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CHAPTER 4
Predictive spatial masking

through system-wide
recon�guration of neural

population properties in the
human visual cortex

The following chapter is based on:

Carvalho J, Renken RJ and Cornelissen FW.2020 Predictive spatial masking through
system-wide recon�guration of neural population properties in the human visual
cortex.Under Review
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Chapter 4

Abstract

The human visual system masks the perceptual consequences of retinal or cortical lesion-
induced scotomas by predicting what is missing from nearby regions of the visual �eld.
To reveal the neural mechanisms underlying this remarkable capacity, known as predic-
tive masking, we used fMRI and neural modeling to track changes in cortical population
receptive �elds (pRFs) and connectivity in response to the introduction of an arti�cial
scotoma (AS). We �nd that throughout the visual �eld and hierarchy, pRFs shifted their
preferred position towards the AS border. Moreover, consistent with predictive masking,
extrastriate areas in particular reweighted their sampling of the V1 region towards in-
formation from outside the AS projection zone (ASPZ). This suggests that a system-wide
recon�guration of neural populations in response to a change in visual input is guided by
extrastriate signals and underlies the predictive masking of scotomas.
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4.1 Introduction

When the information extracted from a visual scene is incomplete, the visual system
attempts to predict what is missing based on information from nearby regions of the
visual �eld. A remarkable perceptual consequence is the masking of retinal lesions,
which makes patients remain unaware of their partial loss of vision. Consequently,
such masking often results in delayed diagnosis and treatment (Hoste, 2003; Smith et
al., 2012) of such lesions. The underlying process to which we will refer to as predictive
masking (PM), also plays a prominent role in healthy perception, e.g evident from the
masking of the blind spot, the receptorless area of the retina where the optic nerve leaves
the eye, and from many visual illusions in which color, brightness, or textures spread
into and mask neighbouring regions of the visual �eld (Komatsu, 2006; Pessoa and De
Weerd, 2003). Consequently, the process is sometimes also popularly referred to by this
behavioral manifestation as “�lling-in”.

Despite the scienti�c and clinical relevance of PM, its underlying neuronal mechanisms
are still poorly understood. Human and animal physiology studies into PM and studies
of the neural consequences of retinal lesions have shown receptive �eld (RF) expansion
and shifts in RF preferred position towards spared portions of the visual �eld (Baker
et al., 2005; Dilks et al., 2009; Gilbert and Wiesel, 1992; Pettet and Gilbert, 1992; Schu-
macher et al., 2008). However, such RF changes also occur following simulated scotomas,
thus suggesting that these changes may not result from structural plasticity (Baseler et
al., 2011; Haak et al., 2012; Papanikolaou et al., 2015). Indeed, the observed RF changes
may be an indirect consequence of a modulation in the responses of neurons in the sco-
toma projection zone, possibly caused by gain adjustments that reduce the feedforward
information (Das and Gilbert, 1995; Parks and Corballis, 2012; Tremere et al., 2003; Weil
et al., 2008), a downregulation of inhibition (Smirnakis et al., 2005), or a change in feed-
back from higher order areas with large RFs (De Weerd et al., 2006; Harrison et al., 2019;
Mendola et al., 2006; Weil et al., 2007).

The changes in RF properties have led to the controversial hypothesis that predictive
masking is explained by neurons modifying their receptive �eld properties (Pettet and
Gilbert, 1992). However, the precise neural basis of PM remains unknown. In addition,
previous studies assumed that PM is a local process restricted to the scotoma projection
zone, so they focused on the scotoma projection zone and the early visual cortex. How-
ever, if PM is a consequence of functional changes (changes in gain), we would expect
neurophysiological modi�cations to occur both inside and outside the scotoma projec-
tion zone and throughout the visual hierarchy. In the present study, we therefore tested
the hypothesis that PM involves a global recon�guration of RFs and their connectivity.
Speci�cally, in analogy to the behavioral phenomenon, we expect that in the cortical
region responsible for PM, the neural mechanisms within the scotoma projection zone
should show a decreased reliance on information from within the scotoma projection
zone and an increased reliance on the information from outside of it. If this hypothesis
is con�rmed, we could create more accurate models of visual perception and improve
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diagnostic methods for patients with visual �eld defects.

To test our hypothesis, we used functional MRI in combination with biologically-inspired
neural population modeling to track changes in RF properties and cortical connectivity
following the introduction of an arti�cial scotoma (AS) into the visual �eld of human
participants (thus mimicking a lesion to their visual system). We modeled the observed
changes in pRF preferred position using a gain �eld model and we examined how cor-
tical connections between recording sites (connective �eld size) changed in response to
the AS.

4.2 Materials and Methods

4.2.1 Participants and Ethics statement

Seven participants (3 females; average age: 28; age-range: 26–32) with normal or corrected-
to-normal vision were included in the study. The participants indicated that they under-
stood the instructions. Prior to participation, participants signed an informed consent
form. Our study was approved by the Medical Ethical Review Board of the Univer-
sity Medical Center of Groningen, and conducted in accordance with the Declaration of
Helsinki.

4.2.2 Data acquisition

Stimuli were presented on an MR compatible display screen (BOLDscreen 24 LCD; Cam-
bridge Research Systems, Cambridge, UK). The screen was located at the head-end of the
MRI scanner. Participants viewed the screen through a tilted mirror attached to the head
coil. Distance from the participant’s eyes to the display (measured through the mirror)
was 120 cm. Screen size was 22x14 deg. The maximum stimulus radius was 7 deg of vi-
sual angle. Visual stimuli were created using MATLAB (Mathworks, Natick, MA, USA)
and the Psychtoolbox (Brainard, 1997; Pelli, 1997).

4.2.3 Stimuli

Retinotopic mapping was performed under three di�erent stimulus conditions: a con-
ventional retinotopy stimulus based on luminance contrast (LCR) used for delineating
visual areas, an arti�cial scotoma stimulus (AS+) and a control stimulus identical to
AS+ but without the arti�cial scotoma (AS-), Figure 4.1. The stimuli used in the two
AS conditions were designed to stimulate the low spatial frequency selective neurons
predominantly. The low spatial frequency carries coarse information about the visual
scene and it is presumably encoded mainly by neurons with large RFs (Chen et al., 2009;
Enroth-Cugell and Freeman, 1987). This is expected to facilitate PM. The AS- and AS+
conditions were used to de�ne the pRFs size and preferred position for each voxel.
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LCR AS-

AS+

A B

C
Figure 4.1 Example of the stimuli used to obtain pRF parameter estimates. A: LCR; B: AS-,
C: AS+, for visualization purposes the AS are outlined with a dashed red line. NB: This red dashed
line was not presented to the participants.

4.2.3.1 Luminance-contrast de�ned retinotopy (LCR)

LCR consists of a drifting bar aperture de�ned by high-contrast �ickering texture (Du-
moulin and Wandell, 2008). The bar aperture, i.e. alternating rows of high-contrast lu-
minance checks drifting in opposite directions, moved in 8 di�erent directions (four bar
orientations: horizontal, vertical and the two diagonal orientations), with two opposite
drift directions for each orientation (Figure 4.1A). The bar moved across the screen in
16 equally spaced steps each lasting 1 TR. The bar contrast, width and spatial frequency
were 100%, 1.75 and 0.5 cycles per degree, respectively. After 24 steps (one pass and a
half), 12 s of a blank full screen stimulus at mean luminance was presented.

4.2.3.2 Arti�cial Scotoma (AS) conditions

The stimuli used in the two AS conditions were adapted from the LCR stimulus. More
speci�cally, the bar and background could be distinguished from each other only on the
basis of their spatial frequency (Figure 4.1B). The AS- condition served as the control
condition for the AS+ condition that contained the actual scotoma. The bar’s movement
directions and orientations matched those of the LCR condition. The width of the bar
aperture was 3 degrees. The bar content was dynamic white-noise band passed �ltered
at frequencies from 0 to 2 cycles per degree (cpd). The background consisted of dynamic
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white spatial frequency band passed from 2 to 4 cpd. The long edges of the bar were
smoothed using an exponential mask. The formula for this mask was: = e−

r f
2 , where r

is the distance to the center-line of the bar, and f the mask factor. The value of f was
�xed at 4. The bar moved at a speed of 0.46 deg/sec. The AS- condition was used to de�ne
a baseline preferred position and size of the pRF for each voxel. The AS+ condition was
similar to AS- (with equal bar aperture size, movement and spatial frequency). Four ASs
were superimposed on the dynamic noise background (see Figure 4.1C). The scotomas
were centered at each quarter �eld at 4.5 deg of eccentricity. Each AS consisted of 2.5 deg
radius disc tapered by an exponential mask at the edges, similar to the masking of the bar:
= e−

r f
2 , where, r is the distance from the center of the scotoma and f is �xed at a value of

four, as before. Preceding each run was a one-minute adaptation period during which the
participants viewed only the background with the AS superimposed while performing
the �xation attentional task. In psychophysical experiments, performed prior to the
fMRI scans, we determined that this period was su�cient to induce �lling-in (see Figure
S4.7).

4.2.3.3 Attentional Task

During scanning, participants were required to perform a �xation task in which they
had to press a button each time the �xation point turned from green to red. The average
performance on this task was above 86% for all the conditions. The task performance
per condition is shown in Table S4.1.

4.2.4 MRI scanning and preprocessing

Scanning was carried out on a 3 Tesla Siemens Prisma MR-scanner using a 64-channel
receiving head coil. A T1-weighted scan (voxel size, 1mm3; matrix size, 256 x 256 x 256)
covering the whole brain was recorded to chart each participant’s cortical anatomy. The
functional scans were collected using standard EPI sequence (TR, 1500 ms; TE, 30 ms;
voxel size, 3mm3, �ip angle 80; matrix size, 84 x 84 x 24). Slices were oriented to be
approximately parallel to the calcarine sulcus. For the retinotopic scans LCR and AS- a
single run consisted of 136 functional images (duration of 204 s) and for AS+ a single
run consisted on 168 functional images (252 s).

The T1-weighted whole-brain anatomical images were reoriented in AC-PC space. The
resulting anatomical image was automatically segmented using Freesurfer (Dale et al.,
1999) and subsequently edited manually. The cortical surface was reconstructed at the
gray/white matter boundary and rendered as a smoothed 3D mesh (Wandell et al., 2000).

The functional scans were analyzed in the mrVista software package for MATLAB (avail-
able at http://white. stanford.edu/software). Head movements between and within func-
tional scans were corrected (Nestares and Heeger, 2000). The functional scans were
averaged and co-registered to the anatomical scan (Nestares and Heeger, 2000), and in-
terpolated to a 1mm isotropic resolution. Drift correction was performed by detrending
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the BOLD time series with a discrete cosine transform �lter with a cuto� frequency of
0.001Hz. To avoid possible saturation e�ects, initial images were discarded for the LCR
and AS- (8 TRs). For the AS+ condition the 40 initial conditions were discarded(40 TRs).
Note that the full 60 seconds adaptation period was removed for the AS+.

4.2.5 Experimental procedure

Each participant completed two fMRI sessions of approximately 1.5 h. In the �rst fMRI
session, 5 participants were subjected to the anatomical scan and LCR, and they per-
formed the AS- experiment (6 runs, 3.4 min each). In the second fMRI session, the AS+
experiment (6 runs, 4.2 min each) was performed. To mitigate the possibility that di�er-
ences between conditions (AS + and AS-) would result from the acquisition in di�erent
sessions, these were performed for 2 participants (S06 and S07) in the same session.

4.2.6 Visual �eld mapping: pRF modeling

The pRF analysis was performed using both conventional pRF mapping (Dumoulin and
Wandell, 2008) and a custom implementation of the Monte Carlo Markov Chain (MCMC)
Bayesian pRF approach (Adaszewski et al., 2018; Zeidman et al., 2018). In the conven-
tional method, a 2D-gaussian model was �tted with parameters: center (x0, y0) and size
(σ - width of the Gaussian) for each voxel. All the parameter units are in degrees of
visual angle and are stimulus-referred. We used SPM’s canonical Haemodynamic Re-
sponse Function (HRF) model. The conventional pRF estimation was performed using
the mrVista (VISTASOFT) Matlab toolbox. The Bayesian pRF approach enables the es-
timation of the uncertainty associated with each pRF parameter. The uncertainty was
de�ned by the 25% and 75% quantiles of the estimated distribution.

In both approaches, the data was thresholded by retaining the pRF models that explained
at least 15% of the variance. Furthermore, the functional responses to LCR, AS- and AS+
were analyzed using the FF model. The AS+ condition was also analyzed using the SF
model (Figure 4.2 A).

4.2.7 ROI and Arti�cial Scotoma Projection Zones de�nition

The cortical borders of visual areas were derived based on phase reversal, obtained with
the conventional pRF model using the classical LCR stimulus. Per observer, six visual
areas (V1, V2, V3, V4, LO1 and LO2) were manually delineated on the in�ated cortical
surface.

Based on the pRF estimates obtained with the AS- condition, the ASPZ was de�ned as
the voxels for which the pRF was completely contained within the AS regions of the
visual �eld.
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4.2.8 Gain Field model

The in�uence of the AS on the pRF’s preferred position and size was modeled as a
gain �eld (GF), i.e., the multiplication of two Gaussian components (Klein et al., 2014;
Reynolds and Heeger, 2009; Womelsdorf et al., 2008, 2006). In our study, the �rst Gaus-
sian component corresponded to the pRF estimated in the AS- condition (µAS−,σAS−).
The second Gaussian component corresponded to the GF (µGF ,σGF ) elicited by the AS:
it represented the in�uence of the AS on the pRF’s preferred position. The GF was cen-
tered on the border of the AS at the point nearest to the original pRF location (Figure
4.2). The product of these two components resulted in a third Gaussian (µpAS+,σpAS+),
that represented the predicted pRF in the AS+ condition. Equations 4.1 and 4.2 show
how the properties of the third Gaussian were derived.

µpAS+ = (
µpAS− ∗ σ

2
GF + µGF ∗ σ

2
AS−

σ 2
GF + σ

2
AS−

) (4.1)

σpAS+ = (
σ 2
GF ∗ σ

2
AS−

σ 2
GF + σ

2
AS−
) (4.2)

The GF size was estimated by minimizing the error between the predicted and the mea-
sured position shifts, which is the radial distance between the AS+ and AS-. For veri-
�cation of the model’s accuracy, the data was split into a training set (50% of the data)
and a test set (the remaining 50% of the data).

   
 

   
 

AS

pRF measured 
AS GF

pRF predicted

B

FF model

SF model

A

Figure 4.2 Models of neural responses used in the analysis, FF, SF and AS Gain Field
model. A: The full �eld (FF) and scotoma �eld (SF) models used in the pRF analysis. B: AS GF
model: the AS (shaded grey region) e�ect was modeled as the AS GF (yellow), centered at the edge
of the scotoma closest to the pRF (blue). This results in a predicted pRF (red), shifted towards the
scotoma.
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4.2.9 Connective �eld (CF) modeling

The CF model predicts the neuronal activity of a recording site (voxel) in a target region
(e.g. in V2) given the aggregate activity in a source region (in V1) (Gravel et al., 2014;
Haak et al., 2013). The fMRI response of each voxel is predicted using a 2D circular
Gaussian CF model, folded to follow the cortical surface of the source region. The CF
output parameters are the position and spread (size) across the source surface. Given a
CF position and a size, a time-series prediction is then calculated by weighting the CF
with the BOLD time series. The optimal CF parameters are found by minimizing the
residual sum of squares between the predicted and the measured time-series. In this
study, only CFs with a variance explained above 0.3 were retained. This threshold was
de�ned based on previous studies (Gravel et al., 2014; Haak et al., 2013). The percentage
of voxels removed (mean and std across visual areas) is 51% (±19%).

4.2.10 Statistical analysis

Data was thresholded by retaining the pRF models that explained at least 15% of the
variance in the BOLD response in the three conditions (LCR, AS+, AS-). This threshold
was de�ned based on previous studies (Dumoulin and Wandell, 2008; Yildirim et al.,
2018). The percentage of voxels removed (mean and std across visual areas) is 32% (±7%).

For the analysis of changes in pRF properties in response to the AS, the pRF estimates
of the four quadrants (each containing one AS) were collapsed onto a single quadrant.
Subsequently, voxels were binned into 12 bins, each covering an eccentricity range of
1.75 deg and a polar angle range of 30° (Figure 4.3B). Additionally within the ASPZ,
voxels were binned into 12 bins of 30 deg of polar angle each after shifting the origin to
the center of the ASPZ (Figure 4.3A) .

The preferred position change corresponds to the Euclidean or radial distance between
the AS+ and AS- conditions. The size ratio, σr , was calculated based on the following
equation:

σr = (
σAS+ − σAS−

σAS−
) (4.3)

A positive σr re�ects an enlargement of the pRF size whereas negative σr re�ects a
shrinkage.

The CF coverage maps were obtained by back projecting each CF into the visual space
using the pRFs for V1 obtained with AS-. First, per voxel in the target region, a CF was
calculated, i.e. the target voxel is expressed as the weighted (CF factor) average of the
signals measured in V1 (the source region), see Introduction. As the pRF was known
for each voxel in V1, we calculated the spatial sampling by summing all pRFs of V1
weighted by the CF factor. The total CF coverage map was calculated by summing these
maps across all voxels in the target region. Finally, a group average (n=7) was calculated
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across participants.

Repeated measures ANOVA, with ROI, condition (AS-, AS+SF), hemisphere and posi-
tion bin as within-participant factors, was used to compare the di�erence of the pRF
preferred position and size between conditions. Participants were treated as random
variables. For the AS+ condition, the pRF properties were estimated using two di�erent
models (FF, SF Figure 4.2A). Separate statistical analyses were performed for each of the
resulting parameter sets. Permutation tests (1000 replications) were used to determine
signi�cance level of the di�erences in CF size between conditions (AS+. and AS-), inside
and outside the AS projection zone. For this, data was aggregated over participants and
condition labels were permuted.

All analyses were performed using MATLAB (version 2016b; Mathworks, Natick, MA,
USA) and R (version 2.11.1; R Foundation for Statistical Computing, Vienna, Austria). A
p-value of 0.05 or less was considered signi�cant.

4.3 Results

4.3.1 The scotoma border attracts pRFs

To examine the presence of changes in pRF properties between the AS- and AS+ con-
ditions, the data for the four di�erent quadrants was collapsed onto a single quadrant.
Next, the pRF properties of the voxels were spatially binned based on their preferred
position as estimated in the AS- condition. In visual area V1, following the presenta-
tion of an AS, pRFs with a preferred position originally inside the AS shifted radially
outwards and towards the border of the AS (Figure 4.3A). However, an analysis of the
entire V1 representation showed that pRFs outside of the AS also appear to be attracted
towards the AS (Figure 4.3B). These shifts were observed across the visual hierarchy
(Figure S4.1 and S4.2). We compared the preferred position in both conditions across the
visual hierarchy using a two-way repeated measures ANOVA, which revealed main ef-
fects of condition (AS- versus AS+, F(1,6)=8.4, p=0.004) and ROI ( F(5,6) = 5.09, p= 0.003).
Furthermore the preferred position shifts were more pronounced for extrastriate areas
(the interaction between ROI and condition was signi�cant (F(5,30)=7.87, p=0.0034), see
Figure S4.1). Post hoc tests (FDR corrected) showed signi�cant di�erences in position
between conditions for all the visual areas tested (p<0.001). These observations suggest
that pRFs throughout the visual �eld shifted their preferred position towards the AS
border. When analyzed in more detail, Figure 4.3C shows how the preferred position
shifted as a function of the pRFs’ distance to the center of the AS. Note that the shift is
minimal at the border (at 2.5 deg.). Figure 4.3D plots the radial component of preferred
position shift, again as a function of the pRFs distance to the AS center. This shows a
nearly perfect linear relationship between the radial shift and the pRFs’ initial preferred
position (r< -0.99 and p<1x10-8 for all the visual areas, Figure S4.2). Note that pRFs
situated at the AS border hardly shift radially. Additional analyses excluded that these
patterns are simply the result of statistical or modeling biases (Figures S4.3 and S4.4).
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Figure 4.3 V1 pRF position change in response to AS. A: Shift between the two conditions
AS- (blue) and AS+ (red) of the pRFs with initial preferred positions located inside the ASPZ,
averaged across participants. B: Position change between conditions in various sectors of the
visual �eld, averaged across participants. C: pRF position change (AS+ vs AS-) as a function of
distance between pRF position (based on AS-) and the center of the scotoma (bins of 0.5 deg.,
Euclidean space). Error bars show the standard error of the mean over hemispheres. D: pRF
position change projected onto the radius as a function of the radial distance between pRF position
measured in the AS- and the center of the scotoma. The gray transparent region refers to the AS,
the darker region corresponds to the center of the AS. Figure S4.2 shows the results for the other
visual areas, V2-LO2. Figure S4.3 shows that these results are not simply due to random position
noise. The AS+ results were obtained using the Scotoma Field (SF) model (which minimizes model
biases). The pRF position shifts between AS- and AS+ were present using either model (SF and
FF, Figure S4.4).

4.3.2 A gain �eld model explained the arti�cial scotoma induced pRF
position shifts

The systematic changes in pRF preferred position suggest that these shifts may depend
on their position relative to the AS border. Such shifts can be modeled using a gain �eld
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(GF) (Klein et al., 2014). To determine whether the border plays a critical role in the
pRF recon�guration, we �rst plotted the radial component of the shifts (Figure 4.4A).
This indicates that the shifts are of similar magnitude all around the perimeter of the
AS (although di�erent for pRFs initially inside or outside the AS). Next, we determined
if we could predict the radial component in the AS+ condition based on the preferred
positions in the AS- condition by modulating the AS e�ect using a GF that is centered
on the AS border (Figure 4.4B). The GF model size was computed in two di�erent ways:
one is area-speci�c and another is common to all visual areas tested, Figure S4.9. Figure
4.4 shows the predicted and measured pRF positions shifts (Panel 4.4B) and size ratios
(Panel 4.4C). The area-speci�c GF model performed well and explained 59% and 92% of
the variance in the radial position shifts and size changes, respectively (Figures 4.4B and
C). The common GF across the visual areas performed better than the area-speci�c GF
model for the position prediction. It explained 79% and 91% of the variance in the radial
position shifts and size changes.

Figure 4.4D shows that the position predictions of the GF model are most accurate for the
higher order areas (V1, variance explained of 44% (area speci�c GF) and 62 % (common
GF); LO1, variance explained of 73% (area speci�c GF) and 97% (common GF)). Addi-
tionally, two other GF models were computed: one in which the GF was centered at the
center of the AS and the other in which the GF was centered at �xation. The model cen-
tered at �xation was the least performant model, and it could not explain the position
shifts, VE of 9% and 20% respectively for the area speci�c and common GF model. The
common GF model centered at the center of the AS has similar prediction accuracy as
the GF centered at the edge of the AS, however, the last one performs better for V1, see
Table S4.2. The model comparison results can be found in Figure S4.9 and Table S4.2.
The preferred position shifts tend to increase along the visual hierarchy (Figure S4.1).
Although the pRF sizes increased with eccentricity and visual hierarchy (Pearson’s cor-
relation coe�cient: r>0.8 and p<0.05 for all the visual areas tested), the pRF preferred
position change does not strongly correlate with the pRF size within every visual �eld
map (V1 r=0.06; V2 r=-0.06; V3 r=0.13; V4 r=-0.06; LO1 r=0.1; LO2 r=- 0.2; all p<0.0005).
Regarding changes in the pRF size, a comparison across condition and visual areas re-
vealed that the pRF size does not change signi�cantly between conditions (F(1,6)=0.007,
p=0.93) but it does change with visual area (F(5,6)=6.5, p<0.0001), and the interaction be-
tween condition and visual area is not signi�cant (F(5,30)=0.63, p=0.67). Post hoc tests
(FDR corrected) did not show any signi�cant di�erences in pRF size between all the
conditions tested ( AS-, AS+SF, AS+FF; p>0.09).
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Figure 4.4 A gain �eld model centered at the AS border explains changes in preferred
population RF position. A: Radial position change between the two conditions AS- (blue) and
AS+ (red) in various sectors of the visual �eld inside and outside the AS, averaged across partici-
pants. The region inside the AS corresponds to the ASPZ. B/C: Measured (yellow) and predicted,
using a area-speci�c (blue) and common (green) GF, RF position shifts (B) and size changes (C) in
response to an AS. D: Mean average error between the predicted and measured pRF shifts. The
error bars represent the interquartile ranges across the voxels in the test set. The estimated GF
size did not vary signi�cantly between visual areas (F=0.16; p=0.97)). All the panels depict the
aggregate results for the pRFs located both inside and outside of the arti�cial scotoma projection
zone.

4.3.3 Neural populations in extrastriate cortex increase their V1
sampling region

Visual areas beyond V1 may also respond to the AS by changing their V1 sampling.
Changes in sampling of a source area such as V1 can be quanti�ed by modeling the con-
nective �eld (CF) of the recording site. The CF enables the prediction of the neuronal
activity of a recording site (voxel) in a target region (e.g. V2) given the activity in another
part of the brain (e.g. V1). CFs are stimuli agnostic and are estimated without modeling
the stimulus, so they are not subject to modeling bias and may re�ect other components
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of brain function, such as feedback signals. Changes in the CFs may thus arise inde-
pendently from the V1 pRF changes reported above. Figure 4.5A shows the di�erence
in CF size between the two AS conditions (AS+ - AS-) for the voxels whose preferred
position was initially located either inside or outside the ASPZ. For some visual areas
(voxels initially inside the ASPZ) the CF became larger following the introduction of the
AS. In particular, LO1 recording sites inside the ASPZ sampled from a larger region of
V1, which is evident from the increased CF size. This e�ect was not clearly present for
recording sites outside the ASPZ (LO1: inside ASPZ, p=0.002; outside ASPZ p=0.14). To
show how the accumulation of these changes in�uences the sampling of V1, we pro-
jected the CFs back into visual �eld space by convolving them with the V1 pRFs from
which they sample. To isolate AS-induced changes in the CFs from those in the pRFs
of V1, the CFs of both the AS- and AS+ conditions were back projected using the same
set of pRFs (those from the AS- condition). For areas V2 and LO1, Figure 4.5B shows
the CF sampling density in the conditions AS- and AS+ and their di�erence (AS+ - AS-).
Overall, V2 sampling density is reduced in the AS+ compared to the AS- condition. This
e�ect is most pronounced for recording sites within the ASPZ. The ∆CF image shows
that the introduction of the AS generally resulted in a denser sampling of V1 regions
outside the ASPZ. This e�ect seems particularly pronounced in LO1. Figure S4.6 shows
the CF coverage maps from V1 to V2 up to LO2.
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Figure 4.5 Changes in cortico-cortical connections in response to AS. A: Di�erence in the
cumulative distribution at the 90% point (dashed line Figure S4.5 A and B) of the CF size between
AS+ and AS- in (blue) and outside (red) the ASPZ. The error bars represent the 95% CI. The CF
sizes between the two conditions (AS- and AS+) di�ered signi�cantly inside and outside scotoma
for V2, LO1 and LO2 (p<0.001), represented in the graph by *. The levels of signi�cance were cal-
culated using permutation statistics, explained in detail in the methods under statistical analysis.
B: Coverage map of CFs obtained for AS-, AS+ and the di�erence between the two conditions
(AS+ - AS-). The back projection onto the visual �eld was performed based on the pRF estimates
obtained with AS-. The sparse dotted line depicts the visual stimulation area and the dotted line
the AS location in the visual �eld. Each map represents the combined data from 7 participants.
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4.4 Discussion

Our main �nding is an extensive, system-wide recon�guration of neural population
properties in response to the change in visual input evoked by an AS. The pRFs lo-
cated in- and outside of the ASPZ, and throughout the visual hierarchy, shifted towards
the AS border. We did also observe that extrastriate cortical regions, in particular LO1,
increased their sampling of V1 regions outside of the ASPZ, which would be required
for the predictive masking of the scotoma. While the shifts towards the AS border of
the pRFs initially located inside of the ASPZ are consistent with the idea that the neu-
rons can be partially stimulated by spared visual �eld, this cannot explain why the pRFs
initially located outside of the ASPZ also do so. A gain �eld model, centered at the AS
border, could e�ectively explain the changes in pRFs. This suggests that these primarily
served to focus neural resources on regions of potential interest and constitute a com-
ponent of normal visual perception. Of interest, the model explained the shifts most
e�ectively for extrastriate areas, in particular for area LO1. We therefore postulate that
the signals that drive the population modi�cations originate in extrastriate areas and,
through feedback, also recon�gure the neural populations in earlier visual areas. Below,
we discuss our �ndings and interpretation in detail.

4.4.1 Extrastriate cortex increased its sampling of V1 outside of the
ASPZ

To understand how the cortico-cortical connections between visual areas change in re-
sponse to an AS, we quanti�ed their CFs, which describe how extrastriate target areas
(V2 to LO2) sample from source area V1. Dissociating the changes in the extrastriate CFs
from their pRF shifts revealed an increased sampling density of the V1 region outside of
the ASPZ in response to the AS compared to V1 region inside the ASPZ. This e�ect was
particularly evident for LO1, where the sampling from V1 increased especially for voxels
inside the ASPZ. This indicates that cortico-cortical connections change following the
presentation of the AS, resulting in increased capturing of information from outside the
scotomatic region. This is consistent with PM.

The capacity to dissociate connectivity from the visual input via the back projection of
the CFs is less susceptible to stimulus-related model-�tting biases (due to its indepen-
dence from the stimulus) and informs how the visual information is integrated across
di�erent cortical areas. It also has the potential to capture the neural circuits underlying
pRF dynamics (Carvalho et al., 2019).

4.4.2 Feedback from extrastriate regions drives a system-wide
recon�guration

Previous studies have reported dissociation in the representation of super�cial, middle
and deep layers of V1. In these studies, the super�cial and deep layers represented the
feedback mechanisms that modulate perception, and the middle layers represented the
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visual input. Evidence of predictive feedback in the super�cial layers of V1 was found
when neurons were deprived of information in a partial occlusion paradigm (Morgan et
al., 2018; Muckli et al., 2015). Selective feedback-associated activation of the deep layers
of V1 was also found in a study on the Kanizsa illusion (Kok et al., 2016). Therefore,
the pRF changes measured in the early visual cortex could plausibly be driven by feed-
back connections from extrastriate cortex. Moreover, based on our results and those of
others, extrastriate area LO1 is a potential candidate for the origin of these feedback
signals. It plays a major role in the processing of oriented boundaries or borders (Lars-
son and Heeger, 2006; Silson et al., 2013) and its role can be dissociated from that of
LO2, which preferably processes shape (Silson et al., 2013). In our analysis, the gain
�eld model best explained the observed pRF modulations in this area, which would be
expected for signals originating in this area. Moreover, the increased sampling of V1
was most prominent for LO1 voxels. We therefore propose that the recon�guration of
neural populations in response to an AS is modulated by extrastriate signals and may
underlie predictive masking.

Although PM is linked to perceptual �lling-in (FI), we opted to not quantify percep-
tual FI during our experiments. This is because such a perceptual task could interfere
with the attention task and increase the chance of unintentional small eye-movements
in the direction of the AS, thereby actually decreasing FI. Therefore, we performed psy-
chophysical tests outside the scanner and prior to the present study, which indicated that
participants reach stable FI after about 30 sec (Figure S4.7). Since our actual mapping
experiment started after 60 sec and the design of the retinotopic stimulus was optimized
to yield FI, we assumed that observers were �lling in the AS at the time we performed
the pRF and CF mapping.

4.4.3 An arti�cial scotoma induces a system-wide recon�guration of
neural population receptive �elds

In response to the AS, pRFs shift their preferred spatial position towards the AS bor-
der. While such shifts have been reported previously for pRFs initially located inside
the natural scotoma projection zone (Barton and Brewer, 2015) and AS projection zone
(Baseler et al., 2011; Binda et al., 2013; Haak et al., 2012; Papanikolaou et al., 2015), our
study is the �rst to show that this recon�guration is not restricted to the ASPZ, but is a
system-wide phenomenon. Within the ASPZ, the pRFs shifted their preferred position
towards the AS border, which could be consistent with an extrapolation process. Fol-
lowing the shift, pRFs are more likely to be activated by spared portions of the visual
�eld, and can thus contribute to the spatial masking of the scotoma. However, the pRFs
initially located outside the ASPZ shifted their preferred position towards the AS border
as well. These pRFs are more likely activated by non-stimulated portions of the visual
�eld. Therefore, this behavior cannot easily be reconciled with PM.

Previous studies have suggested that changes in the pRF properties in response to an
AS can result from a model bias driven by partial stimulation of the neuronal popula-
tions (Binda et al., 2013; Haak et al., 2012; Papanikolaou et al., 2015). This e�ect can be
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controlled for either by taking into account the presence of the AS during the pRF mod-
elling (Binda et al., 2013; Papanikolaou et al., 2015) and/or by using multifocal retinotopic
stimuli, which do not involve predictive bar sweeps. To apply the �rst, we used two pRF
modeling approaches: one that assumed the presence of the AS – the Scotoma Field (SF)
model, and one that did not – the Full Field (FF) model. We found similar positional
shifts with both models, thus indicating that our �ndings are unbiased (Figure S4.4). Re-
garding multifocal stimuli, these could not be applied, since the relatively rapid stimulus
changes in this type of stimulation would entirely disrupt the predictive masking e�ect
thus foregoing the purpose of the present study. Importantly, CFs are not a�ected by
such model biases (Carvalho et al., 2019; Gravel et al., 2014).

4.4.4 A gain �eld at the scotoma border explains the shifts in pRF
preferred position

The factor common to all shifts is that these were predominantly directed towards the
AS border. Indeed, the preferred position changes could be explained by a biologically
motivated GF that accounts for the presence of the AS. This suggests that the presence of
an AS results in a reweighting of the spatial response selectivity towards the scotomatic
border. This might result from a combination of feedforward and feedback mechanisms
underlying the pRF attraction (Klein et al., 2018). Given the modelling results, these
feedback mechanisms most likely originate at higher level areas of visual processing,
such as LO1. Gain �elds have also been used to model attention induced shifts in pRFs
(Klein et al., 2014; Womelsdorf et al., 2006). This suggests that the observed pRF shifts
in the presence of the AS could result from a deployment of attention towards the AS
border. Although the AS was designed to induce PM (�lling-in), a reduced visual stim-
ulation may actually be salient to the early visual system (Betz et al., 2013). In this case,
the preferred position shifts indicate that the border was a salient feature. This inter-
pretation is supported by the fact that the GF model described the preferred position
shifts accurately, especially for the extrastriate areas. This interpretation is also in line
with previous studies, which showed that high-level mechanisms (attention) modulate
perception via feedback projections (De Weerd et al., 2006). The recon�guration of neu-
ral population properties may therefore have the more general role of allocating neural
resources to salient features in the visual �eld. This may help to scrutinize these in more
detail, or alternatively, to resolve prediction errors (Haak et al., 2016).

This interpretation links to previous hypotheses about the underlying mechanisms of
PM, in particular the suggestion that the masking of an AS results from (slow - tens of
seconds) adaptation to salient features (such as a border) in combination with a fast ex-
trapolation process (Spillmann and De Weerd, 2003). Although the design of the present
experiment did not allow us to separate these two components, the GF model can shed
some light on these issues. We suggest that during the border adaptation, neural re-
sources are allocated to the borders of the scotoma in response to its saliency, resulting
in a recon�guration of the RFs and consequently in the predictive spatial masking of the
scotoma. These �ndings indicate that the modulation of the pRF structure by cognitive
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factors contributes to the adaptation to the scotoma borders and consequently to the
predictive masking.

In contrast to previous studies using retinal and cortical scotomas (Gilbert and Wiesel,
1992; Pettet and Gilbert, 1992), our observed preferred position shifts were not accom-
panied by increases in pRF size (if anything they tended to shrink). The absence of
size changes in early visual cortex may be related to our use of a low spatial frequency
stimulus. Therefore, the most responsive neurons de�ning the pRF already had large
receptive �elds, leaving little room for further expansion. Importantly, the presence of
the AS did not alter the fundamental structural characteristics of the visual cortex, such
as the increase of the pRF size over eccentricity and visual hierarchy. However, this last
aspect does not explain the increase of the position shifts over the visual hierarchy.

4.4.5 Limitations and future studies

Although an AS is considered a good model of visual �eld defects, there are various fun-
damental di�erences with natural scotoma that may limit the translation of our present
�ndings. First, natural scotomas are present for a long period of time (several years)
and are thus most likely associated with long-term adaptive processes which cannot be
simulated. Second, natural scotomas move with the eyes, whereas the AS in our experi-
ment were locked to a particular location on the screen. Given the requirement to �xate,
this may not have been a major issue. Third, we simulated the scotomas using circular
smoothed edges, yet this is only an approximation as natural scotoma borders may have
irregular shapes and the nature of the transition zone between the blind and seeing �eld
is not known.

Although the participants reported to have experienced a stable �lling-in during the
scanning, it is possible that interaction between the pRF mapping stimulus (moving bar)
and the scotomas drew their attention to the border of the AS. In turn, this could partially
explain the shifts of the pRFs towards the AS border. However, this would require strong
and lasting directed spatial attention towards multiple locations simultaneously, which
is unlikely given that the notion of split attention contrasts with most the current models
of attention (Jans et al., 2010).

The area-speci�c and common GF models predicted 59% and 79% of the position shifts,
respectively. There are multiple factors that might explain the unpredicted parts of the
shifts: 1) only the gain �eld component closest to the pRF was taken into account, while
the best GF model might require a combination of multiple GFs; 2) some of the position
shifts might result from noise in the BOLD signal.

Eye movements may bias pRF estimates and commonly result in increased pRF sizes
(Hummer et al., 2016; Klein et al., 2014; Levin et al., 2010). Eye movements were not
recorded during scanning but were minimized by having observers perform an attention
task that demanded central �xation. Moreover, eye movement artifacts should have
resulted in increased pRF sizes, which we did not �nd.
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For �ve of the seven observers the AS- and AS+ conditions were performed in two dif-
ferent scan sessions raising the possibility that pRF shifts were due to misalignment
between the functional and anatomical scans. However, such shifts should all have been
in the same direction, e.g. fovea to periphery. Moreover, we �nd similar shifts in the two
observers who performed the two conditions within the same scan session. Therefore,
we conclude that the observed pRF shifts are genuine.

We de�ned the pRFs contained by the ASPZ based on the pRF estimates obtained with
the AS- condition. As an alternative method, we also de�ned the ASPZ based on a sco-
toma localizer in which the AS and its background were stimulated separately. The re-
sults obtained using either de�nition of the ASPZ resulted in highly analogous �ndings,
reason why we choose to present the results based on only one method.

Future studies measuring the neuronal mechanisms associated with PM at �ner scale
(e.g. at higher fMRI resolution) could reveal changes that are masked at a coarser scale.
This is not only because one can identify more pRFs in the ASPZ, but also because it en-
ables determining laminar pro�les across cortical depth, which could help to determine
at which level of cortical processing the feedback and feedforward signals modulate
perception.

4.5 Conclusion

In the present study we have shown that partial occlusion of local visual input results
in a system-wide recon�guration of the RF properties of neural populations and their
connectivity. Furthermore, we suggest that this recon�guration is guided by extrastriate
signals, which lies at the basis of predictive masking.
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4.7 Supplementary Information

4.7.1 Contents

- Shifts in preferred position of pRFs occur throughout the visual hierarchy

-Simulations of pRF shifts.

-Comparison between SF and FF model analyses.

-Connective �elds in extrastriate cortex increase their sampling extent.

-Filling-in time.

-Attention task performance.

-Comparison LCR and AS-.

-Gain Model Estimation Properties.

Shifts in preferred position of pRFs occur throughout the visual hierarchy

Figure S4.1 Changes in pRF position in response to the presentation of an AS. The �gures
show position changes between the AS- and AS+ conditions in di�erent sectors of the visual �eld,
averaged across participants. The V1 data is the same as shown in �gure 1.
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Figure S4.2 Change in preferred position of pRFs as a function of their distance to the AS.
A: pRF position change as a function of the Euclidean distance between the pRF position and the
center of the scotoma (bins of 0.5 deg) for all the visual areas analysed. The error bars represent
the standard error. B: Change in radial pRF position as a function of the radial distance between
the pRF position and the center of the scotoma.

Simulations of pRF shifts

To verify that pRF shifts did not result from a statistical bias (regression to the mean,
i.e the probability that a pRF located in the fovea shifts to a more eccentric location
is higher than that pRF shift to a more foveal location), we simulated the Euclidean
and radial pRF position change resulting from arbitrary shifts in position. First, we
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simulated two sets of 10000 pRF positions. The positions were cartesian coordinates
uniformly distributed across the stimulated visual �eld (up to 7 degrees of eccentricity).
Secondly, the pRF’s preferred positions were collapsed onto a single quadrant. Thirdly,
the Euclidean and radial preferred position shifts were binned in 0.5 degree bins as a
function of the distance to the center of the AS. Figure S4.3 shows a comparison between
the simulated and measured pRF preferred position shifts. For both types of shift (radial
and Euclidean) the observed shifts cannot be explained as a result of a statistical bias.
Note that in panel B at the edge of the scotoma (2.5 deg) the measured position shift is
∼ 0 deg whereas the simulated shift is 1.5 deg. Moreover the voxels located near the
center of the scotoma are displaced of 2.2 deg (corresponding to the distance between
the center of the AS to its edge) while the simulated displacement is the double.
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Figure S4.3 Simulated position change as a function of the distance to the AS. A: Simulated
pRF position change as a function of the Euclidean distance between pRF position measured with
AS- and the center of the scotoma, in bins of 0.5 deg. Error bars show the standard error of the
mean over hemispheres. B: pRF position change as a function of the radial distance between pRF
position measured with AS- and the center of the scotoma.

Comparison between SF and FF model analyses

Previous work has suggested that pRF shifts may result from disregarding the AS when
creating a model of the stimulus input that drives the pRF. In the main body of our paper,
we described a model that took the AS into account (scotoma �eld (SF)). Here, we show
the e�ect of using a full �eld (FF) model. The pRF position shifts between AS- and AS+
conditions were present when applying either of the both models. Furthermore, the
presence of the arti�cial scotomas neither reduced the BOLD amplitude nor a�ected the
explained variance of the models.
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Figure S4.4 Changes in V1 pRF position change in response to the presentation of the
AS as calculated when using a full �eld (FF) model. A: Shift between the two conditions AS-
(blue) and AS+ (red) of the pRFs with initial preferred positions located inside the AS projection
zone. B: Position change between conditions in di�erent sectors of the visual �eld, averaged
across participants. C: pRF position change (AS+ vs AS-) as a function of distance between pRF
position (based on AS- ) and the center of the scotoma (bins of 0.5 deg, Euclidean space). Error
bars show the standard error of the mean across hemispheres. D: The change in radially projected
pRF position change as a function of the radial distance between pRF position measured in the
AS- and the center of the scotoma. The gray transparent region refers to the AS, the darker region
corresponds to the center of the AS.

Connective �elds in extrastriate cortex increase their sampling extent.

Figures 4.5 A and B show the cumulative histogram of the CF sampling extent for AS
projection zone of the visual areas tested. Note that the V1 sampling extent increases
(shift to the right) with visual hierarchy. This trend is not present for the voxels located
outside the AS projection zone (Figure 4.5 B). The signi�cance level between the two
conditions (AS+ and AS-) per ROI is shown on the bottom right of the cumulative graphs.
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CF size (mm)

A

B

p=0.07 p=0.26 p=0.09 p=0.002 p=0.06

p=0.47 p=0.64 p=0.32 p=0.14 p=0.69

A

AS+

AS-

CF size (mm)

Figure S4.5 CF changes in response to AS. A: Cumulative percentage of the CF size for the
conditions AS- (blue) and AS+ (red) calculated for the voxels within the AS projection zone in
the target visual areas V2 a LO2. B: Analogous analysis to panel A, but for those voxels outside
the AS projection zone. The shaded area represents the 5% and 95% con�dence intervals. The
p-value on the bottom right of each graph shows the signi�cance of the di�erence between the
two conditions.
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Figure S4.6 CF back projection maps for all the visual areas. Coverage map of CFs obtained
for AS-, AS+ and the di�erence between the two conditions (AS+ - AS- ). The back projection onto
the visual �eld was performed based on the pRF estimates obtained with AS-. The sparse dotted
line depicts the visual stimulation area and the dotted line the AS location in the visual �eld. Each
map represents the combined data from 7 participants.
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Filling-in time

Six of the seven participants included in the MRI study, participated in a psychophysical
experiment to establish the time required for �lling-in to occur. The stimulus consisted
of dynamic white noise band pass �ltered at frequencies of 2 to 4 cpd. Four AS with a
radius of 2.5 deg were superimposed. The participant’s task was to �xate in the center
of the screen (represented by a white dot – 0.15 deg radius) and press a button when the
background was perceived as uniform (the AS had been �lled in). Filling-in time cor-
responded to the time interval since the presentations of the scotomas until the button
press was recorded. The scotomas were centered at 4.5 deg eccentricity, at each quarter
�eld. Per participant four repetitions (trials) were performed. Between two consecutive
trials there was a gap of 15s during which a uniform grey background was shown in
order to prevent carryover. The �lling-in time was always less than one minute (Figure
S4.7). Therefore one minute of �lling-in time was allowed in the fMRI experiment for
all participants.

Note: To design the optimal parameters of the pRF mapping, i.e bar width, speed and
stimuli that would yield stable �lling-in of the AS, psychophysical experiments where
the bar moved across the AS were performed. With the chosen parameters the partic-
ipants reported stable continuous �lling-in of the scotoma and a smooth adaptation to
the bar.

Figure S4.7 Results of the psychophysical tests used to de�ne the optimal stimulus pa-
rameters (adaptation time). Filling-in time measured per trial and per participant.
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Attention task performance

Table S4.1 Performance (average and standard error) of the attention task per condition.
One-way repeated measures ANOVA showed no signi�cant di�erence between the attention task
performance between the conditions AS+ and AS- (p=0.6341).

Task Mean(%) Standard error (%)
LCR 90.9 6.8
AS- 86.0 8.7
AS+ 87.7 3.4

Comparison between Luminance Contrast Retinotopy and Spatial Frequency Retinotopy
(AS-)

First, we compared the pRF estimates obtained using a standard LCR retinotopy bar stim-
ulus with a second order stimulus based on spatial frequency SFR (similar to AS-) to ver-
ify if we could obtain a reliable visual �eld map with SFR and second to see how the stim-
uli change a�ected the estimated pRF properties in various visual cortical areas. Figure
S4.8 depicts the eccentricity, polar angle and size maps estimated with Bayesian and con-
ventional pRF using the LCR and SFR stimuli, projected onto the in�ated left hemisphere
of a representative observer. Panel B shows SFR eccentricity as a function of LCR eccen-
tricity. Although there is a good correlation between SFR and LCR eccentricities, for the
visual areas tested (V1 to LO2), it is notable that in the fovea and parafovea SFR results
in more peripheral eccentricity estimates than LCR or even absence of stimulation. ROI,
condition and eccentricity showed a signi�cant three way interaction (F(30,180)=3.13
p<0.001). Panel C depicts the pRF size as a function of eccentricity for V1. The SFR re-
sults in lower pRF size estimates than LCR - smaller redish region in the pRF size maps.
This resulted in interactions between condition and eccentricity (F(6,36)=5.46 p<0.01; )
and between roi and condition (F(4,24)=4.14 p=0.0028). However a three way interaction
roi, condition and eccentricity was not signi�cant (F(30,180)=1.41 p=0.079 ).
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Figure S4.8 Comparison of LCR and SFR. Panel A: Polar angle, eccentricity and pRF size maps
projected on an in�ated brain mesh. The data refers to the left hemisphere of the participant S03.
The blue lines denote visual areas boundaries. Panel B: Median eccentricity of the SFR estimated
pRFs as a function of the eccentricity of the LCR estimated pRF (the dashed line represents a
perfect correlation) for the six visual areas tested (V1-LO2). The data was grouped in 1 degree
bins. The correlation coe�cient varies between 0.9 and 1 depending on the visual areas and the
p-values«0.05. Panel C: The pRF size was binned in 1 deg bins of eccentricity (data of 7 healthy
participants; 14 hemispheres) for LCR and AS. The error bars denote the interquartile range. For
visualization, the maps on the in�ated brain meshes onto which pRF estimates were projected
used a variance explained threshold of 0.1.
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Gain Field size estimation

In addition to the GF model located at the edge of the scotoma, two more GFs located
at �xation and at the center of the scotoma were considered. Figure S4.9 A shows the
estimated GF size for the three models tested. The maximum GF size allowed was 10
degrees. Note that for the visual areas V3, LO1 and LO2, the median of GF size centered
at �xation was 10 degrees, this suggests that GF model did not converge for these areas.
Panel B and C show that the GFs (both common and area-speci�c) centered at �xation
fail to predict the size and position shifts. GF model centered at the center of the AS has
similar prediction accuracy as the GF centered at the edge of the AS, however the last
one performs better for V1.

A

B C

Figure S4.9 Estimation of the GF size. A : Sum of the positional error (over the training data
set) as a function of the GF size for the V1 of the participant S03. The black dot (minimum error)
represents the estimated GF V1 of S03. B: Median of the area speci�c GF size across participants
(blue). The error bars represent the 95%CI interval. The black continuous line represents the
median of common AS GF while the dashed lines indicate its interquartile range.
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Table S4.2 Percentage of variance explained between the predicted position and size of
the estimated pRFs using the di�erent models and measured pRF estimates, for the dif-
ferent visual areas.

Position VE (%) Size VE (%)
Visual area Area speci�c Common Area speci�c Common

Edge Fix Center Edge Fix Center Edge Fix Center Edge Fix Center
V1 0.42 0.15 0.22 0.63 0.21 0.47 0.96 0.87 0.89 0.99 0.88 0.95
V2 0.46 0.07 0.78 0.81 0.13 0.99 0.86 0.76 0.92 0.93 0.77 1.00
V3 0.42 0.06 0.82 0.74 0.13 0.94 0.79 0.68 0.90 0.88 0.70 0.98
V4 0.82 0.09 0.84 0.83 0.19 1.00 0.96 0.81 0.97 0.82 0.84 0.91
LO1 0.57 0.09 0.85 0.98 0.24 0.70 0.96 0.84 0.96 0.95 0.87 0.86
LO2 0.65 0.11 0.83 0.96 0.28 0.76 1.00 0.84 0.95 0.88 0.88 0.79
Mean 0.56 0.09 0.72 0.83 0.20 0.81 0.92 0.80 0.93 0.91 0.83 0.92
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