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Abstract  32 

During binocular viewing, visual inputs from the two eyes interact at the level of visual 33 

cortex. Here we studied binocular interactions in human visual cortex, including both 34 

sexes, using source-imaged Steady State Visual Evoked Potentials (SSVEP) over a 35 

wide range of relative contrast between two eyes. The regions of interest included areas 36 

V1, V3a, hV4, hMT+ and lateral occipital cortex (LOC). Dichoptic parallel grating stimuli 37 

in each eye modulated at distinct temporal frequencies allowed us to quantify spectral 38 

components associated with the individual stimuli from monocular inputs (self-terms) 39 

and responses due to interaction between the inputs from the two eyes (IM terms).  40 

Data with self-terms revealed an interocular suppression effect, in which the responses 41 

to the stimulus in one eye were reduced when a stimulus was presented simultaneously 42 

to the other eye. The suppression magnitude varied depending on visual area, and the 43 

relative contrast between the two eyes. Suppression was strongest in V1 and V3a (50% 44 

reduction) and was least in LOC (20% reduction). Data with IM terms revealed another 45 

form of binocular interaction, compared to self-terms. IM response was strongest at V1 46 

and was least in hV4. Fits of a family of divisive gain control models to both self- and 47 

IM-term responses within each cortical area indicated that both forms of binocular 48 

interaction shared a common gain control nonlinearity. However, our model fits revealed 49 

different patterns of binocular interaction along the cortical hierarchy, particularly in 50 

terms of excitatory and suppressive contributions.  51 

 52 

 53 

 54 
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Significance Statement  55 

Using source-imaged SSVEP and frequency-domain analysis of dichoptic stimuli, we 56 

measured two forms of binocular interactions: one is associated with the individual 57 

stimuli that represent interocular suppression from each eye, and the other is a direct 58 

measure of interocular interaction between inputs from the two eyes. We demonstrated 59 

that both forms of binocular interactions share a common gain control mechanism in 60 

striate and extra-striate cortex. Furthermore, our model fits revealed different patterns of 61 

binocular interaction along the visual cortical hierarchy, particularly in terms of excitatory 62 

and suppressive contributions.  63 

 64 

 65 

 66 

 67 

 68 

 69 

 70 

 71 

 72 

 73 

 74 

 75 

 76 

 77 
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Introduction  78 

Psychophysical studies have documented behavioral responses to dichoptic stimuli with 79 

different combinations of target and mask contrasts in the two eyes (Legge, 1984b, a; 80 

Maehara and Gpryo, 2005; Ding and Sperling, 2006; Meese et al., 2006). Extensive 81 

physiological studies have used dichoptic stimuli to demonstrate interocular suppression 82 

in primary visual cortex, V1 (Sengpiel and Blakemore, 1994; Sengpiel et al., 1995; 83 

Smith et al., 1997; Truchard et al., 2000; Macknik and Martinez-Conde, 2004; Li et al., 84 

2005; Sengpiel and Vorobyov, 2005; Sengpiel et al., 2006; Busse et al., 2009), and in 85 

V2 (Bi et al., 2011). The degree of suppression in V1 and V2 was found to be similar in 86 

strabismic monkeys (Bi et al., 2011). By contrast, there are few electrophyiological 87 

studies of interocular suppression in human V1. Two recent magnetoencephalography 88 

(MEG) (Chadnova et al., 2017; Chadnova et al., 2018) and one EEG (Busse et al., 89 

2009) source-imaging studies in humans used a two-frequency dichoptic noise-masking 90 

paradigm and varied contrast and luminance levels in the two eyes. They demonstrated 91 

interocular suppression in V1, where dichoptic masking decreased responses by about 92 

50% in participants with normal binocular vision (Chadnova et al., 2018). It is not clear 93 

how such binocular contrast interaction propagates from V1 to extra-striate visual 94 

cortex. 95 

 96 

Our first goal was to obtain a more complete profile of interocular suppression along the 97 

human visual cortical hierarchy, including areas of V1, V3a, hV4, hMT+ and lateral 98 

occipital cortex (LOC). Here we used source-imaged Steady State Visual Evoked 99 

Potentials (SSVEPs) with stimuli in each of the two eyes tagged with distinct temporal 100 
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frequencies (Hou et al., 2016). Our approach was similar to Chandnova et al. (2017, 101 

2018), but we used a pair of parallel sinusoidal gratings instead of a noise-masking 102 

paradigm. Parallel gratings evoke stronger masking/suppression of the harmonic 103 

responses to each eye’s stimulus frequency (referred to as self-terms, nF1 and nF2) 104 

than orthogonal gratings (Morrone and Burr, 1986; Burr and Morrone, 1987; Brown et 105 

al., 1999; Candy et al., 2001; Moradi and Heeger, 2009). This is true for the neurons in 106 

cat’s visual cortex as well (Ohzawa and Freeman, 1986; DeAngelis et al., 1992). As 107 

self-term responses to each eye’s input are reduced by simultaneously presenting 108 

stimuli to the other eye (Brown et al., 1999; Chadnova et al., 2017; Chadnova et al., 109 

2018), we investigated dynamic interocular suppression in various cortical areas 110 

simultaneously by using different combinations of contrasts in the two eyes.  111 

 112 

In addition to self-term responses, the interaction between the two unique frequency 113 

components presented to each eye also evokes intermodulation (IM) terms (nF1±mF2), 114 

(Baitch and Levi, 1988; Suter et al., 1996; Brown et al., 1999; Sutoyo and Srinivasan, 115 

2009; Baker and Wade, 2017; Cunningham et al., 2017). The presence of such IM 116 

components constitutes objective neural evidence for interocular interaction (Brown et 117 

al., 1999; for a review, see Norcia et al, 2015). Therefore, our second goal was to use 118 

IM responses as a novel method to measure interocular interaction along the visual 119 

cortical hierarchy.  120 

 121 

Furthermore, to characterize these two forms of binocular interactions (interocular 122 

suppression and interaction revealed by self and IM terms, respectively) and their 123 
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relation to contrast gain control, we fit both self and IM data simultaneously to a family 124 

of divisive gain control models (Tsai et al., 2012) across various cortical areas. Previous 125 

masking SSVEP studies (Candy et al., 2001; Baker and Wade, 2017; Chadnova et al., 126 

2017; Chadnova et al., 2018) used a static contrast input in gain control models, which 127 

limited their ability to deal with temporal dynamics and the range of input contrasts in 128 

our study. The Tsai et al. (2012) model includes a time-varying contrast input and can 129 

explain the full range of frequency-domain responses. Model fits of both interocular 130 

suppression (self-terms) and interocular interaction (IM terms) provided a more 131 

complete description of binocular interactions in human striate and extra-striate visual 132 

cortex within the normalization framework of contrast gain control.  133 

 134 

Materials and Methods 135 

Participants   136 

Fifteen participants with normal vision (7 females) between 22 and 68 years old (mean 137 

age 44 ± 14) volunteered for the study. They all had normal or corrected-to-normal 138 

vision (20/20 or better in each eye with Bailey-Lovie LogMAR chart). Their stereoacuity 139 

was at least 40 arcsec (Random-dot stereo butterfly, Stereo Optical CO., INC). Their 140 

dominant eye and non-dominant eye were determined using the hole-in-the card test. 141 

The research protocol was approved by the Institutional Review Board of The Smith-142 

Kettlewell Eye Research Institute and conformed to the tenets of the Declaration of 143 

Helsinki. Written informed consent was obtained before the experiments.  144 

 145 

 146 

 147 
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Experimental design  148 

Display and stimuli. Figure 1 illustrates the stimuli and experimental design in this study. 149 

A pair of 2 cpd parallel sinusoidal gratings was presented on two matched Sony 150 

Trinitron monitors (model 110GS) viewed through cross-polarized filters (goggles) at a 151 

distance of 100 cm. Each screen had a resolution of 1024 by 768 pixels and was 152 

refreshed at 85 Hz. The mean luminance of the display was 46.2 cd/m2. The gratings 153 

were contrast reversed at different temporal frequencies (8.5 Hz and 6.07Hz) and 154 

presented separately to each eye, viewed through cross-polarized filters, as seen in 155 

Figure 1A. Figure 1B shows a sample fMRI scan from one participant in a separate 156 

session to define the regions of interest (ROIs: V1, V3a, hV4, hMT+ and LOC) in visual 157 

cortical areas. These ROIs were used for source imaging of EEG scalp potentials. 158 

SSVEPs were measured in three conditions from each of 15 participants. In the Target-159 

alone condition, the target grating was contrast-reversed at 8.5Hz in the non-dominant 160 

eye and its contrast was swept from 1.7% to 40% in 10-logarithmic steps within 10 161 

seconds, while the mask contrast in the dominant eye was set at 0%. The spectrum in 162 

this condition was dominated by the second harmonic response (2F1) to the target at 163 

17Hz (Fig. 1C top panel). In the Mask-alone condition, the mask grating was contrast-164 

reversed at 6.07Hz in the dominant eye and its contrast was fixed at 20% for the trial, 165 

which lasted 10 seconds, while the target contrast in the non-dominant eye was set at 166 

0%. The spectrum in this condition was dominated by the second harmonic response 167 

(2F2) to the mask at 12Hz (Fig. 1C middle panel). In the Target+Mask condition, the 168 

target contrast in the non-dominant eye was swept from 1.7% to 40% in 10-logarithmic 169 

steps within 10 seconds, while the mask contrast in the dominant eye was fixed at 20%. 170 
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The spectrum in this condition consisted of self-terms (Target 2F1 and Mask 2F2) and 171 

also IM-terms (F1+F2 at 14Hz, F1-F2 at 2Hz), as seen in Figure 1C bottom panel. We 172 

also repeated the Target+Mask condition with reversed temporal frequencies in the two 173 

eyes, with the target and mask gratings contrast-reversing at 6.07Hz and 8.5Hz, 174 

respectively. This repeated Target+Mask condition served to determine whether 175 

different temporal frequencies affect target and mask responses.  176 

 177 

Insert Figure 1 about here 178 

 179 

SSVEP data acquisition and source localization 180 

EEG data were collected from 15 participants with 128-channel HydroCell Sensor Nets 181 

and Net Station acquisition system (EGI, Eugene OR), bandpass filtered from 0.1 to 50 182 

Hz and digitized at 500 Hz. Four stimulus conditions (Target alone, Mask alone, 183 

Task+Mask and repeated Target+Mask with reversed temporal frequencies) were 184 

presented in a random order with each trial lasting for 10 s duration that was divided 185 

into 12 bins (10 core + 1 prelude + 1 postlude), and with intervals of 3 s ± 0.5 s between 186 

each trial. The prelude and postlude bins were discarded for data analysis to eliminate 187 

onset/offset transients. Twenty trials of each stimulus condition were acquired. 188 

Participants were instructed to fixate a central marker and avoid blinking during stimulus 189 

presentation. At the end of the EEG session, the 3D locations of 128 sensors and three 190 

fiducials (nasion, left and right preauricular) were recorded for each participant using a 191 

‘Fastrak’ radio-frequency 3D digitizer (Polhemus, Colchester VT) and co-registered to 192 
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participants’ T1-weighted anatomical Magnetic Resonance (MR) scans, from which a 193 

three-shell boundary element model of the skull and scalp was computed. 194 

 195 

EEG signals and artifact rejection (eye movements and blinks) were post-processed 196 

using a custom software package designed by the Norcia research group (Ales et al., 197 

2013). Details for source localization of EEGs are described elsewhere (Appelbaum et 198 

al., 2006; Cottereau et al., 2011; Hou et al., 2016; Hou et al., 2017). In brief, an L2 199 

minimum norm inverse was computed with sources constrained to the location and 200 

orientation of the cortical surface (Ha ̈ma ̈la ̈inen et al., 1993). ROIs corresponding to 201 

visual areas V1, V2v, V2d, V3v, V3d, V3a, and hV4 were defined by a separate 202 

procedure based on retinotopic mapping using fMRI (Engel et al., 1997). The area 203 

hMT+ was identified using low-contrast motion stimuli (Huk and Heeger, 2002). The 204 

lateral occipital cortex (LOC) was defined using a block-design fMRI localizer scan with 205 

stimuli from Kourtzi and Kanwisher (Kourtzi and Kanwisher, 2000). 206 

 207 

ROI-based analysis 208 

In this study, we specifically examined responses in V1, V3a, hV4, hMT+ and LOC. The 209 

areas V2 and V3 were excluded due to cross-talk from other areas (Cottereau et al., 210 

2011). To measure contrast response functions, raw EEG recordings for each trial were 211 

divided into 10 sequential core bins that corresponded to the swept stimulus values 212 

(contrast). For each bin, a recursive least- square adaptive filter (Tang and Norcia, 213 

1995) was used to generate a series of complex-valued spectral coefficients 214 

representing the amplitude and phase of harmonic responses (Hou et al., 2017). 215 
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Voltage versus contrast response functions were obtained by coherently averaging the 216 

spectral coefficients for each bin across trials for each participant, ROI, harmonic, and 217 

stimulus condition. To take into account the different noise levels for each participant 218 

(Vialatte et al., 2010), we computed the signal-to-noise ratio (SNR) for each participant 219 

by dividing peak amplitudes by the associated noise, which was defined for a given 220 

frequency by the average amplitude of the two neighbor frequencies (stimulus 221 

frequencies ± 1.21 Hz). Then, we averaged the SNRs across the 15 participants. As 222 

there were no significant differences between left and right hemisphere responses 223 

(F(1,14)=3.16, p=0.097) when collapsing across stimulus conditions, harmonics and 224 

ROIs, we therefore averaged the data from both hemispheres. 225 

 226 

Cross-talk in ROI 227 

To estimate the contribution of activities from areas outside the designated ROI, we 228 

computed a cross-talk matrix, using the calculation described by Lauritzen et al. (2010) 229 

and Cottereau et al. (2011), as seen in Figure 2. Cross-talk refers to the neural activities 230 

generated in different areas that are attributed to a particular ROI due to the smoothing 231 

of the electric field by the head volume. Ideally, the cortical current densities would 232 

show zero cross-talk and the associated matrix would be equal to identity, however the 233 

skull, dura, and intervening media smear the source localization. Nevertheless, the 234 

visual areas (V1, V3a, hV4, hMT+ and LOC) chosen for our study received on average 235 

less than 25% cross-talk in our study, allowing us to conclude that the results we 236 

observed arise predominantly in the designated areas. 237 

 238 
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Insert Fig. 2 about here 239 

 240 

 241 

 242 

SSVEP contrast threshold estimation 243 

The SSVEP contrast thresholds are estimated for a given ROI for each individual 244 

participant by extrapolating the second harmonic of the SSVEP response amplitude as 245 

a function of target contrast to zero microvolts, using in-house software for contrast 246 

sweep VEP (Norcia et al., 1990). The threshold extrapolation algorithm incorporated the 247 

signal-to-noise ratio and phase-consistency criteria described in Norcia, Clarke, and 248 

Tyler (1985), with additional cross-checks performed using the t2circ statistic of Victor 249 

and Mast (1991). 250 

 251 

Contrast response modeling 252 

In a non-dichoptic masking study, Tsai et al. (2012) extended a well established 253 

description of the contrast response function—the hyperbolic ratio function (Naka and 254 

Rushton, 1966; Albrecht and Hamilton, 1982) and included a time varying contrast input 255 

that explained the full range of frequency-domain responses. To adapt the Tsai et al. 256 

(2012) model to our dichoptic masking paradigm, we made several modifications: 1) We 257 

presented the target and mask stimuli to different eyes; 2) We introduced a weighting 258 

factor for the mask contrast input as the relative contributions of the target and the mask 259 

are different in our dichoptic masking study; 3) We introduced an additive baseline 260 

parameter to account for the SNR floor not being around 1, as the responses of Target 261 
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alone 2F1 and Target+Mask 2F2 were suprathreshold with SNR>1. Thus, the variant of 262 

the Tsai et al (2012) model used in our study is described by the following: 263 

 264 

( ) = sin 2 + 12 + sin(2 ) + 12                           (1)  

 265 

                                            ( ) = [ ( )][ ( )] +                                                                         (2)  

 266                                       ( ) = ( ) + | ( )|                                                                  (3)  

 267 

Equation (1) defines the time-varying contrast ( ), where  and  are the 268 

contrasts of the Target and Mask, respectively,  and  are their temporal 269 

frequencies (Carandini, 2004; Bonin et al., 2006; Tsai et al., 2012) and  is a 270 

weighting factor of mask contrast relative to target. Equation (2) defines the non-271 

linearity, where  is a semi-saturation constant representing contrast sensitivity,  is an 272 

exponent of the excitation, and  is an exponent of divisive suppression (Foley, 1994; 273 

Chen et al., 2001; Xing and Heeger, 2001; Peirce, 2007), as described in Tsai et al. 274 

(2012).  Equation (3) is the function fit to the data, where ( ) is the SNR at frequency 275 

. The parameter  is a frequency-dependent baseline parameter we added to account 276 

for the signal-to-noise floor, and  is the response gain factor. The notation | ( )| 277 

denotes the amplitude of the Fourier transform of time series ( ) at frequency . 278 

Parameter values were obtained by nonlinear constrained optimization (MATLAB 279 

function fmincon) to minimize the sum of the squared residual error. The coefficient of 280 
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determination (R2) was used to assess goodness of fit of a model. The standard 281 

deviations and confidence intervals of the fit parameter values were estimated from the 282 

distributions of 1000 bootstrap resamplings (each of size 15), drawn randomly from 283 

participant data with replacement. 284 

 285 

Statistical analysis 286 

Statistical analyses were conducted using repeated-measure ANOVA in R for the data 287 

in Figures 3, 4 and 6; and paired t-test in Figure 3C.   288 

 289 

Results 290 

I: Profile of interocular suppression in V1 and extra-striate cortex  291 

Self-term responses represent the response to each eye’s input (i.e., target eye and 292 

mask eye).  As one eye’s self-term response is reduced by simultaneously presenting 293 

the stimuli to the other eye (Chadnova et al., 2018), we measured this component to 294 

investigate interocular suppression under dynamic combinations of contrasts from the 295 

two eyes.  296 

 297 

Figure 3 plots SNR at the second harmonic responses averaged across 15 participants 298 

from 3 stimulus conditions that produced the following self-term response components: 299 

the second harmonic of the target frequency when the target was presented alone 300 

(Target alone 2F1) and when it was presented with a mask (Target+Mask 2F1), and the 301 

second harmonic of the mask frequency when the mask was presented alone (Mask 302 

alone 2F2), and when it was presented with the target (Target+Mask 2F2). Data from 303 
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the different ROIs are shown in different colors. It is obvious that the response was 304 

about a factor of 2 higher in V1 than in extra-striate cortex, regardless of the absence 305 

(Fig. 3A and B, top panels) or presence (Fig. 3C and D, top panels). An initial ANOVA 306 

was conducted with the factors of component (Target alone, Target+Mask at 2F1 and 307 

Target+Mask at 2F2) and ROI (V1, V3a, hV4, hMT+ and LOC) collapsed (averaged) 308 

across 10 target contrast levels. The component of Mask alone (Fig. 3B, top panel) was 309 

excluded due to only one contrast level. As expected, the interaction of component and 310 

ROI was significant (F (8, 7) = 5.06, p = 0.023), suggesting that the responses are 311 

different among the conditions and the ROIs. This difference was likely driven by the 312 

overall weaker responses in extra-striate cortex, compared to the responses in V1. 313 

Therefore, we further compared the responses between V1 and extra-striate ROIs 314 

(averaged responses of areas V3a, hV4, hMT+ and LOC) across 10 target contrast 315 

levels for each component. ANOVA with factors of ROI and target contrast level 316 

revealed that V1 had significantly stronger responses than extra-striate cortex for all 317 

three components: Target alone 2F1 [F(1,14)=13.80, p=0.002], Target+Mask 2F1 318 

[F(1,14)=7.97, p=0.014] and Target+Mask 2F2 [F(1,14)=10.27, p=0.006]. There were no 319 

significant differences among target contrast levels for each component [F(9,6)=2.02, 320 

p>0.05].   321 

 322 

Furthermore, as seen in Fig. 3C and D when a mask was presented to the other eye, 323 

the responses to the Target (Target+Mask at 2F1, Fig. 3C top panel) reduced in all 324 

ROIs, compared to Target alone condition (Fig.3A top panel). In contrast, the responses 325 

to the Mask (Target+Mask at 2F2, Fig. 3D top panel) in the presence of a target of 326 
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increasing contrast, decreased monotonically as the target contrast was increased. The 327 

pattern of self-term responses at both target frequency (2F1) and mask frequency (2F2) 328 

was consistent with Winner-Take-All competition (Busse et al., 2009; Carandini and 329 

Heeger, 2011), as the response seems to be dominated by the higher contrast 330 

component.  Repeating the Target+Mask condition with reversed temporal frequencies 331 

in the two eyes did not show significant differences (F (1,14)=0.32, p=0.581, repeated-332 

measure ANOVA). This result indicated that different temporal frequencies did not affect 333 

the pattern of target and mask responses. Therefore, replication of the results suggests 334 

good test-retest reliability for the study as well.  335 

 336 

We also measured individual contrast thresholds by extrapolating the SSVEP response 337 

amplitude at Target+Mask 2F1 versus target contrast response function to zero 338 

microvolts (Norcia et al., 1990). Previous studies found that extrapolation of contrast 339 

response curves efficiently predicts psychophysical thresholds (Campbell and Maffei, 340 

1970). The averaged threshold across participants in each ROI is plotted in Fig. 3C, top 341 

panel. Contrast threshold for the target in the presence of a fixed contrast dichoptic 342 

mask was 2.9% in V1, which was significantly lower than the threshold of 3.69% in 343 

extra-striate ROIs (averaged across V3a, hV4, hMT+ and LOC) (p=0.011, paired t-test). 344 

However, we were not able to measure contrast thresholds for the 2F1 component in 345 

the target-alone condition, because the contrast sweep started at 1.7% contrast, which  346 

is well above the unmasked threshold measured in a previous study (Norcia et al., 347 

1990). Contrast thresholds measured with a contrast sweep method similar to the one 348 

used in our study (Norcia et al.,1990), were about 0.22-0.32% for adults at low special 349 
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frequencies (0.5 – 2 cpd). This should be similar to thresholds for the 2 c/deg of special 350 

frequency grating used in our study. Compared to the thresholds for unmasked stimuli, 351 

the thresholds in the presence of a dichoptic mask are about an order of magnitude 352 

higher (2.9% in V1 and 3.69% in extra-striate cortex), suggesting interocular 353 

suppression of contrast sensitivity.  354 

 355 

The response phase depended on whether the mask was present and whether the 356 

responses were to the target or to the mask. In the Target-alone condition, as seen in 357 

the bottom panel of Fig. 3A, we observed a “phase advance” of the 2F1 component, as 358 

described previously (Burr and Morrone, 1987), where the response phase 359 

progressively increased with increasing target contrasts, with a steeper increase for 360 

intermediate contrasts (~ 5% to 10% target contrast in our study) in all ROIs, except in 361 

V1. V1 showed a phase decrease of about -20° to -40° for intermediate contrasts. When 362 

the parallel dichoptic mask was present, the “phase advance” was reduced (from 60° in 363 

Target-alone condition to 40° in Target+Mask condition) in hMT+ and LOC. 364 

Interestingly, the “phase advance” in V3a disappeared, and the phase in hV4 showed a 365 

“phase decrease” (Fig.3C, bottom panel). The phase in V1, as in hV4, also showed a 366 

“phase decrease” with increasing target contrast. These findings suggest that the 367 

“phase decrease”, including reduction of “phase advance”, might be a signature of 368 

interocular suppression in parallel dichoptic masking. The observation that the phase 369 

advance is abolished in V3a with the introduction of a parallel grating mask is similar to 370 

the findings in a previous VEP study (Burr and Morrone, 1987). It is possible that the 371 
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responses recorded at POz from Burr and Morrone (1987) also represent more dorsal 372 

areas, such as V3a.  373 

 374 

For the responses to the mask frequency 2F2, the phase showed an opposite pattern, 375 

compared to the pattern of the target frequency 2F1 (Figure 3D, bottom panel,). All 376 

ROIs, except V1, showed a “phase decrease” at around 10% and 20% target contrast. 377 

V1 showed a “phase advance” as described in the Burr and Morrone study (1987). The 378 

opposite pattern of phase change for 2F1 and 2F2 suggest that the phase responses to 379 

the stimuli rely on the relative contrast between the two eyes. A direct comparison of 380 

phase responses in each ROI in the Target-alone and Target+Mask conditions can be 381 

seen clearly in the bottom panels of Figure 4A for target frequency (2F1) and of Figure 382 

4B for mask frequency (2F2). 383 

 384 

 385 

Insert Figure 3 about here 386 

 387 

 388 

Insert Figure 4 about here 389 

 390 

 391 

Figure 4 demonstrates the profile of interocular suppression in V1 and the ROIs in 392 

extra-striate cortex. In all ROIs, the responses to the Target (Fig. 4A, top panels) and to 393 

the Mask (Fig. 4B, top panels) were suppressed (reduced) by presenting stimuli to the 394 
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other eye. As seen in Figure 4A (top panels), the effect of the dichoptic mask on the 395 

target was to shift all contrast response functions of Target+Mask 2F1 downward and 396 

rightward. The downward and rightward shifts are quantified by the modified version of 397 

the Tsai et al. (2012) model, in which Target alone and Target+Mask responses in the 398 

top row of Figure 4A were fit separately in each ROI. The detailed fit results are 399 

presented below in Results Section III (Monocular versus dichoptic processing in higher 400 

visual areas).  401 

 402 

Figure 5 plots suppression percentage in each ROI as the difference between with- and 403 

without-mask SNR, divided by the Target-alone SNR. Negative and positive values 404 

indicate suppression and facilitation, respectively. For suppression of the target by the 405 

mask, all ROIs showed suppression from 1.7% to 40% target contrast. The suppression 406 

was evident at very low target contrasts (lower than 3.5%) and reached a maximum at 407 

7% target contrast, which was far below the contrast at which the two eyes’ contrasts 408 

were matched (20%). V1 had the strongest suppression (about 50% reduction) and 409 

LOC had the least suppression (about 20% reduction) at the contrast corresponding to 410 

peak suppression. The suppression in V3a was similar to V1.  411 

 412 

Insert Figure 5 about here 413 

 414 

II: Profile of interocular interaction in V1 and extra-striate cortex 415 

IM terms can only result from the interaction of the two eyes’ inputs and thus their 416 

presence is neural evidence for interocular interaction (Brown et al.,1999). Among the 417 
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IM components, F1+F2 was dominant in our study as seen in Figure 1C, bottom panel, 418 

so we used the F1+F2 IM component to index “interocular interaction” in our study. 419 

When both target and mask were present, the IM responses as a function of target 420 

contrast across all ROIs were nonmonotonic, as seen in Figure 6, left panel: they 421 

increased with target contrast to a peak and then declined thereafter. Although overall 422 

response magnitudes in extra-striate cortical areas were weaker than in V1, the peak IM 423 

responses occurred around 20% target contrast, when the contrast matched that of the 424 

mask. In V1, the IM response became evident at about 2.5% of target contrast, while in 425 

extra-striate ROIs IM response were evident at about 4-5% of target contrast. One 426 

factor ANOVA with ROI (V1, V3a, hV4, and hMT+ and LOC) at the peak response, 427 

where both the target and mask contrast were matched at 20%, revealed significance, F 428 

(1, 14) = 192.24, p<0.001, suggesting an effect of ROI that is likely driven by higher 429 

response in V1. To investigate this further, we compared the responses between V1 430 

and extra-striate ROIs (averaged responses of areas V3a, hV4, hMT+ and LOC) across 431 

10 target contrast levels. Similar to the self-terms noted earlier, ANOVA with factors of 432 

ROI and target contrast level revealed that V1 had significantly stronger interocular 433 

interaction than extra-striate cortex [F(1,14)=7.94, p=0.014]. Among the extra-striate 434 

ROIs, hV4 showed the smallest IM response. However, the difference between hV4 and 435 

averaged responses of V3a, hMT+ and LOC did not reach significance [F(1,14)=1.94, 436 

p=0.185]. The phase of the IM response also changed with increasing target contrast. 437 

However, the pattern of the IM phase change was different from the patterns of phase 438 

change in for the 2F1 component in the Target-alone and Target+Mask conditions. V1 439 

and hV4 showed a “phase advance” as contrast increased from about 5% to about 20 to 440 
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40%. The phase in V3a, hMT+ and LOC showed a small decrease with increasing 441 

target contrast and remained at around -40° for contrasts higher than 10%. 442 

 443 

Insert Figure 6 about here 444 

 445 

III. Monocular versus dichoptic processing in higher visual areas 446 

As mentioned earlier, we quantified the extent of interocular suppression by fitting the 447 

target 2F1 responses in the absence and presence of mask (Figure 4A, top row) 448 

separately using a divisive gain control model (Tsai et al., 2012) that we modified for our 449 

dichoptic masking study. The model fits are shown in Figure 7, where the black solid 450 

lines indicate the best fitting model. The corresponding fit parameters and values in 451 

each ROI are listed on the left side of the panels for the Target-alone condition and on 452 

the right side of the panels for the Target+Mask condition. Several key changes were 453 

observed in target 2F1 responses in the presence of a dichoptic mask (binocular 454 

interaction), compared to those in the absence of mask (monocular processing), which 455 

we describe in detail below. 456 

 457 

Insert Figure 7 about here  458 

 459 

Downward and rightward shifts of the contrast response function in the presence of 460 

dichoptic mask 461 

The changes to the 2F1 response by the addition of a dichoptic mask are characterized 462 

primarily by changes to the semi-saturation constant ( ) and to the baseline parameter 463 
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R0, as shown in Table 1. The � value increased from 4.7% to 11% in V1, and from 10% 464 

to 32% in extra-striate cortex (averaged over extra-striate ROIs). The � values in the 465 

presence of mask were distributed over a wide range, showing no significant differences 466 

between the ROIs. However, the overall rightward shift of the 2F1 responses due to the 467 

addition of a dichoptic mask is obvious compared to those in the absence of the mask. 468 

The increased  indicates that the mask reduced contrast sensitivity. Table 1 also 469 

shows a clear decrease in the baseline level (R0) on average across ROIs from 1.47 ± 470 

0.19 in the absence of the mask to 1.06 ± 0.05 in the presence of the mask in all ROIs. 471 

The downward shift in the baseline parameter R0 is likely due to the fact that even the 472 

lowest value of the sweep contrast (1.7% in) the Target-alone condition was at a 473 

suprathreshold level, which is known to evoke significant VEP responses (Norcia et al., 474 

1990; Hou et al., 2014).  475 

 476 

Insert Table 1 about here 477 

 478 

 479 

Response gain reduced in the presence of dichoptic mask 480 

We have seen that the dichoptic mask reduced response amplitudes (Figure 4A, top 481 

row). The response gain parameter Rm also showed a similar effect (Figure 8A). 482 

Response gain decreased by about a factor of 2 in all ROIs in the presence of a 483 

dichoptic mask. Response gain in V1 was higher than in extra-striate cortex, regardless 484 

of the presence or absence of mask. A previous MEG source-imaging study (Hagler, 485 

2014) also reported that V1 had about a factor of 2 stronger responses than V2, V3 and 486 
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V3a for checkerboard pattern stimuli. The strong response gain in V1 might be because 487 

the stimuli (contrast in our study, checkerboard in Hagler, 2014) were low-level and 488 

primarily represented functional properties of V1 neurons. We speculate that the strong 489 

response gain in V1 might also be driven by the specific role of V1 as the first locus 490 

where binocular information is combined. It is also possible that the more robust EEG 491 

responses in V1 are because it has a larger cortical surface area in close proximity to 492 

the scalp electrodes, compared to extra-striate cortex, such as areas hV4, hMT+ and 493 

LOC.  494 

 495 

Insert Fig.8 about here 496 

 497 

 498 

Excitatory and divisive suppression in monocular and dichoptic processing 499 

Our model fits revealed a change in the relationship between excitatory (p) and 500 

suppressive contributions (q) in the presence of a dichoptic mask. Although the values 501 

of p and q differed across cortical ROIs (Fig.7), divisive suppression across all ROIs 502 

was in general stronger than excitation in the presence of a mask, and in general 503 

weaker than excitation in the absence of mask. This is evident in Figure 8B, where the 504 

differences between q and p for the 2F1 component in the Target alone and the 505 

Target+Mask conditions are evident. In the absence of mask (monocular processing), p 506 

is slightly more dominant (as seen in the lower part of the graph shaded in pink). In the 507 

presence of mask (dichoptic processing), q is dominant (upper part of the graph shaded 508 

in green) in extrastriate areas. However, this alternation was not observed in V1, where 509 
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the mean difference between q and p did not reach significance due to the large 510 

standard deviation of the fit. 511 

 512 

Weight of mask contrast in dichoptic processing 513 

As seen in Figure 4, overall suppression was weaker from the target eye (swept 514 

contrast) to the mask eye (fixed contrast) (Fig.4B, top panels), compared to the 515 

suppression from the mask eye to the target eye (Fig. 4A, top panels). Our model fits 516 

are also consistent with this observation. More specifically, we modified the Tsai et al. 517 

(2012) model to allow for a parameter that determines the relative contribution of mask 518 

contrast, Wmask. We found that the effective contrasts of target and mask were different 519 

in our dichoptic-masking paradigm, compared to non-dichoptic masking (Tsai et al., 520 

2012) where both target and mask contrast inputs had equal weights. This is evident in 521 

the values of the weighting factor (Wmask) in the Target+Mask condition listed in the right 522 

side of the panels in Figure 7 and in Figure 8C, where the mask contrast across ROIs 523 

had to be attenuated to about 0.74 on average (± 0.225 SD) to achieve good fits of the 524 

model. For the dichoptic masking condition, there was no significant difference in Wmask 525 

between ROIs. For the Target-alone condition, Wmask was disabled (set to 0 for the fits 526 

on the left side of panels in Fig.7). It is not clear why the relative effectiveness of target 527 

and mask contrasts were different, but the attenuation of the mask needed to account 528 

for the dichoptic masking data suggests that the suppression from the mask eye (fixed 529 

contrast) to the target eye (varied contrast) is stronger than the other way around.  530 

 531 

IV: Relation of the two forms of binocular interactions to contrast gain control 532 
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To characterize the two forms of binocular interaction (i.e., interocular suppression 533 

represented by self-terms vs. interocular interaction represented by IM terms) and their 534 

roles in the relation to contrast gain control in visual cortical hierarchy, we fit all the 535 

dichoptic masking data (both self and IM term responses) simultaneously across 536 

various cortical areas to a family of divisive gain control models (Tsai et al., 2012) that 537 

we modified for our dichoptic masking study. The model fits are shown in Figure 9, 538 

where the black solid lines indicate the best fitting model. The corresponding fit 539 

parameters and values in each ROI are listed on the right side of the panels, as well as 540 

in Table 2 along with standard deviations. Note that the fit parameters in Figure 9 541 

typically inherit the patterns of Target+Mask 2F1 in Figure 7, where Wmask  is less than 1 542 

and q still remains dominant across all ROIs, as these components (Target 2F1, Mask 543 

2F1 and IM) are all dichoptic responses. However, simultaneously fitting all three-544 

response components in a given ROI resulted in larger standard deviations than fitting a 545 

single component  (Figure 7, Target 2F1). Nonetheless, as seen in Figure 9, both self 546 

and IM terms in V1 and extra-striate cortex are simultaneously fit well, suggesting that 547 

both forms of binocular interactions during dichoptic presentation have the same gain 548 

control parameters within a given ROI. The Goodness of fit (R2) varied across the ROIs 549 

between 0.875 and 0.967. This finding indicates that both forms of binocular interactions 550 

share a common gain control nonlinearity within a cortical area.  551 

 552 

Insert Figure 9 about here 553 

 554 

 555 
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Discussion 556 

Using source-imaged SSVEP and frequency-domain analysis, we examined the neural 557 

dynamics of binocular interactions in various human visual cortical areas over a wide 558 

range of relative stimulus contrast between the two eyes. The stimuli in each eye were 559 

tagged with distinct temporal frequencies, which allowed us to quantify spectral 560 

components associated with the individual stimuli in each eye (self terms) and the 561 

responses due to interaction between the inputs from two eyes (IM terms). These two 562 

terms provided a more complete description of neural activities regarding binocular 563 

interactions in human striate and extra-striate cortex, including areas V1, V3a, hV4, 564 

hMT+ and LOC.  565 

 566 

Contrast normalization accounts for two forms of binocular interactions in the 567 

visual cortical hierarchy  568 

One of important findings in this study is that the two forms of binocular interactions 569 

(interocular suppression and interaction revealed by self and IM terms, respectively), 570 

share a common gain control mechanism. This shared gain control is evident in Figure 571 

9, in which both self and IM terms are simultaneously fit well not only in V1, but also in 572 

extra-striate cortex to a family of divisive gain control models (Tsai et al., 2012). These 573 

findings suggest that contrast normalization successfully predicts the neural populations 574 

during binocular processing in both striate and extra-striate visual cortex. Our study is 575 

the first to demonstrate that interocular interaction as indexed by the IM term is also 576 

consistent with divisive gain control in extra-striate cortex.  577 

 578 
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It is surprising that our dichoptic contrast masking data are fit perfectly well by a contrast 579 

gain model developed to explain non-dichoptic contrast masking (Tsai et al., 2012), with 580 

minor variations such as presenting target and mask stimuli to different eyes and 581 

attenuating mask contrast input. The latter is critical to achieve good fits of the model for 582 

dichoptic masking, as it allows for a parameter (Wmask) that determines the relative 583 

contribution of the mask contrast. The original non-dichoptic version of the model (Tsai 584 

et al.,2012) without Wmask fit our monocular data very well, but not our dichoptic data, as 585 

can be seen in Figure 8C. This finding suggests that the relative contributions of each 586 

eye to contrast gain may vary under certain circumstances, such as a constant mask in 587 

one eye and a varying contrast target in the other eye. We found that the effect from the 588 

target eye to the mask eye is weaker than the effect from the mask eye to the target 589 

eye. Our variant of the model provides a quantitative estimate of the weighting of 590 

contrast from the mask eye Wmask, which could be useful to evaluate amblyopic 591 

suppression from the non-amblyopic fellow eye to the amblyopic eye.  592 

 593 

Previous studies have used a two-stage model (Meese, Georgeson & Baker, 2006) to 594 

describe binocular combination, where the first stage has monocular inputs that are 595 

normalized by inputs from both eyes before a second stage where they are combined 596 

binocularly. Our data are well fit by a single stage of normalization in Tsai et al. (2012), 597 

but that is perhaps because we are measuring responses in V1 and beyond where the 598 

inputs from the two eyes have already been combined binocularly. It is also possible 599 

that the relative weighting of the two eyes’ inputs occurs at a first stage, which we 600 

implement in our model by attenuating mask contrast before binocular combination. Our 601 
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dichoptic masking study along with previous dichoptic (Chadnova et al., 2017; 602 

Chadnova et al., 2018) and non-dichoptic masking (Candy et al., 2001; Tsai et al., 603 

2012) studies further support the view that normalization serves as a canonical neural 604 

computation (Carandini and Heeger, 2011; Baker and Wade, 2017).  605 

 606 

Two forms of binocular interactions in the visual cortical hierarchy  607 

The overall binocular interactions represented by self and IM terms in our study 608 

revealed that both forms have stronger responses in V1 than in extra-striate cortex, 609 

suggesting that it is likely that the bulk of binocular interactions occurs in V1. This is 610 

evident in Figure 7 and it’s corresponding fit parameters, in which Wmask is similar in all 611 

ROIs. In the presence of a dichoptic mask, the decrease in response at low contrast is 612 

greatest in V1 and appears to be propagated to higher visual areas (Fig. 3C, top panel). 613 

In general, the fit parameters change between V1 and other extra-striate areas, e.g., 614 

suppression factor (q) becomes dominant in the presence of dichoptic masking only in 615 

extra-striate cortex (Fig. 8B). Our model fits suggests that the results are compatible 616 

with a gain control model that combines inputs from the two eyes in V1, but allows for 617 

cascading stages of gain control in higher visual areas (Simoncelli and Heeger, 1998). 618 

 619 

The suppression effect in V1 in our study is similar to the report in human V1 from an 620 

MEG source-imaging study (Chadnova et al., 2018), in which dichoptic masking 621 

decreased responses by about 50% in participants with normal binocular vision. Our 622 

result in V1 was also similar to a low-channel SSVEP responses recorded at Oz and 623 

POz locations (Baker and Wade, 2017). We should point out that our findings in V1 do 624 
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not depend critically on SSVEP source imaging, as data from a single electrode at Oz, 625 

referenced to the average, are very similar to V1 (Ales et al., 2010). It is possible that 626 

the responses at POz in Baker & Wade (2017) represent more dorsal areas, such as 627 

V3a, where suppression was found to be similar in magnitude to that found for V1 in our 628 

study. An fMRI study reported that V1, V2 and V3 have the same suppression pattern 629 

(Moradi and Heeger, 2009). However, we cannot directly compare our data at V2 and 630 

V3 to this fMRI study, as there is considerable cross-talk from other areas to these two 631 

areas in our source-imaging technique (Cottereau et al., 2012; Cottereau et al., 2014). 632 

To our knowledge, there are no comparable studies of interocular suppression beyond 633 

V3a or higher-level visual cortical areas. 634 

 635 

The IM terms revealed another aspect of binocular interaction, compared to self-term 636 

responses (interocular suppression) described above and in previous studies 637 

(Chadnova et al., 2017; 2018). Our results showed that the IM response was strongest 638 

at V1 and was least at hV4. Nevertheless, the peak IM responses occurred around 20% 639 

target contrast across all ROIs when the target and mask contrasts were equal. IM 640 

responses in our study were similar at V3a, hMT+ and LOC, as these areas are known 641 

to be involved in binocular processing and disparity coding (Preston et al., 2008; 642 

Cottereau et al., 2011, 2012). There are no comparable studies using IM responses in 643 

extra-striate visual cortex. 644 

 645 

Although our modeling results suggest that a single contrast gain control mechanism 646 

accounts for both the interocular suppression and binocular combination results (self- 647 
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and IM-term response, respectively) in neurotypical observers, other studies of dichoptic 648 

masking in amblyopia suggest that these two processes might be differentially affected 649 

in amblyopia. Several studies suggest that interocular suppression is intact (Sengpiel 650 

and Blakemore, 1996; Hallum et al., 2017; Shooner et al., 2017), but that binocular 651 

combination is compromised (Levi et al., 1979).  652 

 653 

Excitatory and suppressive contributions in binocular interactions 654 

Another important finding in this study is that the contributions from excitation (p) and 655 

divisive suppression (q) differed during monocular and dichopitc processing, as seen in 656 

Figure 8B. Importantly, our results show for the first time that the divisive suppression is 657 

stronger in extra-striate cortex than in V1 during dichoptic processing. 658 

 659 

Limitation of our model 660 

We used a variant model from Tsai et al. (2012) study to explain our dichoptic masking 661 

data. As described in Tsai et al. (2012) study, one limitation of the model is its relative 662 

deficiency in predicting the absolute phase of SSVEP responses correctly. Nonetheless, 663 

the modeling here for SSVEP response amplitudes does demonstrate that contrast 664 

normalization accounts for binocular interactions in human striate and extra-striate 665 

visual cortex. 666 

 667 

In summary, we studied neural dynamics of binocular interactions at different levels of 668 

human visual cortex over a wide range of relative contrast between two eyes. We 669 

measured two forms of binocular interactions: one associated with the individual stimuli 670 
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that represent interocular suppression from each eye, and the other a direct measure of 671 

interocular interaction between inputs from the two eyes. We demonstrated that these 672 

two forms of binocular interactions share a common gain control mechanism in both 673 

striate and extra-striate cortex but have different characteristics in areas along the visual 674 

cortical hierarchy. Furthermore, our model fits revealed two important characteristics of 675 

dichoptic masking: attenuation of mask contrast, and dominance of divisive suppression 676 

in extra-striate cortex. Our study provides a more complete description of binocular 677 

interaction in human striate and extra-striate cortex and provides the basis for 678 

comparison to clinical populations with abnormal binocular vision, such as strabismus 679 

and amblyopia in future studies. 680 

 681 
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 868 

Table 1. The R0 and � values of fitted parameters from Figure 7 869 

 V1 V3a hV4 hMT+ LOC 

 T alone T + M T alone T + M T alone T + M T alone T + M T alone T + M 

R0 optimal 1.46 1.09 1.63 1.05 1.32 1.04 1.55 0.99 1.39 1.11 

  SD 0.21 0.07 0.25 0.05 0.16 0.05 0.22 0.05 0.14 0.05 

�(%) optimal 4.70 11.0 6.30 17.5 11.6 46.2 12.9 26.6 9.0 36.9 

  SD 3.76 13.3 7.14 9.99 9.65 12.2 8.95 10.9 6.48 10.9 

 870 
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 872 

Table 2. Values of fitted parameters from Figure 9 873 

 V1 V3a hV4 hMT+ LOC 

Wmask 0.55 ± 0.07 0.77 ± 0.28 0.60 ± 0.19 0.65 ± 0.27 0.58 ± 0.18 

p 1.40 ± 1.45 1.52 ± 1.46 1.12 ± 1.68 2.09 ± 1.33 1.30 ± 1.37 

q 2.09 ± 1.11 2.06 ± 1.37 1.36 ± 1.57 3.01 ± 1.28 4.21 ± 1.31 

�(%) 49.9 ± 17.5 45.9 ± 17.2 50.0 ± 18.6 27.7 ± 13.3 49.3 ± 14.0 

Rm 9.28 ± 4.50 4.42 ± 3.77 4.96 ± 2.49 1.39 ± 1.70 0.71 ± 2.04 

Values are mean ± SD. 874 
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Figure legends 882 
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 883 

Figure 1. Stimuli and experimental design. A, Dichoptic setup for a pair of parallel 884 

gratings with distinct temporal frequencies in each eye. B, Left: Sample fMRI scan for 885 

one participant in a separate session to define the regions of interest (ROIs) in visual 886 

cortical areas. Right: Sample cortical current density from 128 channel EEGs. C, 887 

Sample Fourier spectrum and dominant response components in V1 for 3 experimental 888 

conditions. Target alone: the target contrast was swept from 1.7% to 40% within a 10 s 889 

trial, while the mask contrast was set at 0%. Mask alone: the mask contrast was fixed at 890 

20% for the 10 s trial while target contrast was set at 0%. Target+Mask: the target 891 

contrast was swept from 1.7% to 40% while the mask contrast was fixed at 20%. Both 892 

target and mask contrasts were set at 20% in C for illustration purposes only.  893 

 894 

Figure 2. Simulation estimates of cross-talk averaged from 15 participants between 895 

EEG source-imaged signals in retinotopically defined ROIs. The columns show 896 

activation in the receiving area (j) when a particular seed area (i) is activated. Activation 897 

in the seed areas (diagonal) is much stronger than in other areas (off-diagonal), 898 

indicating that the cross-talk is modest within visual areas V1, V3a, hV4, hMT+ and LOC 899 

reported in the study. 900 

 901 

Figure 3. Mean signal-to-noise ratio (SNR) and response phase as a function of target 902 

contrast across ROIs. Error bars denote SEM. Colors denote ROIs. A, SNR and phase 903 

to the Target-alone stimulus (measured at the frequency 2F1=17 Hz). B, SNR and 904 

phase to the Mask-alone stimulus (measured at the frequency 2F2=12.14 Hz). SNR and 905 

phase to the Target+Mask stimulus, measured at the target frequency 2F1 (C), and at 906 
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the mask frequency 2F2 (D). The arrows in C indicate the averaged individual contrast 907 

thresholds measured by extrapolating the SSVEP response amplitude at 2F1 versus 908 

target contrast response function to zero microvolts. The response strength (SNR) in V1 909 

was a factor of 2 higher than in extra-striate cortex, regardless of whether the mask was 910 

absent or present. Phase changed with increasing target contrast.  911 

 912 

Figure 4. Profile of interocular suppression in various visual cortical ROIs. A, 913 

Suppression of the target by the mask (top: SNR; bottom: phase; measured at Target 914 

frequency 2F1) and B, Suppression of the mask by the target (top: SNR; bottom: phase; 915 

measured at Mask frequency 2F2), as a function of target contrast. The responses to 916 

the target and mask were suppressed by presenting stimuli to the other eye in all ROIs. 917 

Phase also changed when the mask was present. 918 

 919 

Figure 5. Suppression percentage in various visual cortical ROIs. Percentage 920 

suppression of the target by the mask, measured at target frequency 2F1 as a function 921 

of target contrast, while mask frequency was fixed at 20%. Values below and above the 922 

horizontal dashed line indicate suppression and facilitation, respectively. Colors denote 923 

different ROIs. V1 (red) and V3a (blue) had the strongest suppression (about 50% 924 

reduction) and LOC (green) had the least suppression (about 20% reduction) around 925 

7% target contrast.  926 

 927 

 928 

Figure 6. Mean of IM response SNR (A) and Phase (B) as a function of target contrast 929 

across ROIs. Error bars denote SEM. Colors denote ROIs. Across all ROIs, the peak IM 930 
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responses were around 20% contrast, where the target contrast matched mask 931 

contrast. A “phase advance”, a steep increase of phase starting from 5% target 932 

contrast, was observed in V1 and hV4, while the phase in other ROIs (V3a, hMT+ and 933 

LOC) showed a small amount “phase decrease” with increasing target contrast. 934 

 935 

Figure 7. Fits of a variant of the Tsai et al. (2012) model to 2F1 responses in the 936 

Target-alone and Target+Mask conditions. Data are repotted from the top panels of Fig. 937 

4A. Black solid lines indicate the best fitting model. The corresponding fit parameters in 938 

each ROI are listed on the left side of the panels for the Target-alone condition and on 939 

the right side for the Target+Mask condition. The fit parameters are: semi-saturation 940 

constant parameter (�), excitatory (�) and suppressive (�) factors, response gain 941 

factor (Rm), mask contrast attenuation (Wmask), Goodness of fit (R2). R0 indicates an 942 

additive baseline parameter.  943 

 944 

Figure 8. Fit parameters from Figure 7 across ROIs. Colors denote the ROIs. Error bars 945 

denote the standard deviation from the bootstrap samples. Colors denote the ROIs. A: 946 

Histograms of response gain (Rm). The response gain (Rm) was lower in the 947 

Target+Mask condition, compared to the Target-alone condition; Rm was a factor of 2 948 

higher in V1 than in extra-striate cortex, regardless of the presence or absence of the 949 

mask. B: Difference between the suppressive and excitatory exponents (q and p) is 950 

larger in the presence of mask (filled bars) than in the absence of mask (open bars) in 951 

extra-striate cortex, but not in V1. The areas highlighted in green and pink indicate 952 

divisive suppression (q) and excitatory (p) dominance, respectively.  C: The values of 953 
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mask weight (Wmask) indicates that the mask contrast across ROIs has to be attenuated 954 

to less than 1 to achieve good fits of the model.  955 

 956 

Figure 9.  Fits of a variant of the Tsai et al. (2012) model. Data are repotted from Fig. 957 

3C & D top panels and Fig. 6A. Black solid lines indicate the best fitting model. The 958 

corresponding fit parameters and values in each ROI are listed on the right side of the 959 

panels. The symbols for fit parameters denote the same meaning described in Fig. 7.  960 

 961 
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