experimental procedures were approved by the
local ethics committee of the psychological department of the Heinrich-Heine University
Düsseldorf. Written informed consent was obtained prior to each experiment in accordance
with the declaration of Helsinki.

2.2. Apparatus

Subjects were seated 45 cm from an Eizo FlexScan T57S with the head stabilized
via a forehead rest. The visible screen diagonal was 20 in., resulting in a visual field
of 40 dva × 30 dva. Stimuli were presented on the monitor with a vertical frequency of
120 Hz, at a resolution of 800 × 600 pixels, on a homogeneous gray background.

2.3. Trial Structure of Experiments

Trials in baseline sessions started with the presentation of a probe and a standard
stimulus. Both stimuli were presented simultaneously for 100 ms. Trials in adaptation
sessions started with the presentation of an adapter stimulus for 5000 ms and were always
present on the right side of the screen (stimulus center: x: 10 dva, y: 0 dva). The stimulus
center was defined as x: 0 dva and y: 0 dva. After the offset of the adapter, only the
fixation point was visible for 100 ms. Then, the probe and the reference stimuli were shown
simultaneously for 100 Ms.
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2.3.1. Experiment 1

Experiment 1 investigated the influence of size or density adaptation on the perceived
spatial distance of two simultaneously flashing dots. In baseline sessions, a fixation point
(0.5 dva × 0.5 dva) was presented continuously throughout all experimental sessions in
the screen’s center, and participants were required to keep their gaze directed at it. After
1000 ms, a probe stimulus was shown on the right side of the screen (stimulus center: x:
10 dva, y: 0 dva), and simultaneously, a standard stimulus was shown on the left side
(stimulus center: x: −10 dva, y: 0 dva). The probe and reference stimuli each consisted
of two dots (radius: 0.25 dva). Both stimuli were shown for 100 ms. The orientation of
the probe and the reference dot pairs was identical on a given trial but randomly selected
across trials out of 4 possible orientations (0–180 dva in steps of 45 dva). The change in
orientation for the dot pairs served to avoid the repetition of the same orientation across the
trials, and it was not analyzed separately. In all trials, the distance between the reference
dots was either 4 dva or 12 dva, and the distance between the probe dots was randomly
selected across the trials (−1.5 dva—1.5 dva + reference dot distance, in 7 equidistant steps,
each presented 10 times). After the disappearance of the probe dot pair, participants were
required to report if the probe pair distance was bigger on the left or right side by pressing
the corresponding arrow keys on the computer keyboard. Then, the next trial started.

Adaptation sessions were measured after the baseline sessions. In adaptation sessions,
trials started with the presentation of either a size (Figure 1A) or a density (Figure 1B)
adapter. The size adapter consisted of a rectangle (8 dva × 8 dva) and changed in lumi-
nance from white to black every 300 ms to avoid the creation of an afterimage. The density
adapter consisted of 50 dots (radius: 5 pixels) that were randomly positioned in an area
of 8 dva × 8 dva with a minimum distance of 0.75 dva between each other. Every 300 ms,
each dot was displaced by up to 0.3 dva in a random direction. The adapters were shown
for 5000 ms. After the adapter offset, the screen remained blank for 100 ms. Then, the probe
dot pair was presented on the right side simultaneously with the reference dot pair that was
shown on the left side. When the subject gave the response, the next trial started. In Experi-
ment 1, each subject completed 420 trials (70 for each psychometric function × 3 session
types (baseline, 4 dva, 12 dva dot distance) × 2 conditions (numerosity/density)). Each
psychometric function was measured in a separate experimental block.

2.3.2. Experiment 2

Experiment 2 tested whether the presentation of the size adapter border could suffice
to induce spatial mislocalization. To this end, adapter stimuli consisted of a single bar
(width: 10 dva, height: 0.25 dva), presented either at the position of the upper (x: 10 dva,
y: 4 dva) or the lower (x: 10 dva, y: −4 dva) border of the adapter stimulus that was
used in Experiment 1. Probe stimuli were identical to those of Experiment 1 with probe
pair distances of 4 dva and 12 dva. Except for the change in the adapter stimulus, the
procedure of Experiment 2 was identical to that in Experiment 1. Figure 2 shows the
configuration of small and large probe dot pair distances and the positions of the adapter
stimuli. Four adaptation conditions were tested in separate sessions as follows: (i) only
the lower bar, (ii) only the upper bar, (iii) both bars simultaneously, and (iv) both bars
simultaneously with a higher vertical eccentricity ((x: 10 dva, y: −8 dva) and (x: 10 dva,
y: 8 dva)). In Experiment 2, each subject completed 700 trials (70 for each psychometric
function × 4 session types × 2 conditions (numerosity/density) + 2 × 70 baseline trials).
Each psychometric function was measured in a separate experimental block.
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Figure 1. (A) Graphical illustration of the trials’ structure in Experiment 1. A trial started with the 
presentation of a size adapter (8 dva × 8 dva) for 5000 ms. After a blank of 100 ms, the probe and 
reference stimuli were shown simultaneously for 100 ms, consisting of a dot pair. The probe had a 
constant inter-dot distance of either 4 dva or 12 dva. (B) The procedure to measure distance 
judgments after density adaptation. The effects of size and density adaptation were measured in 
separate sessions. The density adapter consisted of 50 dots that were arranged relative to an invisible 
grid. Each dot was displaced randomly by 0.3 dva every 300 ms. Except for the features of the 
adapter stimulus, the procedure was identical as in (A).  
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Figure 1. (A) Graphical illustration of the trials’ structure in Experiment 1. A trial started with
the presentation of a size adapter (8 dva × 8 dva) for 5000 ms. After a blank of 100 ms, the probe
and reference stimuli were shown simultaneously for 100 ms, consisting of a dot pair. The probe
had a constant inter-dot distance of either 4 dva or 12 dva. (B) The procedure to measure distance
judgments after density adaptation. The effects of size and density adaptation were measured in
separate sessions. The density adapter consisted of 50 dots that were arranged relative to an invisible
grid. Each dot was displaced randomly by 0.3 dva every 300 ms. Except for the features of the adapter
stimulus, the procedure was identical as in (A).

2.3.3. Experiment 3

In Experiment 3, adapters were density stimuli consisting of random dots distributed
equally over a rectangular area (8 dva × 8 dva). Probe stimuli consisted of one single
dot per trial that had to be localized with a mouse pointer. As this experiment tested
absolute localization, no reference stimulus was shown. The probe dot appeared in one
of 8 possible locations (x: 2 dva, y: 0 dva), (x: 1 dva, y: 0 dva), (x: −1 dva, y: 0 dva),
(x: −2 dva, y: 0 dva),(x: 0 dva, y: 2 dva), (x: 0 dva, y: 1 dva), (x: 0 dva, y: −1 dva), (x:
0 dva, y: −2 dva). Probe locations were tested pseudo-randomly across the trials, and each
was repeated 10 times. In Experiment 2, each subject completed 160 trials (10 for each
location × 8 locations × 2 conditions (before/after adaptation)).
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Figure 2. Results of Experiment 1. (A) Example psychometric functions from the size adaptation 
experiment. Data in red show the results from a 4 dva dot pair distance, and data in green results 
from a 12 dva dot pair distance. (B) Example of psychometric functions from the density adaptation 
experiment. Same conventions as in 12 dva. (C) Single subject and average distance judgments for 
the probe dot pairs (4 dva and 12 dva) after size adaptation. Colored symbols show single-subject 
results and black disks show average results. Error bars are the standard error of the sample mean. 
The dashed line shows a comparison between the probe and reference pair measured at the baseline. 
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Figure 2. Results of Experiment 1. (A) Example psychometric functions from the size adaptation
experiment. Data in red show the results from a 4 dva dot pair distance, and data in green results
from a 12 dva dot pair distance. (B) Example of psychometric functions from the density adaptation
experiment. Same conventions as in 12 dva. (C) Single subject and average distance judgments for
the probe dot pairs (4 dva and 12 dva) after size adaptation. Colored symbols show single-subject
results and black disks show average results. Error bars are the standard error of the sample mean.
The dashed line shows a comparison between the probe and reference pair measured at the baseline.
(D) Single subject and average distance judgments for the probe dot pair after density adaptation.
Same conventions as in (C).
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3. Data Analysis

The responses for each experimental increment were averaged within each participant.
Each psychometric function was based on 70 trials (10 repetitions for each stimulus level).
Cumulative Gaussian functions were fitted to these psychometric data. The point of
subjective equality was chosen as the increment level at which the performance reached
50%. The mean and SEM were estimated across subjects.

4. Results

Participants judged the spatial distance between two probe dots after being exposed
to an adapter stimulus for 5000 ms. Distance estimates were indicated in comparison to a
reference stimulus that was presented in an opposite visual field that was not adapted. In
Experiment 1, a size adapter and a density adapter were used in separate sessions. The
adapters had a size of 8 × 8 dva. Figure 2A,B show psychometric functions for two example
observers. Data in red represent the results from trials in which the distance between the
probe dots was 4 dva, and data in green represent results from trials in which it was
12 dva. The abscissae show the difference in the distance of the physical probe dot pair
compared to the reference dot pair on the side that was not adapted. Negative numbers
indicate underestimations of the probe dot pair distance, and positive numbers indicate
overestimation. After size and density adaptation, both subjects shown in Figure 2A,B
judged the distance of the 4 dva probe dot pair to be smaller than the reference dot pair.
The 4 dva probe dot pair lies perfectly within the area of the adapter stimuli, whereas the
12 dva probe dot pair straddles the adapted area. Both participants judged the distance
of these latter stimuli to be larger than the reference stimuli. For observer S1, the size
adaptation effect produced a larger shift in the bias from the veridical (0 dva) of the 12 dva
probe dot pair than for the 4 dva probe dot pair. For observer S2, the 4 dva probe dot
pair was not affected by size adaptation, whereas the 12 dva probe dot pair shifted from
veridical. Density adaptation had almost no effect for the 4 dva probe dot pair and a
similar effect as size adaptation was observed for the 12 dva probe dot pair in observer
1. In observer 2, both the 4 dva and the 12 dva probe dot pair were affected by density
adaptation. Figure 2C,D show points of subjective equivalence (PSEs) for all observers
and the resulting average judgments. For size adaptation, all observers underestimated
the 4 dva dot distance and overestimated the 12 dva dot distance. These biases had nearly
the same magnitude. Similarly, after density adaptation, all observers underestimated the
4 dva dot distance, and all observers overestimated the 12 dva dot distance.

To estimate statistically whether visual adaptation evoked a bi-directional spatial
shift, I tested the results from the 4 dva and the 12 dva dot distances against their respec-
tive baselines with paired t-tests (size-adaptation 4 dva: t(5) = −4.55, p = 0.006; 12 dva:
t(5) = 5.18, p = 0.004; density adaptation: 4 dva: t(5) = −3.73, p = 0.014; 12 dva: t(5) = 9.20,
p = 0.0003). The effect sizes were d = 0.92 for size adaptation and d = 1.09 for density
adaptation. The results from Experiment 1 show that adaptation influenced spatial dis-
tance judgments. However, since these effects were similarly strong for size and density
adaptation, they did not determine if a particular feature of the respective adapters was
responsible for the effect. As the density adapter also had a definite size, judgments might
be biased only by adaptation to size.

Adaptation-induced object repulsion is bi-directional. The sign of the repulsion di-
rection depends on the position of the probe object relative to the adapter outline. In this
interpretation, spatial compression inside the adapted area was the consequence of a dot
pair that was flanked by adapter stimulus borders. However, in conditions where the dis-
tance between the object pair extended, the adapter stimulus outline fell between the two
dots. To test the hypothesis that only the adapter outline was relevant for object repulsion
to occur, in Experiment 2, a single bar was presented. This bar was shown at either the
upper or lower vertical location of the adapters used in Experiment 1 (see Figure 2). For
both adapter locations, a 4 dva and a 12 dva dot pair distance was tested. As can be seen in
Figure 3A,B, for the upper and lower bar, object repulsion could only be observed for the
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12 dva dot pair distance but not for the 4 dva dot pair distance. The statistical significance
of post-adaptation spatial estimates was tested using paired t-tests against the baseline
performance (lower bar 4 dva: t(3) = 1.19, p = 0.32; 12 dva: t(3) = 4.44, p = 0.02; upper bar:
4 dva: t(3) = 0.23, p = 0.83 12 dva: t(3) = 3.49, p = 0.04).
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Figure 3. Results of Experiment 2. (A) Single subject (colored symbols) and average distance
judgments (shown in black) for the probe dot pair after adaptation to the upper bar. Error bars
are the standard error of the sample mean. The dashed line shows a comparison between the
probe and reference pair measured at the baseline. (B) Single subject (colored symbols) and average
distance judgments (shown in black) for the probe dot pair after adaptation to the lower bar. The
same conventions as in 3A. (C) Single subject (colored symbols) and average distance judgments
(shown in black) for the probe dot pair after adaptation to the lower and the upper bar are presented
simultaneously. The same conventions as in 3A. (D) Single subject (colored symbols) and average
distance judgments (shown in black) for the probe dot pair after adaptation to the lower and the
upper bar presented simultaneously at a higher eccentricity. The same conventions as in (A).

If object repulsion via lines works only for objects presented in the periphery (dot
pair—distance: 12 dva), it does not explain why size or density adapters also shrink
from the distance of dot pairs presented in the foveal region. To examine this issue more
closely, in Experiment 2, I presented the upper and lower bar simultaneously in order to
mimic the horizontal lines of the size or density adapters (see Figure 3C). Indeed, with this
adapter stimulus, I found significant shrinkage for the small dot pair distances (t(3) = −9.65,
p = 0.002) and the significant expansion of large dot pair distances (t(3) = 6.49, p = 0.007).

Why are dot pair distances more susceptible to adaptation if they are placed outside
the adapter region? The following two factors might play a role: the absolute eccentricity of
the probe stimuli or the distance between the adapter and probe stimulus. The first factor,
i.e., the absolute eccentricity, is likely relevant because many adaptation effects are stronger
in the periphery [18–26]. The second factor, i.e., the distance between the adapter and probe
stimulus, has been suggested by [12]. To dissociate both factors, I presented the upper
and lower bar simultaneously with a relative distance of 14 dva. Under this condition,
both probe dot pairs, the small and the large distance, were flanked by the adapter stimuli.
However, the distance to the adapter stimulus was higher for the small than for the large
probe dot pairs. With this stimulus setup, I found significant spatial shifts for both the small
(t(3) = −4.86, p = 0.016) and the large (t(3) = −13.58, p < 0.001) probe dot pair distances (see
Figure 3D).

For the probe stimuli used so far, subjects had to compare the relative distances
between dots. In Experiment 3, I aimed to assess whether adaptation changed absolute
spatial positions. To this end, subjects were asked to indicate the perceived positions of
probe dots with a mouse pointer. Figure 4A shows average localization in Experiment 3
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before (shown in black) and after adaptation (shown in red). An adaptive shift can be seen
for dots spread along the vertical meridian (x,y coordinates: 0, −2; 0, −1; 0, 1; 0, 2). After
adaptation, the dots in the upper and the lower visual fields were perceived to be shifted
more inward compared to dots measured before the adaptation. This pattern is consistent
with a repulsion of dot positions from the adapter border. By contrast, dots spread along
the horizontal meridian (x,y coordinates: −2, 0; −1, 0; 1, 0; 2, 0) did not appear to shift
repulsively. For the vertical localization component, a non-parametric repeated measures
ANOVA with the factors adaptation (before/after) and probe positions (eight positions)
confirmed a significant interaction between the factors of adaptation and probe positions
(F(7,35) = 2.452, p = 0.037). No significant main effect was found (adaptation: F(1,5) = 2.519,
p = 0.703; probe positions: F(7,35) = 1.259, p = 0.298). No significant effect was found in
the horizontal localization component (adaptation: F(1,5) = 2.52, p = 0.173, probe positions:
F(7,35) = 1.189, p = 0.333, interaction: F(7,35) = 1.987, p = 0.085).
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Figure 4. Results of Experiment 3. (A) The average localization of probe dots before (black disks) and
after adaptation (red disks). Error bars are the standard error of the sample mean. The dashed line
indicates the borders of the adapter. (B) Average standard deviations for horizontal localizations
of probe positions. The same conventions as in 4A. (C) Average standard deviations for vertical
localizations of probe positions. The same conventions as in (A).

A reason for the absence of an effect in the horizontal component might be the higher
variance in that orientation (see Figure 4B,C). A non-parametric repeated measures ANOVA
on the variances with factor orientation (horizontal/vertical), adaptation (before/after)
and probe positions (8 positions) revealed the significant main effect of the factor orien-
tation (F(1,5) = 35.938, p = 0.002), adaptation (F(1,5) = 10.633, p = 0.022) and a significant
two-way interaction effect (F(1,5) = 20.918, p = 0.006) between orientation and adapta-
tion. The factor positions (F(7,35) = 1.274, p = 0.292) and the remaining interactions (posi-
tions/adaptation: F(7,35) = 0.976, p = 0.464) positions/orientation: F(7,35) = 0.558, p = 0.785
positions/adaptation/orientation: F(7,35) = 1.487, p = 0.204) were not significant.



Vision 2023, 7, 73 9 of 11

5. Discussion

In this study, I found that both size and density adaptation induced a bi-directional
spatial repulsion. Two objects were either placed inside the adapted area or straddled the
adapted area. When presented inside the adapted area, objects were perceived to be closer
to each other. When straddling the adapted area, the distance between the objects expanded.
Spatial expansion aftereffects were stronger than spatial compression. These effects can be
explained by the repulsion of objects from the border of the adapter stimuli. To test this
hypothesis, I presented a single bar as an adapter. This stimulus produced adaptive spatial
shifts for large but not for small object distances. With two bar adapters that mimicked both
the vertical border of the size or density adapters, repulsion was observed for both distances.
Two factors might be responsible for this difference as follows: first, the eccentricity of the
probes and, therefore, the activation of more peripheral retinal regions, and second, the
distance of the probes to the adapter stimuli. The first hypothesis is likely because visual
adaptation is known to generate stronger aftereffects in the periphery, including tilt afteref-
fects [18,19], motion aftereffects [20,21], shape aftereffects [22,23], face aftereffects [24,25]
and contrast aftereffects [26]. Under the second hypothesis, adaptation might be absent (as
it was in Experiment 2) because stimuli are presented closer to the adapter, as has already
been proposed by [12]. This idea could be directly tested by repeating the experiment
with adapters placed farther into the periphery. With this manipulation, the small and
the large probe distances were flanked by the adapters. Although these two probe pairs
had different distances to the adapter stimuli, the spatial repulsion magnitude was almost
identical for both probe pairs. Thus, data demonstrate that visual adaptation produces
spatial repulsion across the visual field that grows in the periphery. A further experiment,
in which subjects localized probes with the mouse cursor, confirmed that adaptation did
not only affect relative object distances but absolute spatial localization.

Changes in apparent size and position following the presentation of smaller or larger
objects were first demonstrated in classical studies on figural aftereffects [12,13]. Ganz [27]
later argued that repulsive aftereffects resulted from the presence of an afterimage. My
experiments rule out this hypothesis. The adapter stimulus in the current study changed
luminance every 300 ms to avoid the induction of an afterimage. Yet, repulsion was still
observed. Changes in perceived density have been suggested recently as cues for spatial
shifts based on the finding that adaptation to a visual texture induces compression for the
apparent distance of two dots [17]. In the current study, I replicated these findings and
showed that, as for size adaptation, object distances compress when presented inside the
adapted area and expand when straddling the adapted area. Explaining this bi-directional
spatial aftereffect with changes in perceived density requires the apparent density to
decrease inside the adapted area and increase adjacent to it. Otherwise, density adaptation
cannot explain the expansion of object distances. Thus, changes in density perception
cannot account for the bi-directionality of visual shifts. It has been reported recently that
density adaptation can induce bi-directional shifts when probe and reference stimuli are
presented sequentially and not simultaneously [28]. Density adapters, like most other
visual feature adapters, produce negative aftereffects. In order to obtain an increase in
perceived density in the probe stimulus, the adapter stimulus has to be presented with
a lower density than the probe stimulus. However, in my study, the very same adapter
density induced a bi-directional spatial shift. The direction of effects between density
adaptation and spatial perception was, thus, dissociated by this experiment.

Adaptation to the border of a size adapter can easily explain bi-directionality. It is
known that adaptation to size is followed by a bi-directional repulsion of the test stimuli.
Objects that are smaller than the adapter appear compressed, and objects larger than
the adapter appear to be expanded. A population of neurons encoding size might alter
our ability to judge spatial distances between objects. However, this interpretation is
hindered by the finding that absolute spatial positions are also affected by visual adaptation.
Experiment 2 of the current study showed that a single bar, which mimicked the borders
of size adapters, was sufficient to induce object repulsion. The easiest explanation for
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spatial repulsion is, therefore, an adaptive distortion in a labeled line code of visual space.
Bi-directional spatial repulsion is consistent with fatigue models of adaptation. These
models suggest that adaptation reduces the firing rate of those neurons in a population
of narrowly tuned feature-selective channels that are most sensitive to the features of the
adapter stimulus [6]. This selective reduction explains negative aftereffects in which the
probe object’s appearance is repelled from that of the adapter stimulus. The same rationale
can be applied to a population of neurons representing visual space. Adaptation to a border
or a bar might transitorily depress neuronal firing at the adapted location. This depression
can lead to a shrinkage in space at the adapted position and a stretching of space close to
the adapted location.

Spatial repulsion following adaptation has also been found in other sensory domains
as follows: adaptation to an auditory stimulus presented with a time delay at one of the
ears leads probe sounds to be mislocalized in the opposite direction than the adapter [29].
Prolonged exposure to vibro-tactile stimulation led to an overestimation of the separation
of tactile impulses that straddled the adapted region [30].

A limitation of the current study is that ocular fixation was not controlled. Eye move-
ments during the adaptation period might have reduced the amount of visual adaptation.
Likewise, eye movements during the presentation of the probe stimuli might affect the
aftereffect strength. However, there is no reason why eye movements should distort certain
conditions selectively. In other words, the potential confound of eye movements can affect
conditions in a similar manner.

A previous study has demonstrated that size adaptation affects perceived numeros-
ity [31]. When the size adapter is smaller than a cloud of dots, observers overestimated
the number of dots and vice versa for a size adapter that was bigger than the dot cloud.
Bi-directional object repulsion provides an intuitive explanation for this finding. An adapter
smaller than the cloud repels dots from each other, leading to the impression of more dots
as objects occupying an area that is more extended in the visual field and which appears
more numerous [32]. Density judgments are not affected by size adaptation [31], suggesting
that density estimates are derived from a neural representation that is independent of the
adaptation effect, probably in extra-striae areas [33–36]. This is consistent with the findings
in the present study, showing that density adaptation is not responsible for repulsive effects
on space.

All these experiments demonstrate that visual adaptation affects apparent space by
inducing a repulsive aftereffect in localization. Spatial repulsion of objects through lines is
sufficient to explain adaptive spatial distortions in visual adaptation.

Funding: This research received no external funding.

Institutional Review Board Statement: Experimental procedures were approved by the local ethics
committee of the psychological department of the Heinrich-Heine University Düsseldorf (related to
grant number 757184, on 4.9.2017). Written informed consent was obtained prior to each experiment
in accordance with the declaration of Helsinki.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data used for this publication have been deposited into the Open
Science Foundation repository: https://osf.io/9yevd/?view_only=d5d1040f63a64078a6e8ce6f968d2
fa4, accessed on 16 April 2020.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Webster, M.A. Visual Adaptation. Annu. Rev. Vis. Sci. 2015, 1, 547–567. [CrossRef] [PubMed]
2. Wohlgemuth, A. On the after-effect of seen movement. Br. J. Psychol. Monogr. Suppl. 1911, 1, 1–117.
3. Lawson, R.P.; Clifford, C.W.G.; Calder, A.J. About turn: The visual representation of human body orientation revealed by

adaptation. Psychol. Sci. 2009, 20, 363–371. [CrossRef]
4. Exner, S. Entwurf zu Einer Physiologischen Erklärung der Psychischen Erscheinungen. I. Theil; Franz Deuticke: Wien, Austria, 1894.
5. Sekuler, R.; Pantle, A. A model for after-effects of seen movement. Vis. Res. 1967, 7, 427–439. [CrossRef] [PubMed]

https://osf.io/9yevd/?view_only=d5d1040f63a64078a6e8ce6f968d2fa4
https://osf.io/9yevd/?view_only=d5d1040f63a64078a6e8ce6f968d2fa4
https://doi.org/10.1146/annurev-vision-082114-035509
https://www.ncbi.nlm.nih.gov/pubmed/26858985
https://doi.org/10.1111/j.1467-9280.2009.02301.x
https://doi.org/10.1016/0042-6989(67)90050-8
https://www.ncbi.nlm.nih.gov/pubmed/5613304


Vision 2023, 7, 73 11 of 11

6. Graham, N.V.S. Visual Pattern Analyzers; Oxford University Press: New York, NY, USA, 1989.
7. Carandini, M.; Ferster, D. A tonic hyperpolarization underlying contrast adaptation in cat visual cortex. Science 1997, 276, 949–952.

[CrossRef] [PubMed]
8. Gibson, J.J. Adaptation with negative after-effect. Psychol. Rev. 1937, 44, 222–244. [CrossRef]
9. Barlow, H.B.; Foldiak, P. Adaptation and decorrelation in the cortex. In The Computing Neuron; Durbin, R., Miall, C., Mitchison,

G.J., Eds.; Addison-Wesley: Wokingham, UK, 1989; pp. 54–72.
10. Simoncelli, E.P.; Olshausen, B.A. Natural image statistics and neural representation. Annu. Rev. Neurosci. 2001, 24, 1193–1216.

[CrossRef]
11. Clifford, C.W.; Webster, M.A.; Stanley, G.B.; Stocker, A.A.; Kohn, A.; Sharpee, T.O.; Schwartz, O. Visual adaptation: Neural,

psychological and computational aspects. Vision Res. 2007, 47, 3125–3131. [CrossRef]
12. Köhler, W.; Wallach, H. Figural aftereffects; an investigation of visual processes. Proc. Am. Philos. Soc. 1944, 88, 269–357.
13. Sagara, M.; Oyama, T. Experimental studies on figural after-effects in Japan. Psychol. Bull. 1957, 54, 327–338. [CrossRef]
14. Blakemore, C.; Sutton, P. Size adaptation: A new aftereffect. Science 1969, 166, 245–247. [CrossRef] [PubMed]
15. Pooresmaeilie, A.; Arrighi, R.; Biagi, L.; Morrone, C.M. Blood Oxygen Level -Dependent Activation of the Primary Visual Cortex

Predicts Size Adaptation Illusion. J. Neurosci. 2013, 33, 15999–16008. [CrossRef] [PubMed]
16. Zeng, H.; Kreutzer, S.; Fink, G.R.; Weidner, R. The source of visual size adaptation. J. Vis. 2017, 17, 8. [CrossRef]
17. Hisakata, R.; Nishida, S.; Johnston, A. An Adaptable Metric Shapes Perceptual Space. Curr. Biol. 2016, 26, 1911–1915. [CrossRef]

[PubMed]
18. Harris, J.P.; Calvert, J.E. The tilt after-effect: Changes with stimulus size and eccentricity. Spat. Vis. 1985, 1, 113–129. [CrossRef]
19. Muir, D.; Over, R. Tilt aftereffects in central and peripheral vision. J. Exp. Psychol. 1970, 85, 165–170. [CrossRef]
20. Castet, E.; Keeble, D.R.; Verstraten, F.A. Nulling the motion aftereffect with dynamic random-dot stimuli: Limitations and

implications. J. Vis. 2002, 2, 302–311. [CrossRef]
21. Wright, M.J. Apparent velocity of motion aftereffects in central and peripheral vision. Perception 1986, 15, 603–612. [CrossRef]
22. Gheorghiu, E.; Kingdom FA, A.; Bell, J.; Gurnsey, R. Why do shape aftereffects increase with eccentricity? J. Vis. 2011, 11, 1–21.

[CrossRef]
23. Suzuki, S.; Cavanagh, P. A shape-contrast effect for briefly presented stimuli. J. Exp. Psychol. Hum. Percept. Perform. 1998, 24,

1315–1341. [CrossRef]
24. Tangen, J.M.; Murphy, S.C.; Thompson, M.B. Flashed face distortion effect: Grotesque faces from relative spaces. Perception 2011,

40, 628–630. [CrossRef] [PubMed]
25. Webster, M.A.; Kaping, D.; Mizokami, Y.; Duhamel, P. Adaptation to natural facial categories. Nature 2004, 428, 558–561.

[CrossRef] [PubMed]
26. Gao, Y.; Webster, M.A.; Jiang, F. Dynamics of contrast adaptation in central and peripheral vision. J. Vis. 2019, 19, 23. [CrossRef]
27. Ganz, L. Mechanism of the figural aftereffects. Psychol. Rev. 1966, 73, 128–150. [CrossRef] [PubMed]
28. Sun, H.C.; Kingdom, F.A.A.; Baker, C.L., Jr. Texture density adaptation can be bidirectional. J. Vis. 2017, 17, 9. [CrossRef]

[PubMed]
29. Thurlow, W.R.; Jack, C.E. Some determinants of localization-adaptation effects for successive auditory stimuli. J. Acoust. Soc. Am.

1973, 53, 1573–1577. [CrossRef] [PubMed]
30. Li, L.; Chan, A.; Iqbal, S.M.; Goldreich, D. An Adaptation-Induced Repulsion Illusion in Tactile Spatial Perception. Front. Hum.

Neurosci. 2017, 11, 331. [CrossRef]
31. Zimmermann, E.; Fink, G.R. Numerosity perception after size adaptation. Sci. Rep. 2016, 6, 32810. [CrossRef]
32. Ponzo, M. Urteilstäuschungen über Mengen. Arch. Gesamte Psychol. 1928, 65, 129–162.
33. Baker, C.L.; Mortin, C.L.; Prins, N.; Kingdom, F.A.A.; Dumoulin, S. Visual cortex responses to different texture-defined boundaries:

An fMRI study. J. Vis. 2006, 6, 209. [CrossRef]
34. Cant, J.S.; Goodale, M.A. Attention to form or surface properties modulates different regions of human occipitotemporal cortex.

Cereb. Cortex 2007, 17, 713–731. [CrossRef] [PubMed]
35. Cant, J.S.; Large, M.E.; McCall, L.; Goodale, M.A. Independent processing of form, colour, and texture in object perception.

Perception 2008, 37, 57–78. [CrossRef] [PubMed]
36. Kastner, S.; De Weerd, P.; Ungerleider, L.G. Texture segregation in the human visual cortex: A functional MRI study. J. Neurophysiol.

2000, 83, 2453–2457. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1126/science.276.5314.949
https://www.ncbi.nlm.nih.gov/pubmed/9139658
https://doi.org/10.1037/h0061358
https://doi.org/10.1146/annurev.neuro.24.1.1193
https://doi.org/10.1016/j.visres.2007.08.023
https://doi.org/10.1037/h0048995
https://doi.org/10.1126/science.166.3902.245
https://www.ncbi.nlm.nih.gov/pubmed/5809598
https://doi.org/10.1523/JNEUROSCI.1770-13.2013
https://www.ncbi.nlm.nih.gov/pubmed/24089504
https://doi.org/10.1167/17.14.8
https://doi.org/10.1016/j.cub.2016.05.047
https://www.ncbi.nlm.nih.gov/pubmed/27426520
https://doi.org/10.1163/156856885x00134
https://doi.org/10.1037/h0029509
https://doi.org/10.1167/2.4.3
https://doi.org/10.1068/p150603
https://doi.org/10.1167/11.14.18
https://doi.org/10.1037/0096-1523.24.5.1315
https://doi.org/10.1068/p6968
https://www.ncbi.nlm.nih.gov/pubmed/21882726
https://doi.org/10.1038/nature02420
https://www.ncbi.nlm.nih.gov/pubmed/15058304
https://doi.org/10.1167/19.6.23
https://doi.org/10.1037/h0022952
https://www.ncbi.nlm.nih.gov/pubmed/5324743
https://doi.org/10.1167/17.8.9
https://www.ncbi.nlm.nih.gov/pubmed/28719913
https://doi.org/10.1121/1.1913505
https://www.ncbi.nlm.nih.gov/pubmed/4719254
https://doi.org/10.3389/fnhum.2017.00331
https://doi.org/10.1038/srep32810
https://doi.org/10.1167/6.6.209
https://doi.org/10.1093/cercor/bhk022
https://www.ncbi.nlm.nih.gov/pubmed/16648452
https://doi.org/10.1068/p5727
https://www.ncbi.nlm.nih.gov/pubmed/18399248
https://doi.org/10.1152/jn.2000.83.4.2453
https://www.ncbi.nlm.nih.gov/pubmed/10758146

	Introduction 
	Methods Section 
	Participants 
	Apparatus 
	Trial Structure of Experiments 
	Experiment 1 
	Experiment 2 
	Experiment 3 


	Data Analysis 
	Results 
	Discussion 
	References

