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Abstract16

Surround modulation refers to changes in neural responses to a central stimu-17

lus induced by its surrounding context, which can manifest as either suppression18

or facilitation. Although this phenomenon is well established for simple stim-19

uli, its underlying neural mechanism during natural scene perception remains20

unclear. Using fMRI, we examined how motion congruence and categorical simi-21

larity between central and surrounding scenes shape surround modulation across22

the visual hierarchy. Central and surrounding scenes systematically varied in23

categorical similarity (identical exemplar, different exemplar of the same basic-24

level category, different basic-level category, or different superordinate category)25

and in motion direction (same or opposite direction). Neural responses were mea-26

sured in primary visual cortex (V1), motion-selective cortex (hMT+), and scene-27

selective occipital and parahippocampal place areas (OPA and PPA). hMT+28

showed robust motion-dependent surround suppression, which was stronger for29

same-direction motion. In contrast, V1 showed surround facilitation across all30

conditions, which was reduced when center and surround were identical and31

moved in the same direction, consistent with sensitivity to physical similarity.32

OPA and PPA primarily exhibited facilitation. Multivariate decoding between33

center-only and center-surround conditions complemented these findings, reveal-34

ing motion-dependent surround modulation in hMT+, and category-dependent35

surround modulation in OPA and PPA. Across the visual hierarchy, surround-36

ing scene context thus systematically attenuates redundant input or enhances37

informative differences: from low-level facilitation in V1 to motion-dependent38

suppression in hMT+ and category-dependent modulation in scene-selective re-39

gions.40

Keywords: scene perception, motion perception, surround suppression, sur-41
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round modulation42
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Distinct Mechanisms of Surround Modulation for Dynamic43

Natural Scenes in Motion- and Scene-Selective Cortex44

Introduction45

Sensitivity to visual stimuli is strongly influenced by the surrounding context. A46

well-known example is surround modulation, in which the response of a neuron to a47

stimulus presented in the receptive field (RF) center is modulated by stimuli presented48

in the surround. This modulation can manifest as suppression (surround suppression)49

or facilitation (surround facilitation) (Cavanaugh et al., 2002a, 2002b; DeAngelis et50

al., 1994; Ichida et al., 2007; Petrov et al., 2005; Pihlaja et al., 2008; Shushruth et al.,51

2012; Walker et al., 1999; Williams et al., 2003; Xing & Heeger, 2001; Zenger-Landolt52

& Heeger, 2003). Such modulatory effects are generally attributed to antagonistic53

center–surround interactions within the visual cortex, particularly in motion-selective54

regions such as the middle temporal area (MT) (e.g., MT hypothesis; see Er et al.,55

2020; Kiniklioglu & Boyaci, 2025; Pack et al., 2005; Schallmo et al., 2018; Tadin et al.,56

2003, 2011; Turkozer et al., 2016).57

These center–surround mechanisms are observed throughout the visual hierarchy.58

Surround modulation has been classically demonstrated in retinotopic areas of the59

early visual cortex (V1-V4) and in motion-selective regions such as MT and MST,60

suggesting that it reflects a canonical computation of contextual modulation within61

the visual system (Allman et al., 1985; Angelucci et al., 2017; Hallum & Movshon,62

2014; Nurminen & Angelucci, 2014; Sundberg et al., 2009). More recently, surround63

modulation has also been observed in higher-level regions of the ventral visual stream,64
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such as the lateral occipital complex (LOC), highlighting its prevalence across the65

visual hierarchy (Montoya et al., 2025).66

The strength and form of surround modulation depend on stimulus properties.67

Both neural (Kiniklioglu & Boyaci, 2025; Schallmo et al., 2018; Shushruth et al., 2013;68

Turkozer et al., 2016; Zenger-Landolt & Heeger, 2003) and behavioral studies (Er et al.,69

2020; Kiniklioglu & Boyaci, 2022; Schallmo et al., 2018; Tadin et al., 2011; Turkozer70

et al., 2016) show that low-level features such as size, contrast, and motion direction71

systematically influence the strength of surround suppression. Typically, feature simi-72

larity between center and surround increases suppression, whereas dissimilarity reduces73

it and can even reverse the effect into facilitation. For example, neurons responding74

to a central grating are strongly suppressed by iso-oriented surrounds but can be fa-75

cilitated when the surround is orthogonal (Cavanaugh et al., 2002b; Schallmo et al.,76

2016; Serrano-Pedraza et al., 2012). A comparable pattern is observed for motion,77

where suppression is typically stronger when the center and surround drift in the same78

direction than when they move in opposite directions (Allman et al., 1985; Born &79

Tootell, 1992; Cavanaugh et al., 2002b; Kiniklioglu & Boyaci, 2025; Lamme, 1995;80

Paffen, van der Smagt, et al., 2005).81

Although these effects are well established with simple stimuli such as static or82

drifting gratings, it remains unclear whether surround modulation also occurs in the83

context of complex, dynamic scenes. Our recent behavioral work demonstrated that84

surround modulation is indeed observed with dynamic natural scenes, with suppres-85

sion increasing as the categorical similarity between the center and surround scenes86

increases (Kiniklioglu & Kaiser, 2025). These results align with scene categorization87

studies showing that categorically congruent surrounds facilitates recognition, whereas88
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incongruent or physically mismatched surrounds impair it (Faurite et al., 2024; Peyrin89

et al., 2021). Consistent with low-level studies (Kiniklioglu & Boyaci, 2022; Paffen,90

Alais, & Verstraten, 2005; Paffen, van der Smagt, et al., 2005), we also found that91

suppression decreased when the center and surround moved in opposite directions.92

Together, this evidence suggests that surround modulation in natural vision can be93

shaped by both low-level visual features, such as motion direction, and higher-level94

contextual information, such as categorical similarity.95

While our behavioral results suggest a suppressive effect that scales with the dissim-96

ilarity between center and surround content, neurophysiological work has disagreed on97

whether suppression or facilitation prevails. In the macaque primary visual cortex (V1),98

suppression was stronger when the center and surround were contained homogeneous99

natural images (Coen-Cagli et al., 2015), whereas in the cat visual cortex, surrounds100

that perceptually completed a central pattern elicited facilitation (Onat et al., 2013).101

However, no human studies have investigated the neural mechanisms underlying the102

suppressive effects observed in behavioral studies with dynamic natural scenes.103

To address this gap, we used functional magnetic resonance imaging (fMRI) to104

investigate the neural correlates of surround modulation in dynamic natural scenes.105

We examined responses across regions of interest spanning multiple levels of the vi-106

sual hierarchy, including primary visual cortex (V1), motion-selective cortex (hMT+),107

and the scene-selective occipital place area (OPA) and parahippocampal place area108

(PPA). Participants viewed central scenes presented together with surrounding scenes109

that varied in categorical similarity across four levels: identical exemplar, different ex-110

emplar from the same basic-level category, different basic-level categories within the111

same superordinate category, and different superordinate categories. This manipula-112
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tion enabled us to test how categorical similarity shapes neural signatures of surround113

modulation across the visual hierarchy. We also varied motion congruence, compar-114

ing conditions in which the center and surround drifted in the same versus opposite115

directions, to assess whether motion-related effects observed with simple stimuli gen-116

eralize to naturalistic stimuli. By independently manipulating categorical similarity117

and motion congruence, we could test how both high- and low-level contextual factors118

influence surround modulation in dynamic natural scenes.119

Methods120

Participants121

Twenty healthy volunteers (11 female, mean age = 26.7 years) participated in the122

study. One participant was excluded due to excessive head motion during scanning123

(see Preprocessing for motion-quality criteria), leaving a final sample of nineteen par-124

ticipants. The sample size (N = 19) is comparable to that used in previous studies in-125

vestigating low-level surround modulation (Er et al., 2020; Kiniklioglu & Boyaci, 2025;126

Schallmo et al., 2016). All reported normal or corrected-to-normal vision. Written in-127

formed consent was obtained before participation, and participants received monetary128

compensation. The study was approved by the Ethics Committee of Justus Liebig Uni-129

versity Giessen. All experimental protocols were in accordance with the Declaration of130

Helsinki.131

Stimuli132

Stimuli were panoramic videos created by moving static scene images behind a cir-133

cular occluder (908 × 699 pixels; 5 pixels per frame). The central image was presented134
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through a 1.9°-diameter aperture, surrounded by an annulus ranging from 2.5° to 10.4°.135

To separate the center and surround, the area between them (1.9°-2.5°) remained un-136

stimulated. A cosine envelope was applied at the aperture boundaries to minimize137

sharp transitions at the edges.138

Scene images were selected from two superordinate categories (indoor: restaurants,139

museums; outdoor: parks, residential areas), each featuring two basic-level categories,140

with two exemplars per basic-level category. The center scenes were always presented141

with a surrounding scene, except in center-only trials where the central stimulus ap-142

peared alone (see below). The resulting center–surround stimuli depicted natural scenes143

that varied in their categorical relationship between center and surround, with four144

conditions: identical exemplar condition, where the center and surround images were145

identical; different exemplar condition, where the center and surround images belonged146

to the same basic-level category (e.g., museums) but were not identical; different basic-147

level category condition, where the center and surround images belonged to the same148

superordinate category (e.g., indoor) but were from different basic-level categories; and149

different superordinate category condition, where the center and surround images be-150

longed to different superordinate categories (see Figure 1). Motion congruency was151

manipulated with two conditions: in half of the trials, the center and surround scenes152

moved in the same direction, and in the other half, they moved in opposite directions.153

Experimental Paradigm154

We used a mixed event-related design in which center-only and center+surround155

trials were presented within the same run (Figure 1). In total, nine trial types (four156

category conditions × two motion directions, plus the center-only condition) were pre-157
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Figure 1: Stimuli and Paradigm. A) The natural scene images used to create the stimuli
were drawn from two superordinate categories (indoor and outdoor) and two basic-level
categories within each (restaurants, museums, parks, and residential areas), with two
exemplars per basic-level category. B) Example stimuli for each category condition,
shown from left to right: identical exemplar, different exemplar, different basic-level
category, different superordinate category. C) Experimental design. Each trial began
with a fixation point (500 ms), which briefly turned red to signal the upcoming stimulus,
followed by presentation of a scene video (360 ms). Intertrial intervals varied randomly
between 3.7 and 5.6 s. On 10% of trials, a high-contrast Gabor patch appeared at a
random location within either the center or surround region, and participants reported
its detection with a keypress.

sented in randomized order. Center-only trials served as a baseline for quantifying the158

suppressive effect of adding the surround.159

Each trial began with a fixation point (500 ms), followed by a scene video (360160

ms) on a mid-gray background. Participants were instructed to maintain fixation at161

the center of the display. Intertrial intervals varied randomly between 3.7 and 5.6162

seconds, sampled from a uniform distribution. To ensure that participants attended to163

both center and surround, on 10% of trials a small Gabor patch (spatial frequency = 1164

cycles/°, diameter = 0.7°, contrast = 98%) appeared at a random location within either165

the center or surround region. Participants reported its detection with a keypress, with166

a mean accuracy of 92.2% (SD = 7.6%). Each condition was presented eight times per167

run, and participants completed five runs. Each run lasted approximately 10 minutes,168

and short breaks were provided between runs.169
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Data Acquisition170

MRI data were acquired on a 3T Siemens Magnetom Prisma scanner (Siemens171

Healthineers, Erlangen, Germany) equipped with a 64-channel head coil at the Bender172

Institute of Neuroimaging (BION), Justus Liebig University Giessen. High-resolution173

anatomical images were collected using a T1-weighted 3D sagittal MP-RAGE sequence174

(voxel size = 1 mm3 isotropic, 176 slices). Functional images were acquired with a175

T2*-weighted EPI sequence (TR = 1850 ms, TE = 30 ms, voxel size = 2.2 mm3, 58176

slices). Visual stimuli were presented on a MR-compatible LED monitor (1920 × 1080177

pixels, 120 Hz) positioned at the rear of the bore and viewed via a mirror mounted178

on the head coil at a distance of 140 cm. Stimuli were generated and presented using179

MATLAB (MathWorks, Natick, MA) and the Psychophysics Toolbox (Brainard, 1997).180

Participant responses were recorded using an MR-compatible fiber-optic response box.181

Each session began with an anatomical scan, followed by four localizer runs and five182

experimental runs, for a total duration of approximately 90 minutes.183

Localizer Runs184

hMT+: The hMT+ area of each participant was defined using established meth-185

ods (Huk et al., 2002). Stimuli consisted of 200 randomly positioned white dots pre-186

sented within a 12° aperture on a black background. In dynamic blocks, the dots187

moved along one of four trajectories: radial (expansion–contraction), angular (clock-188

wise–counterclockwise rotation), horizontal (left–right), or vertical (up–down). Motion189

direction changed every 1.85 s to prevent adaptation. In static blocks, the dots were190

identical but remained fixed in position. Each block lasted 14.8 s, and dynamic and191

static blocks alternated eight times per run. Participants maintained central fixation192
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and performed a color-change detection task in which they reported changes in the193

color of the fixation point.194

V1: The V1 area of each participant was defined using a flickering checkerboard-195

patterned wedge paradigm, similar to established retinotopic mapping methods (Engel196

et al., 1997; Sereno et al., 1995). Because we were specifically interested in the V1/V2197

boundary, we used alternating horizontal and vertical wedges instead of rotating or198

expanding stimuli (Greenberg et al., 2012; Slotnick & Yantis, 2003). The run consisted199

of 14.8-s blocks of horizontal and vertical wedges presented in alternation, repeated200

ten times in the run. As in the hMT+ localizer, participants maintained fixation and201

performed a color-change detection task.202

OPA and PPA: Scene-selective areas were defined using 3-s movie clips from four203

categories: faces, scenes, objects, and scrambled objects (Küçük et al., 2024; Pitcher204

et al., 2011). Each category included 60 clips. Face clips featured seven children205

filmed against a black background in close-up, showing only their faces as they danced206

or interacted with toys or with adults who remained out of frame. Scene clips were207

recorded in 15 different locations, primarily pastoral settings, and filmed from a slowly208

moving car. Object clips depicted 15 distinct inanimate items (e.g., mobiles, wind-up209

toys, toy planes, tractors, and rolling balls). Scrambled-object clips were generated210

by dividing each object movie into a 15 × 15 grid and spatially shuffling the resulting211

segments within each frame. Participants completed eight blocks per category, each212

consisting of six videos randomly sampled from the full set of 60 exemplars in that213

category. Although the same actor, scene, or object could appear more than once, the214

large stimulus pool made such repetitions unlikely. As in the previous localizer runs,215

participants maintained fixation and reported changes in the color of the fixation point.216
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hMT+ and V1 Sub-ROI Localizer Run217

Using an independent localizer run, we identified the voxels corresponding to the218

spatial location and size of the center stimuli as sub-ROIs within hMT+ and V1. This219

approach is commonly used to localize responses to low-level grating stimuli (Er et al.,220

2020; Kiniklioglu & Boyaci, 2025; Schallmo et al., 2018), but here we adapted it to221

ensure that the same spatially defined sub-ROIs could be applied in the analysis of222

naturalistic stimuli. In the localizer, participants viewed drifting high-contrast (98%)223

center and surround (i.e., annulus) gratings, matched in size and location to those used224

in the functional runs. The run consist of 14.8-s center blocks alternating with 14.8-s225

surround blocks, each separated by a 14.8-s blank period, repeated six times. As in226

the other localizers, participants maintained fixation and reported changes in the color227

of the fixation point.228

Data Analysis229

Preprocessing230

Localizer Runs: Localizer data were preprocessed and analyzed using the FMRIB231

Software Library (FSL) (www.fmrib.ox.ac.uk/fsl) and Freesurfer (Dale et al., 1999;232

Fischl et al., 1999; Woolrich et al., 2001). High-resolution anatomical images were233

skull-stripped with BET. Preprocessing steps for functional images included motion234

correction with MCFLIRT, high-pass temporal filtering (100s), and BET brain extrac-235

tion. Each participant’s functional images were aligned to their own high-resolution236

anatomical image and registered to the standard Montreal Neurological Institute (MNI)237

2-mm brain using FLIRT. The 3D cortical surface was constructed from anatomical238
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images for each participant using FreeSurfer’s recon-all command for visualizing sta-239

tistical maps, anatomical delineation, and identifying ROIs.240

Experimental Runs: Experimental data were preprocessed and analyzed in SPM12241

(www.fil.ion.ucl.ac.uk/spm/). Preprocessing steps included geometric distortion cor-242

rection with the SPM FieldMap toolbox, motion correction and coregistration of func-243

tional volumes to each participant’s T1-weighted structural image. Structural images244

were segmented and normalized to MNI 2-mm standard space. After also normalizing245

the functional images, they were spatially smoothed with a 6 mm FWHM Gaussian246

kernel.247

To assess data quality, head motion was quantified for each volume using framewise248

displacement (FD). Volumes with FD greater than 0.5 mm were flagged as motion249

outliers (Power et al., 2012). Runs with more than 30% flagged volumes were discarded250

(Parkes et al., 2018). Participants with two or more runs discarded were excluded (Ciric251

et al., 2017). One participant met this exclusion criterion and was removed from all252

analyses; all results reported below are based on the remaining N = 19 participants.253

ROI Construction254

For all ROI constructions, a general linear model (GLM) was applied using FSL’s255

FMRI Expert Analysis Tool (FEAT). The predicted fMRI response in each trial was256

computed assuming a double-gamma hemodynamic response function (HRF). Nuisance257

regressors for linear motion (derived from MCFLIRT) were also included in the model.258

For removing temporal autocorrelations, FILM prewhitening was applied (Woolrich259

et al., 2001).260

hMT+: For the hMT+ ROI, the statistical parametric maps (SPMs) of the dynamic261
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versus static contrast were registered to Freesurfer and overlaid on the surface in the262

native space using the tksurfer command. Utilizing the MT label from FreeSurfer’s263

anatomical delineation for guidance, voxels at the ascending tip of the inferior temporal264

sulcus and responding more to dynamic compared to static dots were identified as265

hMT+ and used as a mask for the hMT+ sub-ROI localization.266

V1: For the V1 ROI, SPMs of horizontal versus vertical contrast were registered to267

Freesurfer and overlaid on the surface in the native space using the tksurfer program.268

Utilizing the V1 label from FreeSurfer’s anatomical delineation for guidance and voxels269

that respond stronger to vertical than horizontal wedges, we drew the V1-V2 bound-270

aries. The voxels that fell in or around the calcarine sulcus were identified as V1 and271

used as a mask for the V1 sub-ROI localization.272

hMT+ and V1 sub-ROIs: For V1 and hMT+ sub-ROIs, we analyzed the indepen-273

dent localizer run data and identified the voxels that respond more strongly to the274

center compared to the surround grating within V1 and hMT+. The activated regions275

were identified as V1 and hMT+ sub-ROIs, respectively, and subsequently used as276

masks for the analysis of the experimental runs.277

OPA and PPA: For the scene-selective ROIs, we identified the voxels with the278

greatest scene versus face and object contrast, using a voxelwise corrected threshold of279

p < 0.05, and a cluster extent threshold of 10 voxels. The occipital place area (OPA)280

was localized as the scene-selective cluster on the lateral surface near the transverse281

occipital sulcus, and the parahippocampal place area (PPA) as the scene-selective282

cluster on the ventral visual cortex. The identified regions were used as OPA and283

PPA masks. Because the center vs. surround contrast did not yield reliable voxel-284

level responses in OPA and PPA, we used the full ROIs rather than sub-ROIs for the285
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analysis of the experimental runs.286

Analysis of Experimental Runs287

Univariate Analysis288

The experimental runs were analyzed in SPM12 using a general linear model (GLM).289

For each run, separate regressors were specified for each of the nine conditions, and290

six motion parameters from realignment were included as nuisance regressors. Pre-291

dicted BOLD responses were modeled by convolving event onsets with a double-gamma292

hemodynamic response function (HRF), and statistical parametric maps (SPMs) were293

generated to assess the main effect of each condition across runs. To quantify fMRI294

responses, parameter estimates (beta weights) for each condition were extracted from295

the predefined ROIs (hMT+, V1, OPA, and PPA) using custom code with SPM12296

functions. For these ROI-based univariate analyses we used the unsmoothed prepro-297

cessed data to preserve fine-grained voxel-level signals. The beta weights were treated298

as fMRI responses and used in further statistical analyses.299

To quantify changes in fMRI response due to the presence of the surround , we300

calculated a Suppression Index (SI), defined as:301

SI = BC −BC+S; C = center, C + S = center + surround, (1)

where B. denotes the fMRI response for the given condition. Negative SI values indicate302

surround facilitation, positive values indicate surround suppression, and an SI of 0303

reflects no suppression or facilitation.304

Surround modulation was assessed by testing SI values against zero using one-305

sample, two-tailed Student’s t-tests with correction for multiple comparisons. We then306
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performed a two-way Analysis of Variance (ANOVA) on SI values with categorical307

similarity (four levels: identical exemplar, different exemplar, different basic-level cat-308

egory, different superordinate category) and motion-direction congruence (two levels:309

same-direction, opposite-direction) as factors for each sub-ROI using SPSS Version 25310

(IBM Corp., Armonk, NY). Finally, post hoc paired-sample t-tests were used to assess311

how categorical similarity affects surround modulation under each motion condition.312

Multivariate Analysis313

To investigate distributed patterns of activity, we performed ROI-based decod-314

ing using CoSMoMVPA (Oosterhof et al., 2016) on condition-wise GLM parameter315

estimates. For each participant and ROI (hMT+, V1, OPA, and PPA), beta im-316

ages from each run and condition were assembled into voxel pattern vectors. We317

implemented two-way classification, contrasting center-only with center+surround tri-318

als across different category and motion-direction conditions, using linear discriminant319

analysis (LDA). Datasets were z-scored within the training folds and class-balanced320

within chunks (runs). Cross-validation used a leave-one-run-out partitioning scheme,321

and the mean accuracy across folds was taken as the decoding score.322

This two-way decoding quantifies the separability of multivoxel response patterns323

between center-only and center+surround conditions. Accuracy above chance indicates324

that the presence of a surround reliably alters the distributed activity pattern across325

voxels relative to center-only. Higher decoding accuracy reflects a greater surround-326

induced change in these patterns, either due to shifts in overall response magnitude327

and/or reconfiguration of voxelwise patterns, and thereby indexes a stronger influence328

of the surround on neural representations. We thus interpret decoding accuracy as329

an indicator of the magnitude of surround modulation, while it cannot indicate the330
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direction of the modulation (i.e., suppression vs facilitation).331

Group-level significance was assessed by comparing subject-level accuracies against332

chance level (0.5) using one-sample t-tests (one-tailed), with false discovery rate (FDR)333

correction applied across conditions. For all ROIs (hMT+, V1, OPA, and PPA), we334

performed separate decoding analyses for all combinations of scene categories and for335

both motion directions. For assessing the effects of categorical similarity, data were336

merged across motion directions to increase statistical power, and decoding accuracies337

were compared across the four category conditions using a one-way repeated-measures338

ANOVA. For assessing the effects of motion congruence, data were merged across339

categories, and directional sensitivity was assessed by directly comparing decoding340

accuracy between same- and opposite-direction conditions using paired-samples t-test.341

Results342

Univariate analyses reveal distinct patterns of surround suppression and343

facilitation across visual regions344

In hMT+, we observed surround suppression for conditions in which the center345

and surround moved in the same direction. Figure 2A shows the Suppression Index346

(SI; see Methods) for the hMT+ sub-ROI across four categorical similarity and two347

motion-direction conditions. SI values were significantly greater than zero only in the348

identical-exemplar condition for same-direction trials (t(18)= 2.77, pFDR = 0.04). A349

two-way ANOVA revealed a significant main effect of motion direction (F (1,18)= 13.10,350

p = 0.002, η2 = 0.42), but no significant main effect of category (F (3,54)= 1.17, p =351

0.33, η2 = 0.06), or interaction between category and direction (F (3,54)= 0.29, p =352

0.83, η2 = 0.02). These results suggest that surround suppression in hMT+ depends353
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Figure 2: Univariate surround modulation effects. Suppression index (SI) values are
shown across four category conditions: identical exemplar, different exemplar, differ-
ent basic-level category, and different superordinate category, and two motion-direction
conditions (same and opposite). Example stimuli for each category condition are dis-
played along the x-axis to illustrate the categorical hierarchy, with categorical distance
increasing from left to right (from the identical exemplar to the different superordinate
category conditions). Results are displayed for A) hMT+, B) V1, C) OPA, and D)
PPA. Positive SI values indicate surround suppression; negative values reflect facilita-
tion. Error bars represent the standard error of the mean (SEM).
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Figure 3: Averaged univariate surround modulation effects in hMT+ and V1. A)
hMT+ SI values averaged across the four category conditions for same- and opposite-
direction trials. B) V1 SI values for the identical exemplar condition versus the mean
of the three other (non-identical) conditions (i.e., different exemplar, different basic-
level category, and different superordinate category conditions), shown separately for
same- and opposite-direction trials. Positive SI values indicate surround suppression;
negative values reflect facilitation. Error bars represent the standard error of the mean
(SEM).

primarily on the relative motion direction between center and surround.354

As expected, the categorical similarity of the center and surround had no effect355

on the suppression strength, consistent with hMT+ being primarily motion selective356

rather than sensitive to scene content. Because the categorical similarity neither mod-357

ulated SI nor interacted with motion direction, SI values were averaged across the four358

category conditions (Figure 3A). A paired-sample t-test on the averaged data confirmed359

that suppression was significantly stronger when the center and surround moved in the360

same direction than when they moved in opposite directions (t(18) = 3.62, p = 0.002).361

Together, these results demonstrate that hMT+ exhibits motion-dependent surround362

suppression under dynamic, natural scene conditions, consistent with perceptual sup-363

pression effects in our recent behavioral study using the same stimuli (Kiniklioglu &364

Kaiser, 2025), and with classical findings using simple gratings (Kiniklioglu & Boyaci,365

2022; Paffen, Alais, & Verstraten, 2005; Paffen, van der Smagt, et al., 2005).366
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In V1, we observed surround facilitation across all conditions, in stark contrast to367

the suppression effects found in hMT+. Figure 2B shows the SI values for the V1368

sub-ROI across four scene-category conditions and two motion-direction conditions. SI369

values were significantly lower than zero in all conditions except the identical-exemplar370

condition for same-direction trials (t(18)= 0.95, pFDR = 0.18). A two-way ANOVA371

revealed a significant interaction between motion direction and categorical similarity372

(F (3,54)= 9.34, p < 0.001, η2 = 0.34), but no significant main effects of motion direc-373

tion (F (1,18)= 0.44, p = 0.51, η2 = 0.02) or category (F (3,54)= 0.30, p = 0.83, η2 =374

0.02).375

Because the three non-identical category conditions (different exemplar, different376

basic-level category, and different superordinate category) did not differ from each other377

and showed no effect of motion direction (all ps>0.20), they were collapsed into a single378

“non-identical” condition, analyzed separately for same- and opposite-direction trials379

(Figure 3B). Post-hoc tests confirmed that the category × motion direction interac-380

tion observed in the ANOVA was driven by the identical-exemplar condition. Motion381

direction significantly affected responses only in the identical-exemplar condition, with382

reduced facilitation when the center and surround moved in the same direction com-383

pared to opposite directions (t(18) = 3.47, pFDR = 0.003). Moreover, for same-direction384

trials, facilitation was significantly weaker for identical exemplars than for the collapsed385

non-identical condition (t(18) = 2.78, pFDR = 0.01). This pattern suggests that sim-386

ilarity between center and surround modulates facilitation in V1, such that identical387

center–surround combinations yield weaker facilitation than non-identical ones, even388

within the same category. This result aligns with classical low-level findings showing the389

strongest suppression for iso-oriented uniform stimuli (Cavanaugh et al., 2002a; DeAn-390
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gelis et al., 1994; Flevaris & Murray, 2015; Schallmo et al., 2016; Serrano-Pedraza et391

al., 2012; Walker et al., 1999) and is consistent with motion-dependent surround mod-392

ulation observed in hMT+, though in V1 the effect manifested as reduced facilitation393

rather than suppression.394

Scene-selective areas OPA and PPA both showed surround facilitation. Figures 2C395

and D show the SI values for these ROIs across four scene-category conditions and396

two motion-direction conditions. In OPA, SI values trended toward facilitation but did397

not reach significance (all pFDR > 0.05), except the different-exemplar (t(18)= 2.44,398

pFDR = 0.03) and different superordinate category condition (t(18)= 2.52, pFDR =399

0.03) for same-direction trials. In contrast, PPA showed robust facilitation, with SI400

values significantly below zero across all conditions (all t(18)> 3.76, pFDR < 0.001).401

A two-way ANOVA in both OPA and PPA revealed no significant effects of motion402

direction, category, or their interaction (all ps > 0.05). These results contrast with403

the suppression observed in hMT+ and the reduced facilitation in V1 under identical-404

exemplar condition, suggesting that scene-selective regions rely on distinct surround405

modulation mechanisms under dynamic naturalistic stimulation. These higher-level406

scene areas may integrate information from both center and surround to support scene407

understanding rather than exhibiting classical surround suppression.408

Multivariate analyses reveal motion-dependent surround modulation in hMT+409

To assess how motion direction influences surround modulation, data were collapsed410

across the four category conditions prior to decoding to isolate motion-related effects.411

We then decoded the center-only versus center+surround conditions in V1, hMT+,412

OPA, and PPA under two motion-direction conditions: same-direction and opposite-413
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direction.414

As shown in Figure 4A, decoding accuracy in hMT+ was above chance for both415

same-direction (pFDR < 0.001) and opposite-direction trials (pFDR = 0.003). A paired-416

samples t-test revealed higher accuracy for same-direction than opposite-direction trials417

(t(18) = 3.07, p = 0.007), indicating that motion congruence enhances surround mod-418

ulation in hMT+ multivoxel responses. This multivariate pattern closely mirrors the419

univariate results, which showed stronger surround suppression when center and sur-420

round moved in the same direction. Together, these analyses demonstrate that hMT+421

activity reflects motion-dependent surround modulation both in overall response am-422

plitude and in distributed activation patterns. These converging findings suggest that423

surround modulation in hMT+ is driven primarily by the relative motion direction424

between center and surround, consistent with classical low-level results (Kiniklioglu &425

Boyaci, 2022; Paffen, Alais, & Verstraten, 2005; Paffen, van der Smagt, et al., 2005).426

As shown in Figure 4B–D, decoding accuracy was above chance in V1, OPA, and427

PPA for both same-direction (all pFDR < 0.008) and opposite-direction trials (all428

pFDR < 0.001). However, paired-samples t-tests revealed no significant differences429

in decoding accuracy between same- and opposite-direction trials (all pFDR > 0.20).430

Although V1, OPA, and PPA showed reliable above-chance decoding, the absence of431

direction-related differences in these regions suggests that their surround modulation432

reflects general contextual integration rather than motion congruence.433
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Figure 4: Multivoxel decoding accuracy for center-only and center+surround classifi-
cation for the two motion-direction conditions: same-direction and opposite-direction.
Mean decoding accuracy is shown for A) hMT+, B) V1, C) OPA, and D) PPA. Error
bars indicate the standard error of the mean (SEM).

Multivariate analyses reveal category-dependent surround modulation in434

OPA and PPA435

To assess how category similarity influences surround modulation, data were col-436

lapsed across the two motion-direction conditions prior to decoding. We then decoded437

the center-only versus center+surround conditions in V1, hMT+, OPA, and PPA across438

four category conditions: identical exemplar, different exemplar, different basic-level439

category, and different superordinate category.440

As shown in Figures 5A and B, classification accuracy was significantly above chance441

for all category conditions in both hMT+ (all pFDR < 0.01) and V1 (all pFDR < 0.001).442

Despite robust decoding performance, one-way repeated-measures ANOVAs revealed443

no effect of category in either region (V1: F (3, 54) = 1.93, p = 0.13, η2 = 0.10;444
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hMT+: F (3, 54) = 0.56, p = 0.64, η2 = 0.03). These results indicate strong surround445

modulation in both areas, but this modulation did not depend on categorical similarity446

between center and surround, consistent with the roles of V1 and hMT+ in processing447

low-level visual features such as edges, orientation, contrast, and motion rather than448

higher-level, category-selective information.449

As shown in Figure 5C, the classification accuracy was significantly above chance450

in OPA for all category conditions (all pFDR < 0.002). A one-way repeated-measures451

ANOVA revealed a main effect of category, F (3, 54) = 4.12, p = 0.01, η2 = 0.19. Post-452

hoc comparisons showed higher decoding for the different superordinate-category con-453

dition than for both the identical- and different-exemplar conditions (all t(18) > 3.01,454

pFDR < 0.02), and marginally higher decoding for the different basic-level category con-455

dition than for the identical-exemplar condition (t(18) = 2.04, pFDR = 0.06). Decoding456

did not differ between the identical- and different-exemplar conditions, t(18) = 0.70,457

pFDR = 0.51.458

These results suggest that surround modulation in OPA increases with categorical459

distance. Multivoxel responses were more strongly influenced by the surround when460

the center and surround scenes belonged to different categories, indicating that OPA is461

sensitive not only to the presence of contextual surround input but also to its semantic462

relationship with the center. This categorical sensitivity aligns with our behavioral463

findings (Kiniklioglu & Kaiser, 2025), in which surround suppression increased as cat-464

egorical similarity decreased.465

PPA showed a similar pattern, with decoding accuracy increasing as the categorical466

dissimilarity between center and surround increased. Decoding was above chance for all467

category conditions except the identical-exemplar condition (pFDR = 0.17; Figure 4D).468
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The main effect of category was significant, F (3, 54) = 2.93, p = 0.04, η2 = 0.14. Post-469

hoc comparisons revealed higher decoding accuracy for the different superordinate-470

category condition than for the identical-exemplar condition (t(18) = 2.59, p = 0.02),471

and higher decoding accuracy for the different basic-level category condition than for472

the identical-exemplar condition (t(18) = 2.18, p = 0.04). Compared with OPA, sur-473

round modulation in PPA exhibited a more gradual and weaker increase in decoding474

accuracy with categorical distance. Taken together, these results extend surround mod-475

ulation effects to the scene-selective cortex, demonstrating that surround modulation476

in these regions is shaped by higher-level categorical relationships.477

Discussion478

The present study investigated how motion congruence and categorical similarity479

between center and surround scenes shape neural surround modulation. Using fMRI,480

we measured neural responses while systematically varying the relationship of center481

and surround across four levels of categorical similarity (identical exemplar, different482

exemplar, different basic-level category, and different superordinate category) and two483

levels of motion congruence (same vs. opposite direction). Univariate analyses revealed484

distinct patterns of surround modulation across the visual hierarchy. hMT+ showed485

robust motion-dependent surround suppression, with stronger suppression when the486

center and surround moved in the same direction. In contrast, V1 exhibited surround487

facilitation across all conditions, which was reduced when the center and surround488

were identical and moved in the same direction. Scene-selective regions OPA and489

PPA also showed predominantly facilitation rather than suppression. Multivariate490

analyses complemented these findings: in hMT+, decoding between the center-only491
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Figure 5: Multivoxel decoding accuracy for the center-only versus center+surround
classification across the four category conditions: identical exemplar, different exem-
plar, different basic-level category, and different superordinate category. Example stim-
uli for each category condition are displayed along the x-axis to illustrate the categorical
hierarchy, with categorical distance increasing from left to right (from the identical ex-
emplar to the different superordinate category conditions). Mean decoding accuracy is
shown for A) hMT+, B) V1, C) OPA, and D) PPA. Error bars represent the standard
error of the mean (SEM).
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versus center+surround conditions was stronger for same- than opposite-direction mo-492

tion, whereas in OPA and PPA, surround modulation was category-dependent, with493

decoding accuracy increasing as categorical similarity between center and surround494

decreased.495

These results provide the first neural evidence for surround modulation in humans496

with dynamic natural scenes. While surround suppression has been extensively charac-497

terized with simple stimuli such as gratings (Cavanaugh et al., 2002b; Schallmo et al.,498

2018; Tadin et al., 2003), its neural basis under naturalistic conditions has remained499

largely unexplored. The present findings demonstrate that surrounding scene context500

systematically modulates neural responses to central scenes across multiple stages of501

the visual hierarchy: from low-level facilitation in V1 to motion-dependent suppression502

in hMT+ and category-dependent modulation in scene-selective regions. This hierar-503

chical organization suggests that surround modulation, a well-established mechanism504

in early visual processing, is also engaged during naturalistic scene perception, with505

both motion congruence and categorical similarity shaping how contextual information506

is integrated across the visual system.507

Motion-dependent surround modulation in hMT+508

hMT+ exhibited stronger suppression when the center and surround moved in the509

same direction than when they moved in opposite directions. Decoding analyses fur-510

ther confirmed that this surround modulation was driven specifically by the motion511

direction, independent of categorical similarity. This pattern aligns with classical512

neurophysiological findings showing that MT neurons show stronger suppression for513

same-direction motion and weaker or no suppression when the center and surround514
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move in opposite directions (Allman et al., 1985; Born & Tootell, 1992; Cavanaugh515

et al., 2002b; Kastner et al., 1995; Lamme, 1995). Such motion-dependent modulation516

likely reflects local inhibitory interactions among direction-selective neurons in MT,517

consistent with the MT hypothesis of surround suppression (Tadin et al., 2003). By518

extending these low-level findings to naturalistic conditions, our results provide neural519

evidence that motion-based center–surround interactions are recruited during complex520

scene processing in hMT+. Furthermore, the close correspondence between our neural521

and behavioral findings using identical stimuli (Kiniklioglu & Kaiser, 2025) suggests522

that perceptual suppression during natural vision may arise from these motion-sensitive523

inhibitory mechanisms in hMT+.524

Facilitation in V1 Reflects Sensitivity to Physical Similarity525

Although facilitation in V1 was robust across conditions, it was significantly weaker526

for identical exemplars than for other category conditions in same-direction trials, in-527

dicating that greater physical similarity between the center and surround reduces facil-528

itation. Moreover, motion direction affected responses only in the identical-exemplar529

condition, with facilitation decreasing when the center and surround moved in the same530

direction compared to opposite directions. This pattern aligns with classical findings531

showing the strongest suppression for iso-oriented, uniform stimuli (Cavanaugh et al.,532

2002a; DeAngelis et al., 1994; Flevaris & Murray, 2015; Schallmo et al., 2016; Serrano-533

Pedraza et al., 2012; Walker et al., 1999). The motion-dependent modulation also re-534

sembles suppression effects reported in hMT+; however, in V1, the influence manifests535

as reduced facilitation rather than suppression. These effects may arise from horizontal536

interactions within V1 or feedback from motion-selective areas such as hMT+, consis-537

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 7, 2025. ; https://doi.org/10.1101/2025.11.06.686956doi: bioRxiv preprint 

https://doi.org/10.1101/2025.11.06.686956
http://creativecommons.org/licenses/by-nc-nd/4.0/


Running Head: SURROUND MODULATION WITH NATURAL SCENES 29

tent with evidence that motion information can be transmitted across early visual areas538

(Angelucci & Bressloff, 2006; Angelucci et al., 2017; Hupé et al., 2001).539

Supporting this interpretation, animal studies using naturalistic stimuli have shown540

that surround modulation in the primary visual cortex depends strongly on low-level541

image similarity. For example, Coen-Cagli et al. (2015) reported that macaque V1542

exhibits stronger suppression when the center and surround consist of homogeneous543

natural image regions. This aligns broadly with our findings, which also reveal sur-544

round modulation driven by physical similarity, although it manifested as reduced545

facilitation rather than increased suppression. Consistent with this, multivariate anal-546

yses further showed robust surround modulation in V1, but this effect did not depend547

on categorical similarity or motion congruence. Together, these results indicate that548

surround modulation in V1 primarily reflects sensitivity to low-level physical similarity549

between center and surround, rather than higher-level, category-selective information.550

Nevertheless, the nature of surround modulation in V1 remains debated. Some551

studies have reported suppression, suggesting that early visual mechanisms may con-552

tribute to the suppressive effects often observed in higher-level visual areas (Angelucci553

et al., 2017; Nurminen et al., 2009, 2013; Zenger-Landolt & Heeger, 2003), whereas oth-554

ers have reported surround facilitation (Er et al., 2020; Press et al., 2001). Importantly,555

several studies have demonstrated both suppression and facilitation in V1, depending556

on stimulus configuration, task demands, and attentional context (Flevaris & Murray,557

2015; Ichida et al., 2007; Williams et al., 2003). It is therefore possible that the facili-558

tation observed in our study reflects context-dependent modulation. Because the task559

did not explicitly require attention to the center–surround relationship, suppressive560

interactions may have been reduced, resulting in an overall facilitative response.561
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Alternatively, the facilitation observed in V1 may be influenced by feedback from562

scene-selective cortex. Surround modulation in V1 is thought to arise from a complex563

interplay of feedforward, horizontal, and feedback mechanisms (Nurminen & Angelucci,564

2014; Nurminen et al., 2018). As part of this highly interconnected network, V1 receives565

extensive feedback from other visual areas (Shao & Burkhalter, 1996), including those566

associated with scene processing (Morgan et al., 2019; Rockland & Van Hoesen, 1994).567

Top-down inputs from scene-selective regions may bias early visual responses toward568

facilitation, dynamically regulating the balance between facilitation and suppression569

and thereby contributing to the overall pattern observed in V1.570

Category-dependent modulation in scene-selective cortex571

OPA and PPA primarily exhibited facilitation, likely reflecting their relatively large572

receptive fields that integrate information across broad regions of the visual field (e.g.,573

Levy et al., 2001; Nasr et al., 2011; Silson et al., 2015). This integration may allow574

them to combine inputs from both center and surround to support scene understand-575

ing rather than exhibiting classical surround suppression. While univariate analyses576

revealed no category or motion effects, the more sensitive multivariate analyses showed577

clear category-dependent surround modulation, particularly in OPA. Multivoxel re-578

sponses were more strongly influenced by the surround when the center and surround579

scenes belonged to different categories, indicating that OPA is sensitive not only to the580

presence of contextual information but also to its categorical relationship with the cen-581

tral scene. PPA showed a similar but weaker gradual increase in surround modulation582

with categorical distance, possibly reflecting the lower signal-to-noise ratio typically583

observed in ventral visual regions (e.g., Rua et al., 2018; Winawer et al., 2010).584
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Importantly, decoding revealed no motion-related effects in either region, indicating585

that surround modulation in scene-selective cortex is driven specifically by categorical586

similarity. These results are consistent with our behavioral findings (Kiniklioglu &587

Kaiser, 2025), suggesting a shared organizing principle across neural and perceptual588

levels whereby contextual influences strengthen as scenes become more categorically589

dissimilar. The correspondence between neural and behavioral results obtained with590

identical stimuli supports the idea that perceptual contextual effects during natural591

scene perception may reflect category-sensitive integrative processes in scene-selective592

regions.593

Similar sensitivity to categorical context has been demonstrated in prior neuroimag-594

ing work on scene and object perception. Contextual incongruence between scene ele-595

ments has been shown to alter neural responses in parahippocampal and occipitotem-596

poral regions (Faivre et al., 2019; Peyrin et al., 2021; Rémy et al., 2014). For example,597

Peyrin et al. (2021) reported that categorically congruent (e.g., both man-made) but598

physically dissimilar (e.g., buildings vs. streets) peripheral scenes disrupted central599

scene categorization and increased activation in inferior frontal and occipitotemporal600

cortices. Consistent with this, we found that surround modulation in scene-selective601

cortex was stronger even when the center and surround belonged to the same superor-602

dinate category (e.g., two indoor scenes) but differed at the basic level (e.g., restaurant603

vs. museum).604
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Hierarchical surround modulation may support efficient scene representa-605

tion606

Real-world scenes show systematic spatial and semantic regularities (e.g., a bath-607

room typically contains a sink, mirror, and shower arranged within a characteristic608

layout). The visual system exploits these regularities to integrate information effi-609

ciently across multiple representational levels, supporting rapid understanding of com-610

plex environments (Bar, 2004; Kaiser et al., 2019; Võ, 2021). Computational and611

neurophysiological models suggest that such contextual integration relies on recurrent612

and inhibitory interactions that predictively modulate sensory input according to its613

relevance (Angelucci & Bressloff, 2006; Gilbert & Li, 2013; Rao & Ballard, 1999). Con-614

sistent with this view, behavioral and neuroimaging work demonstrates that coherent615

scene structure facilitates both scene and object perception (Chen et al., 2022; Dav-616

enport & Potter, 2004; Kaiser & Peelen, 2018; Kaiser et al., 2019, 2020, 2021; Võ &617

Wolfe, 2013). Together, these findings suggest that contextual mechanisms may en-618

hance informative signals while attenuating redundant input, thereby promoting stable619

and efficient visual processing in natural environments.620

Our results build on this framework by showing that categorically incongruent sur-621

rounds elicit stronger contextual modulation in scene-selective cortex than congruent622

surrounds. Whereas studies using simple stimuli have attributed surround modulation623

to the suppression of statistical redundancies in low-level features (Angelucci et al.,624

2017; Coen-Cagli et al., 2012; Nurminen & Angelucci, 2014; Schwartz & Simoncelli,625

2001; Vinje & Gallant, 2000), our findings indicate that, at higher representational lev-626

els, contextual influences are governed primarily by categorical relationships. In natural627

scenes, categorically incongruent information may enhance neural responses because it628
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violates contextual expectations and conveys higher informational value, whereas with629

simple stimuli, identical information may be suppressed because it is predictable and630

redundant. In contrast, V1 showed a pattern more consistent with low-level surround631

modulation, where facilitation decreased when the center and surround were physically632

identical, indicating sensitivity primarily to visual redundancy rather than categorical633

context. Both forms of modulation may therefore reflect a shared computational prin-634

ciple: optimizing neural representations by emphasizing informative differences while635

attenuating predictable input.636

Together, these results reveal a hierarchical organization of surround modulation637

in natural vision. Early visual areas (V1) are primarily governed by physical similar-638

ity, mid-level motion areas (hMT+) are sensitive to motion congruence, and higher-639

level scene-selective regions (OPA and PPA) integrate categorical structure. This pro-640

gression supports a predictive and efficient coding framework (Angelucci et al., 2017;641

Gilbert & Li, 2013; Rao & Ballard, 1999), whereby each stage of the visual hierar-642

chy selectively suppresses predictable or redundant input and enhances informative643

discrepancies.644

Limitations and future directions645

Although the present study provides neural evidence for both categorical and motion-646

based surround modulation in natural vision, several questions remain open for future647

investigation. First, we did not explicitly manipulate low-level visual features such as648

spatial frequency or amplitude spectrum, which may covary with categorical similarity649

and contribute to surround modulation (Peyrin et al., 2021). Future work could exam-650

ine these factors more directly by varying physical properties and categorical coherence651

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 7, 2025. ; https://doi.org/10.1101/2025.11.06.686956doi: bioRxiv preprint 

https://doi.org/10.1101/2025.11.06.686956
http://creativecommons.org/licenses/by-nc-nd/4.0/


Running Head: SURROUND MODULATION WITH NATURAL SCENES 34

independently to disentangle their respective influences.652

Second, while we used sub-ROI localizers in V1 and hMT+ to identify voxels corre-653

sponding to the center stimulus, this approach could not be applied to OPA and PPA654

due to their larger receptive fields. Consequently, the ROIs in these regions may have655

included voxels responsive to both center and surround, so that the effects cannot be656

directly interpreted as modulatory effects on the representation of the central stim-657

ulus. Moreover, scene-selective areas are thought to contain fine-grained functional658

subfields with heterogeneous tuning to spatial scale, visual field position, and category659

information (e.g., Baldassano et al., 2013; Silson et al., 2015). The absence of univari-660

ate category effects in OPA and PPA may therefore reflect this spatial and functional661

heterogeneity, where the averaging across voxels with different category or positional662

preferences could mask category-specific responses. Category-specific modulatory ef-663

fects may instead depend on multivariate response patterns in scene-selective cortex,664

necessitating pattern-based analysis approaches for characterizing this fine-scale orga-665

nization.666

Conclusions667

Using dynamic natural scenes, we demonstrate that surround modulation is a668

canonical property of human visual processing, shaped by both motion-direction con-669

gruence and categorical similarity. Univariate and multivariate analyses revealed dis-670

tinct mechanisms across the visual hierarchy: in hMT+, surround suppression de-671

pended on motion congruence (stronger for same-direction motion), consistent with672

classic center–surround interactions among direction-selective neurons; in V1, responses673

were predominantly facilitatory but weakened when center and surround were physi-674
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cally identical and moved in the same direction, reflecting sensitivity to low-level simi-675

larity; in scene-selective cortex (OPA, PPA), surround influences were largely facilita-676

tory and scaled with categorical distance in multivoxel patterns, indicating sensitivity677

to higher-level categorical structure. Together, these findings extend surround mod-678

ulation from simple stimuli to naturalistic vision, with contextual influences shifting679

from sensitivity to physical similarity in the early visual cortex to category-sensitive680

integration in higher-level regions. This hierarchical progression aligns with predictive681

and efficient coding accounts, whereby each stage attenuates predictable input and em-682

phasizes informative discrepancies to support perceptual stability and efficient scene683

understanding.684
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