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a b s t r a c t 

The visual brain has the remarkable capacity to complete our percept of the world even when the information 

extracted from the visual scene is incomplete. This ability to predict missing information based on information 

from spatially adjacent regions is an intriguing attribute of healthy vision. Yet, it gains particular significance 

when it masks the perceptual consequences of a retinal lesion, leaving patients unaware of their partial loss of 

vision and ultimately delaying diagnosis and treatment. At present, our understanding of the neural basis of this 

masking process is limited which hinders both quantitative modeling as well as translational application. To 

overcome this, we asked the participants to view visual stimuli with and without superimposed artificial scotoma 

(AS). We used fMRI to record the associated cortical activity and applied model-based analyzes to track changes 

in cortical population receptive fields and connectivity in response to the introduction of the AS. We found that 

throughout the visual field and cortical hierarchy, pRFs shifted their preferred position towards the AS border. 

Moreover, extrastriate areas biased their sampling of V1 towards sections outside the AS projection zone, thereby 

effectively masking the AS with signals from spared portions of the visual field. We speculate that the signals that 

drive these system-wide population modifications originate in extrastriate visual areas and, through feedback, 

also reconfigure the neural populations in the earlier visual areas. 
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. Introduction 

Predictive masking (PM) can be considered as a manifestation of the

isual system trying to predict perceptual events. PM plays a promi-

ent role in healthy perception, e.g. evident from the masking of the

lind spot and from many visual illusions in which color, brightness, or

extures spread into and mask neighbouring regions of the visual field

 Komatsu, 2006 ; Pessoa and De Weerd, 2003 ). Consequently, the process

s sometimes also referred to by this behavioral manifestation as “filling-

n ”. PM is a highly heterogeneous phenomenon, which can be instanta-

eous, i.e. blind spot, or requiring a prolonged fixation before it occurs,

.e. artificial scotoma (AS) ( Weil and Rees, 2011 ). Despite this temporal

ismatch required to stabilize an AS on the retina, an AS overlaid on a

ynamic noise pattern is used as an useful model that mimics the short-

erm effects of natural scotomas ( Dreher et al., 2001 ; Kapadia et al.,

994 ; Parks and Corballis, 2012 ; Ramachandran et al., 199 3) . Long term

M, which may share similar underlying mechanisms as short-term PM,

ies at the basis of the masking of retinal lesions, which often leaves pa-

ients unaware of their partial loss of vision. Consequently, such masking
PM, Predictive Masking; AS, Artificial Scotoma; RF, Receptive Field; SPZ, Scotom
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esults in delayed diagnosis and treatment of the disease underlying the

esions, i.e. glaucoma ( Hoste, 2003 ; Smith et al., 2012 ; Spillmann and

urtenbach, 1992 ). 

Despite the scientific and clinical relevance of understanding PM,

ts underlying neural mechanisms are poorly understood. In particular,

he top-down versus bottom-up neural origin of PM has been strongly

ebated ( Binda et al., 2013 ; Calford, 2002b ; DeAngelis et al., 1995 ;

e Weerd et al., 1995 ; Dilks et al., 2009 , 2007 ; Gilbert and Wiesel, 1992 ;

asuda et al., 2008 ; Smirnakis et al., 2005) . Bottom-up theories sug-

est that the neural mechanism of PM has its origin at the early vi-

ual cortex and that effects are propagated to extrastriate areas. This

ottom-up view is supported by studies of the neural consequences of

ermanent retinal lesions, which have shown receptive field (RF) ex-

ansion and shifts in RF preferred position towards spared portions of

he visual field ( Baker et al., 2005 ; Calford, 2002 a; Dilks et al., 2007 ;

ilbert and Wiesel, 1992 ; Kapadia et al., 1994 ; Pettet and Gilbert, 1992 ;

ailby and Metha, 2004 ). However, such RF changes also occur follow-

ng simulated scotomas, thus suggesting that these changes may not re-

ult from structural plasticity ( Baseler et al., 2011 ; Haak et al., 2012 ;
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apanikolaou et al., 2015 ). Consistent with a top-down mechanism, the

bserved RF changes may be an indirect consequence of modulating the

esponsiveness of neurons in the scotoma projection zone (SPZ). These

op-down mechanisms act through multiple forms to convey information

rom higher-order to antecedent cortical areas, in particular: gain adjust-

ents that reduce the feedforward information ( Das and Gilbert, 1995 ;

arks and Corballis, 2012 ; Tremere et al., 2003 ; Weil et al., 2008 );

ownregulation of inhibition ( De Weerd et al., 1995 ; Smirnakis et al.,

005 ; DeAngelis et al., 1995 ; Mendola et al., 2006 ); feedback from

igher-order areas with large RFs ( Angelucci et al., 2002 ; De Weerd

t al., 2006 ; Fiorani Júnior et al., 1992 ; Harrison et al., 2007) ; feature-

ased-attention which shifts the RF centers toward the focus of atten-

ion, ( Klein et al., 2014 ; Womelsdorf et al., 2008 ) and predictive coding

trategy, where higher-levels in the cortical hierarchy make predictions

bout lower-level activity ( Rao and Ballard, 1999 ; Spratling, 2010 ). PM

an also be considered as the perceptual manifestation of neural adap-

ation. In contrast to RF changes underlying cortical remapping, adap-

ation is very fast and does not rely on structural changes in the visual

eural circuitry but rather on functional interactions, such as inhibi-

ion ( Clifford et al., 2007 ; Haak et al., 2015 ; Kohn, 2007 ; Wandell and

mirnakis, 2009) . Functional changes resulting from adaptation are also

eferred to as short-term plasticity. 

The observed changes in RF properties led to the controversial hy-

othesis that PM is explained by neurons modifying their RF proper-

ies ( Pettet and Gilbert, 1992 ). Nevertheless, the precise neural basis of

M remains unknown. In addition, previous studies assumed that PM

s driven by local mechanisms restricted to the SPZ. However, if PM

s a perceptual consequence of functional changes, i.e. gain, we would

xpect neurophysiological modifications to occur both inside and out-

ide the SPZ and throughout the visual hierarchy. In the present study,

e tested the hypothesis that PM involves a visual system-wide recon-

guration of RFs and their connectivity. Specifically, we expect that in

he cortical region responsible for PM, the neural mechanisms within

he SPZ should show a decreased reliance on information coming from

ithin the AS and a simultaneously increased reliance on information

oming from outside of it. Confirming this hypothesis will lead to more

ccurate models of visual perception and improve diagnostic methods

or patients with visual field defects. 

To test our hypothesis, we used functional MRI in combination with

iologically-inspired neural population modeling to track changes in RF

roperties and cortical connectivity following the introduction of an AS

nto the visual field of human participants (mimicking a retinal lesion).

e modeled the observed changes in pRF position using a gain field

odel and we examined how cortical connections between visual areas

nd locations (inside and outside ASPZ) changed in response to the AS.

. Materials and methods 

.1. Functional imaging 

Retinotopic mapping was performed under three different stimulus

onditions: a conventional retinotopy stimulus based on luminance con-

rast (LCR) used for delineating visual areas, an artificial scotoma stim-

lus (AS + ) and a control stimulus identical to AS + but without the arti-

cial scotoma (AS − ), Fig. 1 . The stimuli used in the two AS conditions

ere designed to stimulate the low spatial frequency selective neurons

redominantly. The low spatial frequency carries coarse information

bout the visual scene and it is presumably encoded mainly by neurons

ith large RFs ( Chen et al., 2009 ; Enroth-Cugell and Freeman, 1987 ).

his is expected to facilitate PM. 

Prior to performing imaging, we performed pilot psychophysical ex-

eriments to optimize the stimulus characteristics to yield the most sta-

le perceptual masking, which included using low spatial frequency dy-

amic noise background, placing the scotomas peripherally, using mul-

iple relatively small scotomas and a continuously moving bar. Specifi-

ally, in a psychophysical experiment, we tested more in-depth whether
2 
 dynamic noise background composed of low spatial frequencies facili-

ates PM. We found that low spatial frequencies (0–2 cpd) drive a faster

erceptual filling-in effect than higher spatial frequencies, i.e. 2–4 cpd,

ig. S1. 

.2. Participants and ethics statement 

Seven participants (3 females; average age: 28; age-range: 26–32)

ith normal or corrected-to-normal vision were included in the study.

he participants indicated that they understood the instructions. Prior to

articipation, participants signed an informed consent form. Our study

as approved by the Medical Ethical Review Board of the University

edical Center of Groningen, and conducted in accordance with the

eclaration of Helsinki. The data is available at XNAT central under the

roject ID: fMRI_PM. 

.3. Data acquisition 

Stimuli were presented on an MR compatible display screen (BOLD-

creen 24 LCD; Cambridge Research Systems, Cambridge, UK). The

creen was located at the head-end of the MRI scanner. Participants

iewed the screen through a tilted mirror attached to the head coil.

istance from the participant’s eyes to the display (measured through

he mirror) was 120 cm. Screen size was 22 × 14 deg. The maximum

timulus radius was 7 deg of visual angle. Visual stimuli were created

sing MATLAB (Mathworks, Natick, MA, USA) and the Psychtoolbox

 Brainard, 1997 ; Pelli, 1997 ). 

.4. Stimuli 

.4.1. Luminance-contrast defined retinotopy (LCR) 

LCR consists of a drifting bar aperture defined by high-contrast flick-

ring texture ( Dumoulin and Wandell, 2008 ). The bar aperture, i.e. al-

ernating rows of high-contrast luminance checks drifting in opposite

irections, moved in 8 different directions (four bar orientations: hor-

zontal, vertical and the two diagonal orientations), with two opposite

rift directions for each orientation ( Fig. 1 A). The bar moved across the

creen in 16 equally spaced steps each lasting 1 TR. The bar contrast,

idth and spatial frequency were 100%, 1.75° of visual angle and 0.5

ycles per degree, respectively. After 24 steps (one pass and a half), 12 s

f a blank full screen stimulus at mean luminance was presented. 

.4.2. Artificial scotoma (AS) conditions 

The stimuli used in the two AS conditions were adapted from the

CR stimulus. More specifically, the bar and background could be dis-

inguished from each other only on the basis of their spatial frequency

 Fig. 1 B). The AS − condition served as the control condition for the

S + condition that contained the actual scotoma. The bar’s movement

irections and orientations matched those of the LCR condition. The

idth of the bar aperture was 3°. The bar content was dynamic white-

oise band pass filtered at frequencies from 0 to 2 cycles per degree

cpd). The background noise consisted of a dynamic white spatial fre-

uency band passed from 2 to 4 cpd. The long edges of the bar were

moothed 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

ask factor. The value of f was fixed at 4. The bar moved continuously

t a speed of 0.46 deg/sec. This continuous movement of the bar aper-

ure is essential for the PM of the AS. Note that during all 3 conditions

LCR, AS − and AS + ) the bar swiped the visual field in one direction

uring 24 s. The AS − condition was used to define a baseline preferred

osition and size of the pRF for each voxel. 

The AS + condition was similar to AS − (with equal bar aperture size,

ovement and spatial frequency). Four ASs were superimposed on the

ynamic noise background (see Fig. 1 C). The scotomas were centered

t each quarter field at 4.5 deg of eccentricity. Each AS consisted of
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Fig. 1. Example of the stimuli used to obtain pRF parameter estimates. A: LCR; B: AS − , C: AS + , for visualization purposes the four AS are outlined with a dashed red 

line and the AS are numbered. NB: during the experiment, the red dashed lines and the labels of the AS were not presented to the participants. D: Scheme of the bar 

movements: four orientations in two opposing directions (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.). 
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1  
.5 deg radius disk tapered by an exponential mask at the edges, similar

o the masking of the bar: = e − 
r f 
2 , where, r is the distance from the cen-

er of the scotoma and f is fixed at a value of four, as before. Preceding

ach run was a one-minute adaptation period during which the par-

icipants viewed only the background with the AS superimposed while

erforming the fixation attentional task. In psychophysical experiments,

erformed prior to the fMRI scans, we determined that this period was

ufficient to induce filling-in. Importantly when the moving bar moved

ver the AS the participants perceived the bar as complete, meaning

hat the participants do not fill-in only to background but also to the

ew spatial frequency of the bar. 

.4.3. Attentional task 

During retinotopic mapping, participants were required to perform

 fixation task in which they had to press a button each time the fix-

tion point turned from green to red. The fixation tasks allow us to

robe if the participants are fixating correctly and focused. The average

erformance on this task was above 86% for all the conditions (LCR:

0.9% ± 6.8; AS-: 86.0% ± 8.7; AS + : 87.7% ± 3.4). One-way repeated

easures ANOVA showed no significant difference between the atten-

ion task performance between the conditions AS + and AS − ( p = 0.6341).

.4.4. MRI scanning and preprocessing 

Scanning was carried out on a 3 Tesla Siemens Prisma MR-scanner

sing a 64-channel receiving head coil. A T1-weighted scan (voxel size,

 mm 

3 ; matrix size, 256 × 256 × 256) covering the whole brain was

ecorded to chart each participant’s cortical anatomy. The functional
3 
cans were collected using standard EPI sequence (TR, 1500 ms; TE,

0 ms; voxel size, 3 mm 

3 , flip angle 80; matrix size, 84 × 84 × 24).

lices were oriented to be approximately parallel to the calcarine sulcus.

or the retinotopic scans LCR and AS − a single run consisted of 136

unctional images (duration of 204 s) and for AS + a single run consisted

f 168 functional images (252 s). 

The T1-weighted whole-brain anatomical images were reoriented in

C-PC space. The resulting anatomical image was automatically seg-

ented using Freesurfer ( Dale et al., 1999 ) and subsequently edited

anually. The cortical surface was reconstructed at the gray/white mat-

er boundary and rendered as a smoothed 3D mesh ( Wandell et al.,

000 ). 

The functional scans were analyzed in the mrVista software pack-

ge for MATLAB (available at http://white.stanford.edu/software ).

ead movements between and within functional scans were corrected

 Nestares and Heeger, 2000 ). The functional scans were averaged

nd co-registered to the anatomical scan and interpolated to a 1 mm

sotropic resolution. Drift correction was performed by detrending the

OLD time series with a discrete cosine transform filter with a cutoff

requency of 0.001 Hz. To avoid possible saturation effects, initial im-

ges were discarded for the LCR and AS − (8 TRs). For the AS + condition

he 40 initial images were discarded (40 TRs). Note that the full 60 s

daptation period was removed for the AS + . 

.4.5. Experimental procedure 

Each participant completed two fMRI sessions of approximately

.5 h. In the first fMRI session, 5 participants were subjected to the

http://white.stanford.edu/software
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natomical scan and LCR, and they performed the AS − experiment (6

uns, 3.4 min each). In the second fMRI session, the AS + experiment

6 runs, 4.2 min each) were performed. To mitigate the possibility that

ifferences between conditions (AS + and AS − ) would result from the ac-

uisition in different sessions, these were performed for 2 participants

S06 and S07) in the same session. 

.4.6. Behavioral experiment 

Although PM is linked to perceptual filling-in, we opted to not quan-

ify perceptual filling-in during our experiments. This is because such a

erceptual task could interfere with the attention task and increase the

hance of participants unintentionally making small eye-movements in

he direction of the AS, thereby actually decreasing filling-in magnitude.

herefore, we performed psychophysical tests outside of the scanner

nd prior to the neuroimaging study, primarily to determine the time

equired that ensures that complete filling-in of the AS would occur. 

Six of the seven participants included in the functional imaging study

articipated in this psychophysical experiment. The stimulus back-

round with four AS was identical to that used in the fMRI experiment.

he participant’s task was to fixate in the center of the screen (rep-

esented by a white dot – 0.15 deg radius) and press a button when

he background was perceived as uniform (indicating that the AS had

een filled in). During this filling-in experiment, participants’ fixation

aintenance was verified through eye movement recording. Filling-in

ime corresponded to the time interval since the start of the presenta-

ion of the scotomas until a button press was recorded. Per participant,

our repetitions (trials) were performed. Between two consecutive trials

here was a period of 15 s during which a uniform gray background was

hown in order to prevent carryover. To verify that stable filling-in of

he AS would also occur during pRF mapping, additional trials with a

oving bar were performed. All participants reported stable and con-

inuous filling-in of the AS both to the background and to the mapping

ar. 

During the behavioral experiment, the stimuli were presented on a

2-inch CRT screen (LaCie) with a resolution of 1024 × 768 pixels and a

efresh rate of 120 Hz. MATLAB (MathWorks) using the Psychophysics

oolbox (Brainard, 1997; Pelli, 1997) and EyeLink Toolbox extensions

 Cornelissen et al., 2002 ) was used to program the stimuli, their presen-

ation and to record eye movements and observers’ responses. Eye move-

ents were recorded at 500 Hz with an EyeLink 1000 (SR Research,

anata, Ontario, Canada) infrared eye tracker. We used the EyeLink’s

uilt-in nine-point calibration procedure. A chin and forehead rest was

sed to reduce the head movement of the observers. 

.4.7. Visual field mapping: pRF modeling and micro probing 

The pRF analysis was performed using both conventional pRF

apping (Dumoulin and Wandell, 2008) and Micro-Probing (MP)

 Carvalho et al., 2020 ). In the conventional method, a 2D-Gaussian

odel was fitted with parameters: center (x0, y0) and size ( 𝜎 - width of

he Gaussian) for each voxel. All the parameter units are in degrees of

isual angle and are stimulus-referred. We used SPM’s canonical Haemo-

ynamic Response Function (HRF) model. The conventional pRF esti-

ation was performed in volume space (one pRF model estimated per

oxel) using the mrVista (VISTASOFT) MATLAB toolbox. 

Using MP, a pRF profile is created by sampling the visual space with

 large number of “micro-probes ” (10,000), 2D-Gaussians with center

x, y) and a small size ( 𝜎 = 0.01 deg). Similar to the conventional pRF

odel, the overlap between each probe and the stimulus is calculated

nd the resulting signal is convolved with the HRF. The fit between the

redicted and measured voxel’s response is calculated based on the like-

ihood, which allows the update of the variables (x,y, new probe), for the

ext iteration. The visual field sampling is done using Bayesian Markov

hain Monte Carlo (MCMC) approach, which results in regions of the

isual space that best fit a voxel’s response will be more densely sam-

led. By aggregating all the probes generated with their corresponding

ariance explained, we obtain a probe map per voxel, which reflects the
4 
RF profile. Importantly, MP is a more data driven method, with less a

riori assumptions than the conventional pRF, which allows to detect

ultiple pRF and shapes within a voxel. By summing the pRF profiles

btained with MP for all the voxels of a visual area, we obtained the

overage map of that area ( Carvalho et al., 2021 ) . 

The functional responses to LCR, AS − and AS + were analyzed using

he full field (FF) model ( Fig. 2 A). The AS + condition was also analyzed

sing the scotoma field (SF) model, which takes the presence of the

cotoma into account ( Fig. 2 B). The analysis of the AS + condition using

hese two models allows to control for modeling biases resulting from

artial stimulation due to the presence of the AS ( Binda et al., 2013 ).

nless otherwise specified the pRF estimates presented in the results

ere obtained using the SF model. 

.4.8. ROI and artificial scotoma projection zones definition 

The cortical borders of visual areas were derived based on phase

eversal, obtained with the conventional pRF model using the classical

CR stimulus (Fig. S7). Per observer, six visual areas (V1, V2, V3, V4,

O1 and LO2) were manually delineated on the inflated cortical surface.

Based on the pRF estimates obtained in the AS − condition, the ASPZ

as defined as the voxels for which the pRF was completely contained

ithin the AS regions of the visual field. Note that as an alternative

pproach, we also defined the ASPZ based on a scotoma localizer in

hich the AS and its background were alternately stimulated using the

S − spatial frequency pattern. The results obtained using either ASPZ

efinition were highly similar. Therefore, here we present the results

btained only based on the first method, and for this reason we do not

escribe in detail the AS localizer task. 

.4.9. Gain field model 

The influence of the AS on the pRF’s preferred position and size

as modeled as a gain field (GF), i.e., the multiplication of two Gaus-

ian components ( Klein et al., 2014 ; Reynolds and Heeger, 2009 ;

omelsdorf et al., 2008 , 2006 ). In our study, the first Gaussian

omponent corresponded to the pRF estimated in the AS − condition

 u AS − , σAS − ). The second Gaussian component corresponded to the GF

 u GF , σGF ) elicited by the AS: it represented the influence of the AS on

he pRF’s preferred position. The GF was centered on the border of the

S at the point nearest to the original pRF location ( Fig. 2 C). The prod-

ct of these two components resulted in a third Gaussian ( u pAS + , σpAS + ),
hat represented the predicted pRF in the AS + condition. Eqs. (1) and

 show how the properties of the third Gaussian were derived. 

 pAS + = 

( 

u AS − ∗ σ2 GF + u GF ∗ σ2 AS − 
σ2 GF + σ2 AS − 

) 

(1) 

pAS + = 

√ √ √ √ 

( 

σ2 GF ∗ σ
2 
AS − 

σ2 GF + σ2 AS − 

) 

(2) 

The GF size was estimated by minimizing the error between the

redicted and the measured position shifts, which is the radial dis-

ance between the AS + and AS − . The GF size was estimated per vi-

ual area. For verification of the model’s accuracy, the data was split

nto a training set (50% of the data) and a test set (the remaining

0% of the data). The code for the GF model is available via: https:

/github.com/Joana- Carvalho/Gain- field- model . 

.4.10. Connective field (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

 source region (in V1) ( Gravel et al., 2014 ; Haak et al., 2013 ). The

MRI response of each voxel is predicted using a 2D circular Gaussian

F model, folded to follow the cortical surface of the source region. The

F output parameters are the position and spread (size) across the source

urface. Given a CF position and a size, a time-series prediction is then

alculated by weighting the CF with the BOLD time series. The optimal

https://paperpile.com/c/E5NVun/8oGrR
https://paperpile.com/c/E5NVun/50TZ0
https://github.com/Joana-Carvalho/Gain-field-model
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Fig. 2. Illustrations of the models of neural responses used in the analyzes. A: The full field (FF) and B: the scotoma field (SF) models used in the pRF analysis. C: 

AS GF model: the AS (shaded gray region) effect 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. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article.). 
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F parameters are found by minimizing the residual sum of squares be-

ween the predicted and the measured time-series. In this study, only

Fs with a variance explained above 30% were retained. This threshold

as defined based on previous studies ( Gravel et al., 2014 ; Haak et al.,

013 ). The percentage of voxels removed (mean and std across visual

reas) is 51% ( ± 19%). 

The CF coverage maps were computed based on the voxel’s BOLD

imes series. The CF coverage maps were obtained by back projecting

ach CF into the visual space using the pRFs for V1 obtained with AS − .

irst, per voxel in the target region, a CF was calculated, i.e. the target

oxel is expressed as the weighted (CF factor) average of the signals

easured in V1 (the source region). As the pRF was known for each

oxel in V1, we calculated the spatial sampling by summing all pRFs of

1 weighted by the CF factor. The total CF coverage map was calculated

y summing these maps across all voxels in the target region. Finally,

 group average ( n = 7) was calculated across subjects. The code to

alculate the CF coverage maps is available via: https://github.com/

oana- Carvalho/Connective- field- back- projection . 

. Statistical analysis 

.1. Population receptive field analysis 

Data was thresholded by retaining the pRF models that explained

t least 15% of the variance in the BOLD response in the three condi-

ions (LCR, AS + , AS − ). This threshold was based on previous studies

 Dumoulin and Wandell, 2008 ; Yildirim et al., 2018 ). The percentage of

oxels removed (mean and std across visual areas) is 32% ( ± 7%). 

For the analysis of changes in pRF properties in response to the AS,

he pRF estimates of the four quadrants were collapsed onto a single

uadrant. Subsequently, voxels were binned into 12 bins, each covering

n eccentricity range of 1.75 deg and a polar angle range of 30° ( Fig. 4 B).

dditionally within the ASPZ, voxels were binned into 12 bins of 30 deg

f polar angle each after shifting the origin to the center of the ASPZ

 Fig. 4 A). 

The preferred position change corresponds to the Euclidean or ra-

ial distance between the AS + and AS − conditions. The size ratio, σr , was

alculated based on the following equation: 

r = 

( σAS + − σAS − 
) 

(3)

σAS − o  

5 
.2. Connective field analysis 

Repeated measures ANOVA, with ROI, condition (AS − , AS + SF),

emisphere and position bin as within-subject parameters, were used to

ompare the difference of the pRF preferred position and size between

onditions. Participants were treated as random variables. For the AS + 

ondition, the pRF properties were estimated using two different models

FF, SF Fig. 2 A). Separate statistical analyzes were performed for each

f the resulting parameter sets. Permutation tests (1000 replications)

ere used to determine the significance level of the differences in CF

ize between conditions inside and outside the ASPZ. For this, data was

ggregated over participants and condition labels were permuted. 

All analyzes were performed using MATLAB (version 2018b; Math-

orks, Natick, MA, USA) and R (version 2.11.1; R Foundation for Sta-

istical Computing, Vienna, Austria). A p-value of 0.05 or less was con-

idered significant. 

. Results 

.1. Perceptual filling-in of the AS 

Fig. 3 A shows the time required to fill in the scotomas for 6 of the

 participants in the study. For all of them, filling-in occurred well

ithin 60 secs, the time after which the retinotopic mapping stimuli

ere shown during the fMRI scanning. Fig. 3 B shows the histogram of

he gaze position during the trials in relation to the fixation point at the

enter of the screen. The probability density functions of both the hori-

ontal and vertical components were centered at 0 deg. Moreover, their

ull width at half maximum (FWHF) was 0.65 deg and 1.19 deg for the

orizontal and vertical components respectively. This indicates that the

articipants could maintain a stable fixation during the experiment. 

To investigate if perceptual filling-in remained stable when during

he retinotopic task, we compared the BOLD modulation of the voxels

ocated at the ASPZ during AS + and AS- conditions, if the moving bar

isrupted the filling-in, we would expect to see an absence of a modu-

ation of the time series in the AS + condition, corresponding to an ab-

ence of activity (given that the AS was presented at mean background

uminance). A voxel was considered to be contained within the ASPZ, if

ts pRF properties (center plus size) measured during the AS − condition

ere confined to the AS location. Fig. 3 C shows the average time series

f the voxels within the four different AS projection zones for the con-

https://github.com/Joana-Carvalho/Connective-field-back-projection
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Fig. 3. Stable Filling-in effect during the AS + condition. A: Results of the psychophysical tests used to define the adaptation time required in fMRI. Filling-in time as 

determined per trial and per participant. B: Histogram of the position of the eye (horizontal - x and vertical coordinates - y) relative to fixation. The fitted probability 

density function is depicted in red. C: For each AS, we show the average time series of the V1 voxels whose pRFs, as estimated for the AS- condition, fall entirely 

within the AS. The same voxels were used to derive the AS − and AS + condition-related time series. The dashed lines denote the 25 and 75% CI and are connected 

by shaded areas. Note: averaging the time series over the entire ASPZ most likely masked the local changes driven by the introduction of the AS. A total of 1913 V1 

scotomatic voxels out of a total of 26,289 V1 voxels were included (around 137 voxels per V1 per hemisphere). (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.). 
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itions AS − and AS + . First, in the AS − condition, we observe that the

patial frequency based contrast results in a decent fMRI response. Sec-

ndly, in the AS + condition, even though the stimulation remains stable

s there is no physical bar passing the scotoma, we observe very similar

odulations (the cross correlations between the average AS − and AS + 

ime series for AS1 are 0.74, 0.58, 0.54, 0.55, respectively). In the ASPZ

f AS3 and AS4 there is even a higher modulation associated with the

S + than with AS − condition. In other words, despite the absence of a

hysical stimulus change, the modulation observed in the AS + condition

imics the one observed during the AS − condition. We interpret this as

ollows: similar to the actual bar, the filled-in bar is associated with

 stronger response than the filled-in background. Thus, the filling-in

nduced response in the ASPZ is not constant, but modulates through-

ut the retinotopic mapping experiment. These findings support that

hroughout the AS + condition, the AS were continuously masked, also
6 
hen the bar moved over the AS. This agrees with the subjective expe-

ience of the participants that scotoma filling-in was stable throughout

he experiment. 

.2. The scotoma border attracts pRFs 

To examine the presence of changes in pRF properties between the

S − and AS + conditions obtained with the SF model, the data for the

our different quadrants (each containing one AS) was collapsed onto a

ingle quadrant. Next, the pRF properties of the voxels were spatially

inned based on their preferred position as estimated in the AS − condi-

ion. In visual area V1, following the presentation of an AS, pRFs with a

referred position originally inside the AS shifted radially outwards and

owards the border of the AS ( Fig. 4 A). However, an analysis of the entire

1 representation showed that pRFs outside of the AS also appear to be
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Fig. 4. V1 pRF position change in response to an 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. The dashed line represents the AS border and corresponds to 2.5 deg from the center of the AS. B: Average pRF 

location in various sectors of the visual field obtained for the AS − (blue) and AS + (red) conditions. The pRF properties shown in the panels A and B were calculated 

with the SF model. C: pRF position change (AS + vs AS − ) obtained with the SF and FF models 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 obtained with 

the SF and FF models 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. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.). 
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ttracted towards the AS ( Fig. 4 B). These shifts were observed across the

isual hierarchy (Figs. S2 and S3). We compared the preferred position

n both conditions across the visual hierarchy using a two-way repeated

easures ANOVA, which revealed main effects of condition (AS − versus

S + , F(1,6) = 8.4, p = 0.004) and ROI (F(5,6) = 5.09, p = 0.003). Fur-

hermore the preferred position shifts were more pronounced for extras-

riate areas (the interaction between ROI and condition was significant

F(5,30) = 7.87, p = 0.0034)). Post hoc tests (FDR corrected) showed sig-

ificant differences in position between conditions for all the visual ar-

as tested ( p < 0.001). These observations suggest that pRFs throughout

he visual field shifted their preferred position towards the AS border.

hen analyzed in more detail, Fig. 4 C shows how the preferred posi-

ion shifted obtained with the FF and SF models as a function of the

RFs’ distance to the center of the AS. Note that in both models (SF

nd FF) the shift is minimal at the border (at 2.5 deg.). Fig. 4D plots

he radial component of preferred position shift, again as a function

f the pRFs distance to the AS center. For the SF model, this shows a

early perfect linear relationship between the radial shift and the pRFs’

nitial preferred position ( r < − 0.99 and p < 1 × 10 − 8 for all the visual

reas). Note that pRFs situated at the AS border hardly shift radially.
7 
imulations of Euclidean and radial pRF position change resulting from

rbitrary shifts in position (Fig. S4), excluded the possibility that these

atterns are simply the result of statistical bias (regression to the mean,

.e. the probability that a pRF located in the fovea shifts to a more ec-

entric location is higher than that pRF shift to a more foveal location).

n addition, we performed a test-retest analysis, to verify the stability of

he observed shifts and to rule out that these are primarily the result of

oise inherent to the binning in visual field sectors ( Stoll et al., 2021 ).

igs. S5 and S6 confirm that the pRF estimates are reliable and the pRF

hifts shown in Fig. 4 are at least four times larger than spurious shifts

esulting from binning noisy pRF estimates. 

To discard the possibility that the shifts in preferred pRF position are

riven by model biases, i.e. partially stimulated pRFs near the border of

he AS ( Binda et al., 2013 ; Haak et al., 2012 ; Papanikolaou et al., 2015 ),

e computed the RF profiles using an alternative approach, Micro-

robing (MP), which results in an pRF probe maps ( Fig. 5 B) rather than

 2D Gaussian parameters. Fig. 5 shows the pRF map obtained with MP

or an ASPZ voxel during the conditions AS- and AS + it is clear that the

RF gets displaced toward the edge of the AS ( Fig. 5 B). The modulation

atterns of the time series are also clearly different, corroborating that
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Fig. 5. V1 sampling density maps obtained with MP. A: Coverage maps for V1 in the AS − and AS + conditions and their difference (AS + -AS − ). These maps were 

obtained by converting the probe maps into heat maps and aggregating these heat maps across all the voxels of V1. B: PRF probe maps obtained for a voxel located 

in the ASPZ for the AS - and AS + conditions. C: The BOLD modulation of the voxel shown in panel B in both the AS - and AS + conditions. 
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he shift in pRF preferred location cannot be just driven by a model bias

 Fig. 5 C). By aggregating the probe maps across a visual area we obtain

 coverage map representing the sampling density of that area. Fig. 5 A

hows the VF coverage maps folded in quarter fields. The comparison

etween the AS- and AS + VF coverage maps shows that during the AS +
here is a decrease in the sampling density of the AS and an increase in

ampling in the VF regions surrounding the AS and of the central regions

f the VF. These results are in agreement with what was found using the

onventional pRF approach. 

.3. A gain field model explained the artificial scotoma induced pRF 

osition shifts 

The systematic changes in pRF preferred position suggest that these

hifts may depend on their position relative to the AS border. Such shifts

an be modeled using a gain field (GF) (Klein et al., 2014) . To determine

hether the border plays a critical role in the pRF reconfiguration, we

rst plotted the radial component of the shifts ( Fig. 6 A). This indicates

hat the shifts are of similar magnitude all around the perimeter of the

S (although different for pRFs initially inside or outside the AS). Next,

e determined if we could predict the radial component in the AS + con-

ition based on the preferred positions in the AS − condition by modu-

ating the AS effect using a GF that is centered on the AS border, AS

enter and fixation ( Fig. 6 B). The GF model size was computed in two

ifferent ways: one is area-specific and another is common to all visual

reas tested. Fig. 6 shows the predicted and measured pRF position shifts

Panel 6B) and size ratios (Panel 6C). The area-specific GF models cen-

ered at the border and center of the AS performed well as it explained

AS border: 59%, fixation: 9%, AS center:72%) of the variance in the

adial position shifts and (border: 92%, fixation: 80%, AS center: 93%)

f the size changes ( Fig. 6 B,C). The common GF model performed better

han the area-specific GF model for the position prediction. It explained

AS border: 83%, fixation: 20%, AS center: 81%) of the variance in the

adial position shifts and (AS border: 91%, fixation: 83%, AS center:

2%) of the size changes, respectively. The model centered at fixation

ould hardly explain the position shifts. The common GF centered at the

order of the AS had a similar prediction accuracy as the common GF

odel centered on the AS. While the area specific GF model centered at
8 
he AS border performs better for V1, the gain model centered on the

S performs better for the remaining areas. The model comparison re-

ults can be found in Table 1 . Nevertheless, we argue that the GF model

entered at the border of the scotoma is most plausible because: 1) the

isualization of the pRFs in- and outside of the ASPZ shows that all tend

o shift towards the border, 2) at the level of V1, the GF model at the

order has more explanatory power than the one centered on the AS,

) the common GF model centered at the AS border performs better for

1,V2, LO1 and LO2 than the on centered on the AS, and 4) due to

he pooling of information throughout the visual hierarchy, pRF shifts

easured in areas beyond V1 are most likely affected by the V1 shifts. 

Fig. 6 D shows that the position predictions of the AS border GF model

re more accurate for the higher compared to the lower order areas, (us-

ng the AS border model V1, variance explained of 44% (area specific

F) and 62% (common GF); LO1, variance explained of 73% (area spe-

ific GF) and 97% (common GF)). The preferred position shifts tend

o increase along the visual hierarchy. Although the pRF sizes increased

ith eccentricity and visual hierarchy (Pearson’s correlation coefficient:

 

2 
> 0.8 and p < 0.05 for all visual areas tested), the pRF preferred po-

ition change does not correlate strongly with the pRF size within each

isual field map (V1 r = 0.06; V2 r = − 0.06; V3 r = 0.13; V4 r = − 0.06;

O1 r = 0.1; LO2 r = − 0.2; all p < 0.0005). 

Regarding the changes in pRF size, a comparison across condition

nd visual areas revealed that it does not change significantly between

onditions (F(1,6) = 0.007, p = 0.93) but it does change with visual area

F(5,6) = 6.5, p < 0.0001), while the interaction between condition and

isual area is not significant (F(5,30) = 0.63, p = 0.67). Post hoc tests

FDR corrected) did not show any significant differences in pRF size

etween any of the conditions tested (AS − , AS + SF, AS + FF; p > 0.09). 

.4. Neural populations in extrastriate cortex increase their V1 sampling 

egion 

Visual areas beyond V1 may also respond to the AS by changing their

1 sampling. Changes in sampling of a source area such as V1 can be

uantified by modeling the connective field (CF) of the recording site.

 CF predicts the neuronal activity of a recording site (voxel) in a tar-

et region (e.g. V2) given the activity in another part of the brain (e.g.
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Fig. 6. A gain field 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 field inside and outside the AS, averaged across participants. The gray region corresponds to the ASPZ. The 

eccentricity lines correspond to 2.5° and 5°. B/C: Measured (yellow) and predicted, using an area-specific (blue) and common (green and orange) GF centered at the 

border of the AS, center of the AS andat fixation, RF position shifts (B) and size changes (C) in response to an AS. D: Mean average error between the predicted using 

a gain field centered at the border of the scotoma and measured pRF shifts. The error bars represent the 95% confidence interval across the voxels in the test set. 

The estimated GF size did not vary significantly 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 artificial scotoma projection zone. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 

this article.). 

Table 1 

GF Model comparison based on BIC. BIC between the predicted position and size of the estimated pRFs using the different GF models 

(Border, Fixation and Center) and measured pRF estimates, for the different visual areas. The most explanatory model (the one with 

the lowest BIC) is highlighted. 

Bayesian Information Criteria (BIC) 

Visual 

Areas 

Position Size 

Area specific GF Common GF Area specific GF Common GF 

Border Fixation Center Border Fixation Center Border Fixation Center Border Fixation Center 

V1 11,565 11,625 11,584 11,533 11,609 11,592 24,888 24,896 24,873 24,855 24,874 24,815 

V2 13,321 13,881 13,288 13,362 13,848 13,373 28,735 28,732 28,652 28,640 28,703 28,595 

V3 13,050 14,125 12,733 12,948 14,086 12,825 24,754 24,766 24,703 24,690 24,749 24,657 

hV4 6357 6557 6115 6269 6551 6107 9968 10,135 10,101 9859 10,075 9971 

LO1 12,325 12,851 12,028 11,974 12,841 12,039 20,179 20,241 20,087 29,140 20,214 20,049 

LO2 9738 10,031 9697 9748 10,028 9784 15,576 15,627 15,493 15,525 15,602 15,445 
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1). Assessing CF properties is useful for various reasons: 1) it informs

ow information is integrated along the visual hierarchy; 2) it has the

otential to capture the neural circuits underlying pRF dynamics, such

s feedback signals; 3) CFs are stimuli agnostic and are estimated with-

ut modeling the stimulus, so they are not subject to modeling bias, and

) CFs are shaped by internal connectivity, so they isolates changes in

onnectivity from those in the pRFs of the source area. Fig. 7 A shows
9 
he difference in CF size between the two AS conditions (AS + - AS − ) for

he voxels whose preferred position was initially located either inside or

utside the ASPZ. The CF of the voxels initially inside the ASPZ became

arger following the introduction of the AS (Panels A and B). Fig. 7 B

hows the cumulative histogram of the CF sampling extent for ASPZ of

he visual areas tested. Note that the V1 sampling extent increases with

isual hierarchy. This trend is not present for the voxels located out-
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Fig. 7. Changes in cortico-cortical connections in response to AS. A: Difference in the cumulative distribution at the 90% point of the difference in CF size (AS + - 

AS − ) for voxels situated inside (blue) and outside (red) of the ASPZ. The error bars represent the 95% CI. This delta CF size differed significantly for voxels inside 

and outside the ASPZ for areas V2, hV4, LO1 and LO2 ( p < 0.001), represented in the graph by a ∗ . The levels of significance were calculated using permutation 

statistics, explained in detail in the methods under statistical analysis. B: Top graphs: Cumulative percentage of the CF size for the conditions AS − (blue) and AS + 

(red) calculated for the voxels within the ASPZ in the target visual areas V2 and LO1. Bottom graphs: Analogous analysis to the top graphs, but for those voxels 

outside the ASPZ. The shaded area represents the 95% confidence interval. The p-value on the bottom right of each graph shows the significance of the difference 

between the two conditions. C: Coverage map of CFs obtained for AS − , AS + and the delta CF size. To isolate CF changes from any pRF changes, for both conditions, 

the back projection onto the visual field was performed based on the pRF estimates obtained with AS − . The sparse dotted line depicts the visual stimulation area 

and the dense dotted line the AS location in the visual field. Each map represents the combined data from 7 subjects. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.). 
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ide the ASPZ. In particular, LO1 inside the ASPZ sampled from a larger

egion of V1, which is evident from the increased CF size. This effect

as not clearly present for locations outside the ASPZ (bottom graph

n Panel B; LO1: inside ASPZ, p = 0.002; outside ASPZ p = 0.140). To

how how the accumulation of these changes influence the sampling

f V1, we projected the CFs back into visual field space by convolving

hem with the V1 pRFs from which they sample. To isolate AS-induced

hanges in the CFs from those in the pRFs of V1, the CFs of both the

S − and AS + conditions were back projected using the same set of pRFs

those from the AS − condition). For areas V2 and LO1, Fig. 7 C shows the

F sampling density in the conditions AS − and AS + and their difference

AS + - AS − ). For the ASPZ, V2 sampling density is reduced in the AS + 

ompared to the AS − condition. The ΔCF image shows that the introduc-

ion of the AS generally resulted in a reduction of the sampling of V1

S region and a denser sampling of V1 regions outside the ASPZ. This

ffect is particularly pronounced in LO1. To confirm that we isolated

hanges in connectivity from changes in the pRFs, we regressed out the

timulus driven responses. Fig. S10 shows that variation is CF size and

he CF coverage maps obtained with the original signal are similar to

hose obtained with the task regressed out signal. 

. Discussion 

Our main finding is that the introduction of an artificial scotoma

AS) into the visual field results in an extensive, system-wide reconfigu-

ation of neural population properties. Throughout the visual hierarchy,

he pRFs located in- and outside of the ASPZ shift their prefered posi-

ion towards the AS border. Simultaneously, extrastriate areas bias their

rocessing towards signals coming from sections of V1 not covered by

he AS, thereby effectively masking it. Gain field models, centered ei-

her at the border or the center of the AS, best explain the pRF shifts in

xtrastriate regions. Therefore, we suggest that the signals driving these

odifications originate in extrastriate areas and, through feedback, re-

onfigure the neural populations in earlier visual areas. 

.1. An artificial scotoma induces a visual system-wide reconfiguration of 

opulation receptive fields 

Shifts in preferred position have previously been reported for the

RFs initially located inside the PZ of both natural scotoma and

S ( Baseler et al., 2011 ; Binda et al., 2013 ; Haak et al., 2012 ;
10 
apanikolaou et al., 2015 ; Barton and Brewer, 2015 ). Our study is the

rst to show that such a reconfiguration is a visual system-wide phe-

omenon. Within the ASPZ, pRFs shifted their preferred position to-

ards the AS border. We find that pRFs initially located outside the

SPZ shifted their preferred position towards the AS border as well.

ur observed preferred position shifts were not accompanied by simul-

aneous increases in pRF size, as previously reported for both retinal and

ortical scotomas ( Gilbert and Wiesel, 1992 ; Pettet and Gilbert, 1992 ). 

.2. Origin of pRF shifts 

Previous studies have suggested that changes in pRFs in response

o an AS can result from a model bias driven by partial stimulation

f the neuronal populations ( Binda et al., 2013 ; Haak et al., 2012 ;

apanikolaou et al., 2015 ). Such bias can be avoided by accounting for

he presence of the AS during the pRF modeling ( Binda et al., 2013 ;

apanikolaou et al., 2015 ). We modeled the pRFs assuming either the

resence of the AS (SF model) or not (FF model). We found similar po-

itional shifts within the ASPZ with either approach, indicating that our

ndings are likely not due to model bias. In principle, pRF model bias

ould also be reduced by using multifocal retinotopic stimulation. How-

ver, we could not use this since the rapid stimulus changes during mul-

ifocal stimulation would have entirely disrupted PM. We verified that

he estimated pRFs are reliable, and that the effect of noise and binning

pproach cannot explain the pRF shifts measured (Figs. S5, S6 and S9).

oreover, we find that the presence of a dynamic noise background

uring retinotopic mapping has little effect on the estimated pRF po-

itions (Fig. S8). Moreover, changes in estimated pRFs properties are

aused by differently shaped BOLD signals, not different signal ampli-

udes ( Carvalho et al., 2019 ). This implies that the changes in preferred

RF positions are genuine and not simply due to the reduced stimulus

ontrast in the AS. 

.3. Illusory predictive signals 

The predictability of the moving bar might have generated antici-

atory signals at its future location ( Binda et al., 2013 ; Kastner et al.,

999 ), which are difficult to distinguish from PM related signals. How-

ver, this notion does not affect the interpretation of our results. First,

ny movement anticipation would have similarly influenced the AS − 

nd AS + conditions. Second, during the AS + condition the participants
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eported to have filled-in the bar. This cannot be explained by pre-

ictability alone. Third, previously, it has been shown that an AS can

e mapped by back-projecting into the visual field the pRFs estimated

n an experiment that used a predictable moving bar ( Carvalho et al.,

021 ; Hummer et al., 2018 ; Ritter et al., 2019 ). This is only possible

n the absence of pRFs that sample the scotomatic visual field. Fourth,

he pRF shifts expected on the basis of bar anticipation ( Binda et al.,

013 ; Kastner et al., 1999 ) are inconsistent with the pRF shifts that we

bserved. Specifically, we find no evidence for pRF size changes either

nside or outside the ASPZ. Moreover, the pRFs not spanning the AS are

lso attracted towards the scotoma border. We cannot exclude that a

mall part of the pRF position shifts observed in this study may be driven

y measurement noise, and may thus also be observed in the absence of

lling-in. However, in general such shifts would be much smaller and

ack the directional specificity that we observed for the shifts induced

y the AS. 

.4. Attention 

Although the participants were filling-in the AS during the experi-

ent the borders of the AS become salient, which will draw attention to

hat region. Attentional suppression at the level of early visual areas may

educe the neural activity in the regions surrounding the scotoma. Im-

ortantly the gain field explores how attention can modulate the pRFs. 

.5. A gain field at the scotoma border explains the shifts in pRF preferred 

osition 

As indicated, the pRF shifts were predominantly directed towards the

S border. A biologically motivated GF that accounts for the presence

f the AS explains these shifts. This suggests that the presence of an AS

esults in a reweighting of the spatial response selectivity towards the

cotomatic border. For V1, a gain field model centered at the AS border

utperformed a model centered on the AS. For other areas, both types

f model performed equally well. This may be explained by the increase

n average pRF size along the cortical hierarchy - larger pRFs will be si-

ultaneously attracted by multiple sites on the AS border, mimicking an

ttraction by the AS center. The resulting reweighting may result from

 combination of feedforward and feedback signals ( Klein et al., 2018 ).

ain fields have previously been used to model attention induced shifts

n pRFs as well ( Klein et al., 2014 ; Womelsdorf et al., 2006 ). There-

ore, gain fields may be an important mechanism by which the brain

an flexibly adapt its computational resources to the task at hand. 

.6. Extrastriate cortex biases its sampling of V1 towards outside of the 

SPZ 

By quantifying the CFs of extrastriate target areas (V2 to LO2), we

escribed how these areas sample source area V1. We performed this

nalysis both on the original time-series, and on the time-series which

ad the task-related signal regressed out (Fig. S10). In both cases, the

ntroduction of AS, results in larger CF within the ASPZ, whereas CF

utside of it do not change. For V2-LO2, this increases their sampling

f V1 outside of the ASPZ and reduces their sampling of the V1 ASPZ

egion. This effect was most prominent for LO1. Thus, following the

resentation of an AS, cortico-cortical connections reconfigure such that

ore information is captured from outside than inside the ASPZ. This is

onsistent with PM and suggests that changes in intra-area connectivity

nderlie PM. 

.7. Feedback from extrastriate regions may drive the visual system-wide 

econfiguration 

In our analysis, the gain field model centered on the AS border best

xplained the observed pRF modulations in extrastriate area LO1. LO1

lays a major role in the processing of oriented boundaries or borders
11 
 Larsson and Heeger, 2006 ; Silson et al., 2013 ) and its role can be disso-

iated from that of LO2, which preferably processes shape ( Silson et al.,

013 ). Moreover, also the CF changes that resulted in increased sam-

ling of V1 was most prominent for LO1. Therefore, we propose that

xtrastriate feedback signals that, most likely, originate in LO1 under-

ie the reconfiguration of neural populations in response to an AS. This

otion is consistent with other studies showing that the responsiveness

f early visual cortical areas can be modulated by feedback from ex-

rastriate cortex ( Morgan et al., 2018 ; Muckli et al., 2015 ; Kok et al.,

016 ). 

While the influence of an AS is acute, natural scotomas take a long

ime to develop. In such cases, structural changes may develop in re-

ponse to prolonged acute functional changes that we observe with AS.

atural scotomas are present for a long period of time (years) and thus

ould facilitate long-term adaptive processes as it is metabolically costly

o maintain a sustained state via fast responding processes ( Haak and

eckmann, 2019 ). Nevertheless, we consider AS an useful model of

atural scotomas, as it allows us to predict what type of neural and

erceptual changes these may evoke. Indeed, previous studies found

imilar functional changes in pRF properties and connectivity to oc-

ur for patients with natural scotomas and control observers with AS

 Baseler et al., 2011 ; Haak et al., 2012 ). The acute changes in pRFs and

Fs are consistent with PM being a short-term plasticity process. Its neu-

al bases could be changes in neural gain that alter the balance between

nput and feedback signals and modify the spatial response modulations

f neurons in the primary visual cortex ( Baseler et al., 2011 ; Haak et al.,

012 ). 

.8. Limitations and future studies 

Although binning is a standard approach in data analyzes, in case of

oisy data, such as BOLD signals, grouping pRFs across multiple condi-

ions according to bins defined on the basis of the data of a single con-

ition may lead to biases in the results. Such biases may resemble shifts

n pRF position ( Stoll et al., 2021 ). In our study, a test-retest analysis

ndicates that the magnitude of noise induced spurious shifts accounted

or at most a quarter of the observed pRF shifts measured. Nevertheless,

n our view, future studies should avoid a possible influence of binning-

nduced bias by including independent runs to be used exclusively for

he binning, sufficient data to allow for test-retest analysis, and obtain

eplication data. 

In our experiment, eye movements were not recorded during scan-

ing but were minimized by having observers perform an attention de-

anding task at fixation. Remaining eye movements may bias pRF esti-

ates and would have resulted in increased pRF sizes ( Hummer et al.,

016 ; Klein et al., 2014 ; Levin et al., 2010 ), which we did not find. 

Measuring the neuronal mechanisms associated with PM at a finer

cale could reveal subtle changes that remain hidden at a coarser scale.

or example, more pRFs can be identified in the ASPZ, and laminar

rofiles across cortical depth could be determined. The latter would be

ssential to find the origins of the feedback and feedforward signals con-

ributing to PM and modulating perception. 
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