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Abstract 29 

Binocular summation in strabismic amblyopia is typically reported as being absent or 30 

greatly reduced in behavioral studies and is thought to be due to a preferential loss of 31 

excitatory interactions between the eyes. Here, we studied how excitatory and 32 

suppressive interactions contribute to binocular contrast interactions along the visual 33 

cortical hierarchy of humans with strabismic and anisometropic amblyopia in both sexes, 34 

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

range of relative contrast between the two eyes. Dichoptic parallel grating stimuli 36 

modulated at unique temporal frequencies in each eye allowed us to quantify spectral 37 

response components associated with monocular inputs (self-terms) and the response 38 

components due to interaction of the two eyes’ inputs (intermodulation, IM-terms). While 39 

anisometropic amblyopes revealed a similar pattern of responses to normal-vision 40 

observers, strabismic amblyopes exhibited substantially reduced IM responses across 41 

cortical regions of interest (ROIs: V1, V3a, hV4, hMT+ and lateral occipital cortex), 42 

indicating reduced interocular interactions in visual cortex. A contrast gain control model 43 

that simultaneously fits self- and IM-term responses within each cortical area revealed 44 

different patterns of binocular interactions between individuals with normal and 45 

disrupted binocularity. Our model fits show that in strabismic amblyopia, the excitatory 46 

contribution to binocular interactions is significantly reduced in both V1 and extra-striate 47 

cortex, while suppressive contributions remain intact. Our results provide robust 48 

electrophysiological evidence supporting the view that disruption of binocular 49 

interactions in strabismus or amblyopia is due to preferential loss of excitatory 50 

interactions between the eyes.  51 

 52 
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Significance Statement 53 

We studied how excitatory and suppressive interactions contribute to binocular contrast 54 

interactions along the visual cortical hierarchy of humans with normal and amblyopic 55 

vision, using source-imaged SSVEP and frequency-domain analysis of dichoptic stimuli 56 

over a wide range of relative contrast between the two eyes. A dichoptic contrast gain 57 

control model was used to characterize these interactions in amblyopia and provided a 58 

quantitative comparison to normal vision. Our model fits revealed different patterns of 59 

binocular interactions between normal and amblyopic vision. Strabismic amblyopia 60 

significantly reduced excitatory contributions to binocular interactions, while suppressive 61 

contributions remained intact. Our results provide robust evidence supporting the view 62 

that the preferential loss of excitatory interactions disrupts binocular interactions in 63 

strabismic amblyopia.  64 

 65 

Key words: 66 

binocular interactions, visual cortex, excitatory interactions, source-imaged SSVEP, 67 

amblyopia   68 

 69 
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Introduction 76 

Amblyopia is a developmental disorder of spatial vision, characterized by visual acuity 77 

loss and abnormal binocularity (Holmes & Clarke, 2006). Strabismus (misaligned eyes) 78 

and anisometropia (unequal refractive error between the two eyes) are the most 79 

common causes of amblyopia (Simons, 2005; Woodruff et al., 1994). Behavioral studies 80 

report that binocular summation, the superiority of binocular vision over monocular 81 

vision (Campbell & Green, 1965), is absent or greatly reduced in strabismic amblyopia 82 

(Dorr et al., 2019; Lema & Blake, 1977; Levi et al., 1980; Pardhan & Gilchrist, 1992). 83 

The loss of binocular neurons in the visual cortex is assumed to underlie the defects of 84 

binocular summation and stereopsis in strabismic animals (Harwerth et al., 1984; Hubel 85 

& Wiesel, 1965) and humans (Lema & Blake, 1977; Levi et al., 1979). It has been 86 

proposed that the neuroanatomical basis for the defects of binocular summation in 87 

strabismic animals is due to the preferential loss of excitatory intrinsic connections 88 

between neighboring ocular dominance columns (Lowel & Singer, 1992), leaving only 89 

inhibitory projections in the majority of neurons (for a review, see Sengpiel and 90 

Blakemore, 1996, (Sengpiel & Blakemore, 1996)). This is consistent with behavioral 91 

studies that reported an absence of binocular summation (Levi et al., 1979), but with 92 

normal dichoptic masking in human strabismus and/or amblyopia (Huang et al., 2011; 93 

Levi et al., 1979). A recent MEG source-imaging study (Chadnova et al., 2017) also 94 

reported an equal dichoptic masking effect in V1 between the two eyes in human 95 

strabismic amblyopia, supporting intact suppressive interactions in amblyopia between 96 

the two eyes. 97 

 98 
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However, there is an ongoing debate about the lack of binocular summation in 99 

strabismic amblyopia in a number of psychophysical studies (Baker et al., 2008; Baker 100 

et al., 2007; Mansouri et al., 2008). Baker et al. (2007) showed intact binocular 101 

summation in human strabismic amblyopia after they increased stimulus contrast to the 102 

amblyopic eye, indicating that strabismic amblyopia has latent binocular function that is 103 

normally hidden due to suppressive interactions from the fellow eye under normal 104 

viewing conditions (equal contrast in the two eyes). Importantly, Baker et al. (2007) 105 

suggest an alternative explanation for the absence of binocular summation in 106 

strabismus and/or amblyopia reported in earlier studies when equal contrast was 107 

presented to the two eyes (Dorr et al., 2019; Lema & Blake, 1977; Levi et al., 1980; 108 

Pardhan & Gilchrist, 1992). Baker et al. (2007) specifically suggest that boosting the 109 

signal to the amblyopic eye (by increasing the contrast in the amblyopic eye) can lead to 110 

normal levels of binocular summation (for a review, see (Hess et al., 2014)). 111 

 112 

Therefore, in this study, we set out to answer two questions: 1) whether there are latent 113 

binocular interactions in visual cortex in human strabismus and/or amblyopia, and 2) 114 

how excitatory and suppressive interactions contribute to binocular contrast interactions 115 

along the visual cortical hierarchy in human strabismus and/or amblyopia. To address 116 

these questions, we used source-imaged Steady-State Visual Evoked Potentials 117 

(SSVEP) and frequency-domain analysis of dichoptic stimuli over a wide range of 118 

relative contrasts between the two eyes. This allowed us to quantify spectral response 119 

components associated with monocular inputs (self-terms) and the response 120 

components due to interaction of the two eyes’ inputs (intermodulation, IM-terms). Self-121 
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term responses reveal the responses to each eye’s input and IM-term responses are a 122 

direct measure of interocular interactions in visual cortex (Brown et al., 1999). We used 123 

a contrast gain control model (Tsai et al., 2012) to study how excitatory and suppressive 124 

interactions contribute to binocular contrast interaction along the visual cortical 125 

hierarchy in humans with normal and disrupted binocular vision.  126 

 127 

Materials and Methods 128 

Participants   129 

A total of 42 adults between 21 and 68 years old (mean ± SD, 42.69 ± 14.33) of both 130 

sexes (17 males) participated in this study. Twenty-seven participants with unilateral 131 

amblyopia had visual acuity (VA) equal or worse than 20/25 (0.1 logMAR) in the 132 

amblyopic eye, and VA equal or better than 20/20 (0 logMAR) in the fellow eye, 133 

measured with a Bailey-Lovie LogMAR chart at 6 m distance with the best optical 134 

correction. The study included fifteen individuals with 20/20 or better VA in each eye 135 

(Controls), who also participated in a previous study of normal binocular interactions 136 

(Hou et al., 2020). There was no significant difference (p=0.7855) in age between 137 

Controls (mean ± SD, 43.53 ± 15.19) and amblyopic participants (mean ± SD, 42.2 ± 138 

14.11). All participants were recruited from the San Francisco Bay Area with a research 139 

advertisement and were refracted under noncycloplegic conditions by one of the 140 

authors (C.H.), a pediatric ophthalmologist, before the experiments. Amblyopic 141 

participants were classified into the following subgroups. Anisometropic amblyopia 142 

(referred to as Aniso; n = 10) was defined as unequal refractive error between the two 143 

eyes of at least 1 diopter in any meridian and with no constant ocular deviation or 144 
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history of strabismus surgery. Strabismic amblyopia (referred to as Strab; n = 17) was 145 

defined as a constant ocular deviation or a history of prior strabismus surgery with or 146 

without anisometropia. There was no significant difference (p=0.8799) in logMAR VA in 147 

the amblyopic eye between the Aniso (mean ± SD, 0.46 ± 0.17) and the Strab (mean ± 148 

SD, 0.47 ± 0.19) groups. Depending on whether fusion was present with nonius 149 

alignment under a mirror stereoscope or an amblyoscope, Strabs were classified into 150 

Strab-with-fusion (n = 10) and Strab-without-fusion (n = 7) subgroups. Clinical details of 151 

the amblyopic participants are provided in Table 1. Stereoacuity was measured with 152 

Random-Dot Stereo Butterfly (Stereo Optical Company, Inc) at near distance (33 cm) 153 

with the best optical correction. Controls had stereoacuity of at least 40 arcsec. Anisos 154 

had measurable stereoacuity while most Strabs had non-measurable stereoacuity, as 155 

seen in Table 1. The dominant and non-dominant eye in Controls was determined using 156 

the hole-in-the card test. Participants who had congenital cataract, eccentric fixation 157 

(measured by a direct ophthalmoscope) and nystagmus or latent nystagmus 158 

(nystagmus that appears when covering one eye) were excluded from the study. The 159 

research protocol conformed to the tenets of the Declaration of Helsinki and was 160 

approved by the Institutional Review Board of The Smith-Kettlewell Eye Research 161 

Institute. Written informed consent was obtained before the experiments.  162 

 163 

Insert Table 1 about here 164 

 165 

 166 

 167 



 

 8 

             168 

Stimuli  169 

Figure 1 illustrates the stimuli and experimental design. A pair of parallel sinusoidal 170 

gratings of spatial frequency 2 cycle/degree was presented on two matched Sony 171 

Trinitron monitors (model 110GS) viewed through cross-polarized filters (goggles) at a 172 

viewing distance of 100 cm. The dichoptic setting used two monitors placed at right 173 

angles with a beam splitter that combined the outputs of the two monitors. The left-eye 174 

and right-eye monitor outputs were passed through horizontal and vertical polarizing 175 

filters, respectively, before they reached a beam splitter. The observer viewed the 176 

display with passive polarizing glasses that ensured that each eye received the images 177 

presented on only one of the monitors (there was no crosstalk between the monitor 178 

signals, as measured with a Minolta CS-100 Chroma Meter). The screen had a 179 

resolution of 1024 by 768 pixels with a refresh rate of 85 Hz and a mean luminance at 180 

46.2 cd/m2. The gratings were contrast-reversed at 6.07 Hz in the amblyopic/non-181 

dominant eye and at 8.5 Hz in the fellow/dominant eye of amblyopic/control participants, 182 

as shown in Figure 1A. The contrast of the gratings in the amblyopic/non-dominant eye 183 

(target contrast) was swept from 1.7% to 40% within a 10-second trial, while the mask 184 

contrast in the fellow/dominant eye was fixed at 20%. Specifically, the target contrast 185 

was swept over 10-logarithmic steps within 8.24 s duration, which included 10 sample 186 

epochs along with 2 additional epochs (one before and one after the sweep series) and 187 

yielded a 9.88 second trial with the frequency resolution at 1.21 Hz. Stimulus 188 

frequencies were chosen so that there were integer numbers of cycles in each epoch 189 

and the harmonics of the two frequencies would be precisely represented in the 190 
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spectrum.  In this case, the frequencies 6.07 Hz and 8.5 Hz are 5 and 7 times the 191 

resolution of 1.21 Hz, respectively.  For demonstration purpose, in Figure 1B, the 192 

spectrum was from the experiment where the contrasts in both eyes were fixed, and 193 

was calculated over an interval twice as long as the discrete level epochs in the sweep 194 

experiment, thus has half the frequency step, with 0.607 Hz between adjacent 195 

frequencies. The associated Fourier spectrum from the SSVEP responses was 196 

dominated by self-terms at the second harmonic response to the target frequency (2F1 197 

at 12.14 Hz) and to the mask frequency (2F2 at 17 Hz), and also IM-terms, that are sum 198 

and difference of the monocular frequency inputs (F1+F2 at 14.57 Hz, F1-F2 at 2.43 Hz), 199 

as shown in Figure 1B.  200 

 201 

Insert Figure 1 about here 202 

 203 

 204 

EEG data acquisition and source localization 205 

We used 128-channel HydroCell Sensor Nets and the Net Station 300 acquisition 206 

system (EGI, Eugene OR) to collect EEG data from each participant with a bandpass 207 

filter from 0.1 to 50 Hz and digitized at 500 Hz. Each trial had a ~10 s duration that was 208 

divided into 12 epochs (10 core + 1 prelude + 1 postlude), and with intervals of 3 ± 0.5 s 209 

(mean ± SD) between each trial. The prelude and postlude epochs were discarded for 210 

data analysis to eliminate stimulus onset/offset transients. A total of twenty trials were 211 

acquired from each participant at the best optical correction and 5-minute breaks were 212 

given after every 5 trials. Participants were required to align the nonius line in each eye 213 

and instructed to fixate on a central marker and avoid blinking during stimulus 214 



 

 10 

presentation. The dichoptic setting itself allowed about 10° of adjustment of the visual 215 

angle horizontally to align the nonius lines. For Strab participants who had fusion, 216 

prism(s) was (were) used if their eye deviation was beyond 10° horizontally, and/ or if 217 

they had vertical deviation. For the Strab participants who had no fusion, the prism(s) 218 

was (were) used to adjust the nonius lines to the point that fusion was broken. After the 219 

EEG recording, three fiducials (nasion, right and left preauricular) and the 3D locations 220 

of 128 sensors were recorded for each participant at the end of the EEG session, using 221 

a ‘Fastrak’ radio-frequency 3D digitizer (Polhemus, Colchester VT). This 3D sensor 222 

location data was used to co-register to participants’ T1-weighted anatomical Magnetic 223 

Resonance (MR) scans, in which a three-shell boundary element model of the skull and 224 

scalp was computed. A custom software package with post-processed EEG signals and 225 

artifact rejection (eye movements and blinks) designed by the Norcia research group 226 

(Ales et al., 2013) was used for offline EEG data processing and analysis.  227 

 228 

The details of EEG source localization used in this study have been described 229 

elsewhere (Appelbaum et al., 2006; Cottereau et al., 2011; Hou et al., 2016; Hou et al., 230 

2017; Hou et al., 2020). In brief, each of the participants had structural and fMRI scans 231 

in a separate session to define cortical areas. MRI data was acquired on a 3T Siemens 232 

Prisma Fit scanner.  Structural MRI scans covered the whole head at 0.8 mm3 cubic 233 

voxel resolution and segmented using Freesurfer (Martinos Center for Biomedical 234 

Imaging: https://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferMethodsCitation).  235 

Functional MRI had a resolution of 1.6 mm3 cubic voxels with a repetition time of 1.5 236 

seconds.  Functional MRI data were corrected for motion artifacts using the FSL 237 
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software library (FMRIB, Oxford, UK). The regions of interest (ROIs) corresponding to 238 

visual areas V1, V2v, V2d, V3v, V3d, V3a, and hV4 were defined by a procedure based 239 

on retinotopic mapping using fMRI (Engel et al., 1997) using rotating wedge and 240 

expanding ring stimuli created with vistadisp software (VISTA Lab, Stanford University). 241 

Area hMT+ was identified using low-contrast motion stimuli (Huk & Heeger, 2002). The 242 

lateral occipital cortex (LOC) was defined using an fMRI localizer scan with stimuli from 243 

Kourtzi and Kanwisher (Kourtzi & Kanwisher, 2000). All fMRI stimuli were in a block 244 

design with a 24-second cycle and viewed through a mirror on an LCD display behind 245 

the bore providing a 12.6 degree diameter field of view. ROIs were defined using the 246 

mrVista Matlab toolbox (VISTA Lab, Stanford University). Cortical source models were 247 

created with the MNE software package (Gramfort et al., 2014).  Figure 1C shows a 248 

sample MRI scan from one participant to define the ROIs (V1, V3a, hV4, hMT+ and 249 

LOC) in visual cortex that were used to localize the sources of EEG scalp potentials. An 250 

L2 minimum norm inverse with sources constrained to the location and orientation of the 251 

cortical surface (Ha ̈ma ̈la ̈inen et al., 1993) was computed for EEG source localization.  252 

 253 

ROI-based analysis 254 

Since V1 is the first neural locus where the visual inputs from the two eyes are 255 

combined, we specifically examined responses in V1. The responses in extra-striate 256 

cortex, including V3a, hV4, hMT+ and LOC were also examined. We excluded the areas 257 

V2 and V3 due to the potential for cross-talk from other areas (Cottereau et al., 2011). 258 

The raw EEG recordings for each trial were divided into 10 sequential core epochs that 259 

corresponded to the swept contrast values, so that we could measure contrast response 260 
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functions. A recursive least-squares adaptive filter (Tang & Norcia, 1995) was used for 261 

each epoch to generate a series of complex-valued spectral coefficients representing 262 

the amplitude and phase of harmonic responses (Hou et al., 2007; Hou et al., 2017). To 263 

take into account the different noise levels for each participant (Vialatte et al., 2010), we 264 

computed the signal-to-noise ratio (SNR) for each participant by dividing peak 265 

amplitudes by the associated noise. The noise was defined for a given frequency by the 266 

average amplitude of the two neighboring frequencies (stimulus frequencies ± 1.21 Hz). 267 

The SNRs versus contrast response functions were obtained by coherently averaging 268 

the spectral coefficients for each epoch across trials for each participant, ROI and 269 

harmonic component. Then, we averaged the SNRs incoherently across the participants 270 

in each group. There were no significant differences between left and right hemisphere 271 

for IM responses (F1+F2 at 14.57 Hz) in V1 for both the control (p=0.586) and 272 

amblyopic (p=0.689) groups when collapsing across ROIs, therefore we averaged the 273 

data from both hemispheres for further analysis. 274 

 275 

Contrast response modeling 276 

The Tsai et al. (2012) model (Tsai et al., 2012) extended a well-established description 277 

of the contrast response function—the hyperbolic ratio function (Albrecht & Hamilton, 278 

1982; Naka & Rushton, 1966) and included a time varying contrast input that explained 279 

the full range of frequency-domain responses in a non-dichoptic masking study. As 280 

described in Hou et al. (2020) and summarized below, we made several modifications 281 

to adapt the Tsai et al. (2012) model to fit data from our dichoptic masking paradigm in 282 

participants with normal binocular vision (Hou et al., 2020) as well as participants with 283 
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disrupted binocular vision (the present study). The modifications from Tsai et al (2012) 284 

include: 1) The target and mask stimuli were presented to different eyes; 2) A weighting 285 

factor for the target contrast input was used to model the relative contributions of the 286 

target and the mask contrast in our dichoptic masking study; 3) An additive baseline 287 

parameter was used to account for the SNR floor not being around 1. Thus, the variant 288 

of the Tsai et al (2012) model used in this study is described by the following: 289 

 290 

𝑐(𝑥, 𝑡) = 2 sin[2𝜋𝑓𝑥𝑥] {𝑤𝑡𝑎𝑟𝑔𝑒𝑡𝑐𝑡𝑎𝑟𝑔𝑒𝑡 cos[2𝜋𝑓𝑡𝑎𝑟𝑔𝑒𝑡𝑡] + 𝑐𝑚𝑎𝑠𝑘 cos[2𝜋𝑓𝑚𝑎𝑠𝑘𝑡]} #(1)  

 291 

�̂�(𝑡) = |
𝑐(𝑥, 𝑡)

2 sin[2𝜋𝑓𝑥𝑥]
| = |𝑤𝑡𝑎𝑟𝑔𝑒𝑡𝑐𝑡𝑎𝑟𝑔𝑒𝑡 cos[2𝜋𝑓𝑡𝑎𝑟𝑔𝑒𝑡𝑡] + 𝑐𝑚𝑎𝑠𝑘 cos[2𝜋𝑓𝑚𝑎𝑠𝑘𝑡]| #(2)  

 292 

𝑢(𝑡) =
[�̂�(𝑡)]𝑝

[�̂�(𝑡)]𝑞 + [𝑤𝑡𝑎𝑟𝑔𝑒𝑡𝜎]
𝑞  #(3)  

 293 

𝑅(𝑓) = 𝑅0(𝑓) + 𝑅𝑚|𝑈(𝑓)| #(4)
 

 294 

Equation (1) defines the counterphase flicker of a sinusoidal grating over time and 295 

space 𝑐(𝑥, 𝑡) , where 𝑐𝑡𝑎𝑟𝑔𝑒𝑡  and 𝑐𝑚𝑎𝑠𝑘  are the contrasts of the Target and Mask, 296 

respectively, 𝑓𝑡𝑎𝑟𝑔𝑒𝑡  and 𝑓𝑚𝑎𝑠𝑘  are their temporal frequencies (Bonin et al., 2006; 297 

Carandini, 2004; Tsai et al., 2012) and 𝑤𝑡𝑎𝑟𝑔𝑒𝑡 is a weighting factor of target contrast 298 

relative to mask. Equation (2) is the absolute value of the contrast modulation at each 299 

point in space, normalized to its maximal value. Equation (3) defines the non-linearity, 300 
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where 𝜎 is a semi-saturation constant representing contrast sensitivity, 𝑝 is an exponent 301 

of the excitation, and 𝑞 is an exponent of divisive suppression (Chen et al., 2001; Foley, 302 

1994; Peirce, 2007; Xing & Heeger, 2001), as described in Tsai et al. (2012). Equation 303 

(4) is the function fit to the data, where 𝑅(𝑓) is the SNR at frequency 𝑓. The parameter 304 

𝑅0 is a frequency-dependent baseline parameter we added to account for the signal-to-305 

noise floor, and 𝑅𝑚  is the response gain factor. The notation |𝑈(𝑓)|  denotes the 306 

amplitude of the Fourier transform of time series 𝑢(𝑡) at frequency 𝑓. Parameter values 307 

were obtained by nonlinear constrained optimization (MATLAB function fmincon) to 308 

minimize the sum of the squared residual error. The coefficient of determination (R2) 309 

was used to assess goodness of the model fits. The standard deviations and confidence 310 

intervals of the fit parameter values were estimated from the distributions of 1000 311 

bootstrap resamplings, drawn randomly from participant data in each group with 312 

replacement. 313 

 314 

Our model of binocular combination is linear up to the binocular summation stage, 315 

followed by divisive normalization and non-linear exponents. This is different from the 316 

Meese et al (2006) model (Meese et al., 2006) and the Ding and Levi (2014) model 317 

(Ding & Levi, 2014) for binocular combination that have explicit stages of interocular 318 

suppression (normalization) before binocular combination. Our model is equivalent to 319 

these models if the nonlinear exponents at the monocular stages are set to 1, allowing a 320 

linear combination of the inputs from the two eyes. Thus, our version of the model does 321 

not differentiate whether the divisive normalization occurs before or after binocular 322 

combination.   323 
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 324 

Statistical analysis 325 

Brown-Forsythe tests in Matlab were used to test the homogeneity of variance for each 326 

factor (group, ROI) in figures 2 and 4. The initial analyses were conducted in R using a 327 

mixed between- and within-subjects design ANOVA (Fig. 2 and 4). The two-tailed 328 

heteroscedastic t-tests were conducted in Excel to identify the group differences in 329 

figures 2 and 4, as well as visual acuity and age. Bonferroni correction was used to 330 

control the familywise error rate for repeated t-tests in each group (Control, Aniso and 331 

Strab) for Figure 2B, in which the significance level was at 0.05/3 = 0.017. The group 332 

differences of the fit parameter values (figures 6, 7 and 8) were identified by the 333 

Wilcoxon rank sum tests in Matlab and corrected by Bonferroni correction as well. The 334 

nested model F-tests were conducted in Matlab. 335 

 336 

Results 337 

I: Responses at IM frequency are significantly reduced along the visual cortical 338 

hierarchy in strabismic amblyopia 339 

In SSVEP, the presence of IM-terms tagged with combinations of the unique temporal 340 

frequencies presented to each eye is neural evidence for interocular interaction (Hou et 341 

al., 2020), as they can result only from the interaction of the two eyes’ inputs (Brown et 342 

al., 1999). Among the IM components, F1+F2 at 14.57 Hz was dominant in our study as 343 

seen in Figure 1B, therefore, we used this particular IM component as an index of 344 

interocular interaction in the visual cortex.  345 

 346 
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Figure 2 plots the group mean of IM signal-to-noise ratio (SNR) as a function of target 347 

contrast in various cortical areas. As seen in Figure 2, when the target contrast in the 348 

amblyopic/non-dominant eye was swept from 1.7% to 40% while the mask contrast in 349 

the fellow/dominant eye was fixed at 20%, the IM responses across all ROIs in Controls  350 

(blue) started early (around 2.5%) and continued to increase to a peak, where both 351 

target and mask contrasts were matched at 20%, and then declined thereafter. Anisos 352 

showed a similar pattern to Controls, except for V3a, although overall response 353 

amplitudes seemed weaker than those in Controls. Strabs, including those with and 354 

without fusion (orange and purple, respectively), had diminished IM responses in all 355 

ROIs, except for V1 at high target contrast (above 20%) in the subgroup with fusion.  356 

The homogeneity of variances for each of two factors (group: p>0.05; ROI: p>0.05) was 357 

tested and revealed equal variances. An initial between-subject ANOVA with two factors 358 

(Group: Control, Aniso and Strab; ROI: V1, V3a, hV4, and hMT+ and LOC) revealed 359 

significance [F(1,39) = 388.48, p<0.001]. To reduce data dimensionality, we combined 360 

the Strab subgroups (with and without fusion) into one group and only picked the peak 361 

IM responses at 20% target contrast for the initial analysis. The interaction of ROI and 362 

group was not significant [F(8,72) = 1.50, p=0.174 ], suggesting that there was no 363 

significant difference in groups across ROIs. However, ROIs [F(4,36) = 3.19, p=0.024] 364 

and groups [F(2,39) = 12.18, p<0.001] were significant. The ROI differences were likely 365 

driven by the higher responses in V1 than in extra-striate cortex. This phenomenon has 366 

been observed in individuals with normal binocular vision (Hou et al., 2020). We further 367 

compared Anisos and Strabs near the peak IM responses (at 20% target contrast level) 368 

to Controls with two-tailed heteroscedastic t-tests. Strabs-with-fusion had significantly 369 
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lower SNR than control across all ROIs (p<0.01), while Anisos had significantly lower 370 

SNR than Controls only at V3a (p<0.05). To determine whether the IM response is 371 

significantly above the SNR floor level in Strabs, we performed a one-sample t-test 372 

against an SNR of 1 for the peak IM. Responses in the Strab-with-fusion subgroup were 373 

significant only at V1 (p<0.05), but not for extra-striate areas, whereas responses for the 374 

no-fusion subgroup, were not significant in any ROI. This finding indicates that there are 375 

latent interocular interactions in the visual cortex when contrast is increased in the 376 

amblyopic eye of strabismic amblyopes. However, it appears this happens only for the 377 

individuals with binocular fusion, although this latent binocular interaction is still 378 

significantly weaker than that in normal binocular vision.  379 

 380 

To explore the link between the IM responses and binocularity, we plot IM responses in 381 

V1 and V3a as a function of stereoacuity for each participant in Fig. 2C. This relation 382 

demonstrates that measurable stereoacuity is related to IM responses above the noise 383 

floor (SNR = 1).  Most anisometropic amblyopes have residual binocular function (i.e., 384 

have residual stereopsis as seen in Table 1) and show some level of interocular 385 

interactions in visual cortex (Fig. 2C, red) whereas strabismic amblyopes (orange and 386 

purple) with worse or non-measurable stereoacuity had IM responses near the noise 387 

floor. This finding of reduced or absent interocular interaction is consistent with previous 388 

psychophysical report of absence in binocular summation in strabismic amblyopia (Levi 389 

et al., 1979). Furthermore, we also compared IM responses for 3 Strabs who had 390 

measurable stereoacuity (1500”- 2000”) to 3 Anisos who had poor stereoacuity (400”- 391 

800”), as well as to the full group mean of Anisos and Strabs, as seen in Figure 3 (upper 392 
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row). The IM responses of the 3 Strabs with measurable stereopsis (Panel C) are 393 

similar to the 3 Anisos with the poorest stereopsis (Panel B). In particular, there is a 394 

tendency for the IM term to decrease with decreasing binocularity (going from Panel A 395 

to E), with a transition from a clear and strong peak IM response to non-existent IM 396 

responses in V1 (red). 397 

 398 

Insert Figure 2 about here 399 

 400 

Insert Figure 3 about here 401 

 402 

 403 

 404 

II: Responses at self-term frequencies are significantly reduced along the visual 405 

cortical hierarchy in strabismic amblyopia  406 

The use of dichoptic parallel grating stimuli in each eye modulated at distinct temporal 407 

frequencies allowed us to quantify spectral components associated with the individual 408 

stimuli from monocular inputs (responses at self-term frequencies).  409 

 410 

Target responses from the amblyopic eye (2F1) 411 

Figure 4A plots mean SNR of the target responses (2F1) from the amblyopic eye as a 412 

function of target contrast in various cortical areas, while the mask contrast was fixed at 413 

20% in the fellow eye. As seen in Figure 4A, when target contrast was swept from 1.7% 414 

to 40%, the responses to the target across all ROIs were evident at around 7% to 10% 415 
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target contrast and then increased monotonically until it saturated at around 28% target 416 

contrast in the control (blue) group. The Aniso group (red) showed a similar pattern to 417 

the control group but had weaker responses, especially for V3a. The Strab group with 418 

fusion (orange) did not show target responses in all ROIs until the target contrast 419 

reached 20% and matched the mask contrast level. The Strab group without fusion 420 

(purple) barely showed target responses even at high target contrast level (28%) in 421 

areas V3a and hMT+. Equal variances were revealed for each factor (group: p>0.05; 422 

ROI: p=0.05, after removing one outlier in Controls p>0.05). An initial between-subject 423 

ANOVA with two factors (Group: Control, Aniso and Strab [combined subgroups]; ROI: 424 

V1, V3a, hV4, and hMT+ and LOC) revealed significance [F(1,39) = 113.55, p<0.001]. 425 

To reduce data dimensionality, we picked the peak response at 28% target contrast for 426 

the initial analysis. The interaction of ROI and group was significant [F(8,72) = 1.19, 427 

p=0.049], suggesting that there is a significant difference in groups at various ROIs. 428 

Then, we further compared Aniso and Strab groups at the peak responses to the control 429 

group. The differences between Anisos and Controls did not reach significance in any of 430 

the 5 ROIs, after Bonferroni correction. For the combined Strab group, SNR was 431 

significantly weaker than that of the control group in V1 (p<0.01), V3a (p<0.01) and LOC 432 

(p<0.001) after Bonferroni correction, but the differences did not reach significance in 433 

hV4 and hMT+ after Bonferroni correction. 434 

 435 

Furthermore, we also compared target responses from the amblyopic eye (2F1) for 3 436 

Strabs who had measurable stereoacuity (1500”- 2000”) to 3 Anisos who had poor 437 

stereoacuity (400”- 800”), as well as to the full group mean of Anisos and Strabs, as 438 
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seen in Figure 3 (lower row). There is a tendency for the 2F1 responses to decrease 439 

with decreasing binocularity (going from Panel A to E), with a transition from a clear and 440 

strong response to weak or non-existent responses in V1 (red). 441 

 442 

Insert Figure 4 about here 443 

 444 

 445 

Mask responses from the fellow eye (2F2) 446 

Figure 4B plots mean SNR of the mask responses from the fellow/dominant eye at 20% 447 

fixed contrast as a function of target contrast in various cortical areas, while the target 448 

contrast was swept from 1.7% to 40% in the amblyopic/non-dominant eye. As seen in 449 

Figure 4B, the responses to the mask (2F2) across all ROIs and all groups showed a 450 

similar masking trend as the target contrast increased: the responses to the mask 451 

frequency were high when target contrast was low (e.g., at 1.7%), and the responses 452 

decreased as the target contrast was increased to 40%. Equal variances were revealed 453 

for each factor (group: p>0.8; ROI: p>0.8). An initial between-subject ANOVA with two 454 

factors (target contrast level: 1.7% and 40%; ROI: V1, V3a, hV4, and hMT+ and LOC) 455 

revealed significance [F(1,39) = 149.98, p<0.001]. There were significant differences 456 

among the ROIs [F(4,36)=4.47, p=0.005] and target contrast level [F(1,39)=37.24, 457 

p<0.001], indicating a masking effect from the amblyopic/non-dominant eye to the 458 

fellow/dominant eye in various ROIs of 4 groups. However, there were not significant 459 

differences among groups [F(2,39)=0.36, p=0.702.  To reveal whether the masking 460 

effect has a similar trend across all groups, we further calculated the masking percent 461 
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defined as (2F2 at 1.7% - 2F2 at 40%)/(2F2 at 1.7%) across ROIs in 4 groups. A one-462 

way between-subject ANOVA revealed no significant differences among groups [F(2,39) 463 

= 0.05, p=0.956] and ROIs [F(4,36) = 1.91, p=0.130], suggesting that the masking effect 464 

from the amblyopic eye to the fellow eye in both Anisos and Strabs was the same as the 465 

masking effect from the non-dominant eye to the dominant eye in Controls across V1 466 

and extra-striate cortex. As our paradigm used a mask of fixed contrast in the 467 

dominant/fellow eye and as we did not include a mask-alone condition, we cannot 468 

directly compare the masking effect of each eye on the other.   469 

 470 

III: A Dichoptic gain control model fits both self- and IM-term responses 471 

We modified a gain control model (Tsai et al., 2012) that can simultaneously fit both 472 

self- and IM-term responses in a target + mask paradigm to account for dichoptic 473 

masking in our study. This variant of the Tsai et al. (2012) model included the excitation 474 

( 𝑝 ) and divisive suppression ( 𝑞 ) components, which provided critical information 475 

regarding the excitatory and suppressive contributions to binocular contrast interactions 476 

at each level of the visual cortical hierarchy. The model fits are shown in Figure 5, 477 

where the black solid lines indicate the best fitting model. The corresponding fit 478 

parameters and values in each ROI are listed on the right side of the panels in each 479 

group. There are several critical observations from our model fits described below.  480 

 481 

Insert Figure 5 about here 482 

 483 

 484 



 

 22 

 485 

Excitatory and suppressive contributions to binocular contrast interactions 486 

Our model fits revealed a different pattern of relationship between excitatory (p) and 487 

suppressive (q) contributions in binocular contrast interactions among Controls, Anisos 488 

and Strabs-with-fusion. We excluded the Strabs-without-fusion subgroup, because this 489 

group produced responses that were too weak to model. The excitatory (�) contribution 490 

to binocular contrast interactions in Strabs was significantly smaller than those in 491 

Controls and Anisos (Fig. 6A), while the suppressive (q) contribution was similar among 492 

the 3 groups (Fig. 6B). This is also further evident in Figure 6C, where the differences 493 

between the suppressive (q) and excitatory (p) exponents were significantly larger in 494 

Strabs (orange) across all ROIs, compared with those in Anisos and Controls. This 495 

finding indicates greatly reduced excitation in visual cortex of strabismic amblyopia, 496 

while suppressive interactions remain intact. 497 

 498 

Insert Figure 6 about here 499 

 500 

 501 

Weaker contribution to binocular interactions from the amblyopic eye of 502 

strabismic amblyopes 503 

We observed that the relative weight of the target contrast was on average of 1.45  504 

0.21SD across ROIs, compared to a weight of 1 in the mask eye in the control group. 505 

The unequal weights between the eyes for Controls are likely due to our stimulus 506 

setting, in which the target eye had swept contrast while the mask eye had a fixed 507 
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contrast for 8.24-s presentation that might have resulted in adaptation in the mask eye 508 

(Carandini et al., 1998; Dragoi et al., 2000). The Aniso group had a similar target weight 509 

(1.67  0.37SD) to the control group. However, the Strab-with-fusion group had an 510 

average contrast weight of 0.33  0.0.12SD across all ROIs except for area hMT+ 511 

(Wtarget = 2) (Fig. 7A, orange), which is at least 4 times smaller than the value of controls. 512 

This finding indicated that in strabismic amblyopes, the contribution of the amblyopic 513 

eye (target contrast) to binocular contrast interactions was attenuated. This suggests 514 

that binocular contrast interactions in the visual cortex are dominated by the visual input 515 

from the fellow eye in strabismic amblyopia and are extremely imbalanced compared to 516 

normal binocular vision.  517 

 518 

Insert Figure 7 about here 519 

 520 

 521 

Rightward shifts of contrast response function in amblyopia 522 

Our model fits showed a rightward shift of contrast response function in amblyopic 523 

participants, particularly in strabismic amblyopes, compared to that in normal-vision 524 

observers. This is evident in Figure 7B, in which the values of the semi-saturation 525 

constant (sigma) across all ROIs, except for hMT+, were substantially increased in the 526 

Strab group. The Aniso group had slightly increased sigma in areas hMT+ and LOC, 527 

compared to the values in control group.  528 

 529 



 

 24 

In our variant of the Tsai et al. (2012) model, we have added parameters 530 

(e.g., R0 and Wtarget) to fit our dichoptic study. The parameter R0  was an additive 531 

baseline parameter that was used to account for the SNR floor not being around 1. The 532 

parameter Wtarget was the relative contributions of the target and the mask contrast in 533 

our dichoptic study. To determine the contributions of these added parameters, we 534 

conducted nested model F-tests for the full model vs. reduced versions of the model 535 

where one parameter at a time was set at a fixed value. The reduced model variants 536 

include: R0 =1, Wtarget =1, as well as p =q for each of the three groups (Controls, Anisos 537 

and Strabs w/fusion) in both V1 and extra striate cortex (hV4). The tests revealed that 538 

the baseline parameter R0 was significant in both V1 and hV4 for all three groups 539 

(p <0.01). Wtarget was a significant fit parameter for all three groups in V1 (p <0.001), but 540 

was only significant for the Strab w/fusion group in hV4 (p <0.001). Recall that 541 

the Wtarget parameter in our study captures two contributions to the differential weighing 542 

of each eye’s input: 1) the attenuation of the input in the weaker eye (equivalent to the 543 

attenuation proposed by Baker et al. (2008) (Baker et al., 2008)); and 2) the differential 544 

effectiveness of the swept contrast stimulus in the non-dominant eye vs. the fixed 545 

contrast stimulus in the dominant eye.  In our previous paper on data from normal-vision 546 

observers (Hou et al., 2020), we proposed that the relative lower weight of the fixed 547 

contrast input might be due to adaptation during the 8.24-s grating stimulus 548 

presentation. Previous electrophysiological studies have shown a strong orientation-549 

selective adaptation in macaque V1 after prolonged exposure (>10 s) (Carandini et al., 550 

1998; Dragoi et al., 2000). It is possible that these adaptation effects are less 551 

pronounced in hV4 for Controls and Anisos, leading to non-significant effects of keeping 552 
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the Wtarget parameter fixed. However, Wtarget has a significant effect for the Strab 553 

w/fusion group, both in V1 and in extra-striate cortex (p <0.01), consistent with previous 554 

studies (Baker et al., 2008; Chadnova et al., 2017). Setting p =q had a significant effect 555 

in both V1 (p =0.01) and hV4 (p =0.001) for the Strab w/fusion group, but not for the 556 

Control and Aniso groups (p >0.1). These findings suggest that in addition to the 557 

attenuation of visual input from the weaker eye of strabismic amblyopes, the relative 558 

strength of excitatory and suppressive interactions is altered when binocularity is 559 

disrupted.  560 

 561 

Response gain reduced at V1 in amblyopia 562 

We have seen that the response strength in general was weaker in amblyopia including 563 

both the Aniso and Strab groups, compared to the strength in the control group (Figs 2A 564 

and 4A). These were also characterized primarily by changes to the response gain 565 

factor (Rm), which are evident in Figure 8. Previous studies have shown that the 566 

response gain in V1 was about a factor of 2 higher than in extra-striate cortex in normal 567 

binocular vision (Hagler, 2014; Hou et al., 2020). We observed a similar phenomenon in 568 

the control (Fig. 8A) and Aniso (Fig. 8B) groups in our study, although the Aniso group 569 

had slightly weaker response strength in V1 with a broader distribution of bootstrapped 570 

values compared to the control group. However, no significant differences were found 571 

between the Control and Aniso groups across all ROIs. Strabs had substantially 572 

reduced strength in V1 compared to the Control group, as seen in the histograms in 573 

Figure 8C. Except for area hMT+, all ROIs had significantly weaker response gain in 574 

Strabs than in controls. 575 
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 576 

Insert Figure 8 about here 577 

 578 

Our model fits show that the low response strength of the Strab group is consistent with 579 

a reduced excitation p across all ROIs (Fig. 6A), as well as low response gain Rm (Fig. 580 

8C), compared to the control group. To determine whether the weak responses in the 581 

Strab group are better characterized by a low response gain (Rm), or by low excitatory 582 

(p) exponent, we refit the model keeping one of these terms fixed, while allowing the 583 

other terms to vary. Both variants yielded good fits to the data with the value of Rm, 584 

inversely related to the value of p. However, the main characteristic of the fits (whether 585 

p or Rm was fixed) was that the suppressive exponent (q) had to be greater than the 586 

excitatory exponent (p) to obtain a good fit of the model, further indicating that excitation 587 

was truly weaker in strabismic amblyopia. Model variants that constrained the ratio q/p 588 

to 1 generally provided worse fits to the data.    589 

 590 

 591 

Discussion  592 

In the present study, we investigated neural dynamics of normal and disrupted binocular 593 

contrast interactions along the visual cortical hierarchy, including V1 and extra-striate 594 

cortical areas V3a, hV4, HMT+ and LOC, using source-imaged SSVEP and frequency-595 

domain analysis of dichoptic stimuli over a wide range of relative contrast between the 596 

two eyes. We found that there are two forms of binocular interactions in the visual 597 

cortex that are disrupted severely in strabismic amblyopia, but not in anisometropic 598 

amblyopia. One form is a direct measure of interocular interaction represented by IM-599 
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terms between inputs from the two eyes, which was found greatly disrupted in the visual 600 

cortical hierarchy of strabismic amblyopes (Fig. 2). This finding is consistent with a 601 

previous VEP study using a similar approach on strabismic monkeys (Baitch et al., 602 

1991) and a behavioral study that reported an absence of binocular summation in 603 

human strabismus and amblyopia (Levi et al., 1979). Another form is self-term 604 

responses to individual stimuli, which were also found greatly reduced in the visual 605 

cortex of strabismic amblyopes. This finding is consistent with an MEG study of V1 in 606 

human strabismic amblyopes (Chadnova et al., 2017). Importantly, the current study 607 

further quantified the magnitude of these effects with a gain-control model that includes 608 

a more complete profile of excitatory and suppressive contributions in binocular 609 

interactions. Similar to our previous results in participants with normal binocular vision 610 

(Hou et al., 2020), we were able to document these interactions along the human visual 611 

cortical hierarchy, including V1 and extra-striate cortex in disrupted binocular vision, 612 

such as strabismic amblyopia.  613 

 614 

Excitatory contributions to binocular interactions are reduced in strabismic 615 

amblyopia, while suppression contributions are intact 616 

Our model fits revealed different patterns of binocular interaction along the visual 617 

cortical hierarchy in normal and disrupted binocular vision, particularly in terms of 618 

excitatory and suppressive contributions. Our fit results showed greatly reduced 619 

excitation (p) in both V1 and extra-striate areas V3a, hV4 and LOC, except for hMT+, in 620 

human strabismic amblyopia (Fig. 6A), while suppressive interactions (q) remained 621 

intact with no change compared to normal vision observers (Fig. 6B). This finding 622 
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suggests that while strabismic amblyopia disrupted the normal excitatory interactions 623 

between the two eyes, cortical inhibitory binocular connections were not disrupted, 624 

which lead to a dominance of suppressive interactions in striate and extrastriate (Fig. 625 

6C). This finding is in agreement with physiological reports of V1 and V2 in amblyopic 626 

macaque monkeys (Hallum et al., 2017) who found that excitatory drive from the fellow 627 

eye dominated amblyopic visual cortex, especially in more severe amblyopes, but that 628 

suppression from both the amblyopic eye and the fellow eye was prevalent in all 629 

amblyopic animals. Our results provide robust electrophysiological evidence supporting 630 

the proposal that disruption of binocularity in strabismus or amblyopia is due to 631 

preferential loss of excitatory intrinsic connections between neighboring ocular 632 

dominance columns, leaving only inhibitory projections in the majority of neurons (for a 633 

review, see Sengpiel and Blakemore (Sengpiel & Blakemore, 1996)). Furthermore, our 634 

study provides a more complete profile regarding how excitatory and suppressive 635 

interactions contribute to the disruption of binocularity in humans not only in V1, but also 636 

in various extra-striate visual cortices. 637 

 638 

Imbalanced contribution to binocular contrast interactions between the eyes in 639 

strabismic amblyopia 640 

One of the critical parameters in our model fits is contrast weight in the amblyopic eye 641 

(Wtarget), which determines the relative contribution of the two eyes in binocular contrast 642 

interactions (the mask contrast had a fixed weight of 1). Our model fits revealed that the 643 

relative contribution of the amblyopic eye (target contrast) to binocular contrast 644 

interactions in strabismic amblyopes was about a factor of 3 weaker than that of the 645 
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fellow eye (mask contrast) across all ROIs, except for area hMT, which showed a 646 

similar weight to the control group (Fig. 7A). However, the relative contribution of the 647 

amblyopic eye to binocular contrast interactions in anisometropic amblyopia was similar 648 

to the non-dominant eye of the control group. This indicated that the visual inputs from 649 

the two eyes are extremely imbalanced in strabismic amblyopes, but not in 650 

anisometropic amblyopes, compared to normal binocular vision. This finding is 651 

consistent, at least in part, with a previous study that measured responses of single 652 

units in V1 of strabismic monkeys to dichoptic stimuli and attributed the observed 653 

binocular deficits to a reduction in functional inputs from one eye rather than an aberrant 654 

form of binocular interaction (Smith et al., 1997). A previous source-imaged MEG study 655 

(Chadnova et al., 2017) also reports a similar effect in human strabismic amblyopes. 656 

Chadnova et al. (2017) reported that the average attenuation in the amblyopic eye in V1 657 

was about 0.21 relative to the fellow eye, indicating that the amblyopic eye is 5 times 658 

weaker than the fellow eye. One of the reasons why our data showed less disruption of 659 

binocular interactions (amblyopic eye is only 3 times weaker) might be because we only 660 

include strabismic amblyopes with fusion in the model fits. Overall, our results with low 661 

Wtarget values in strabismic amblyopes along with the findings from single-neuron 662 

recordings and MEG/EEG measurements are in agreement with the proposal of 663 

attenuation of the visual input from the amblyopic eye in a psychophysical study (Baker 664 

et al., 2008). However, our study differs from these studies (Smith et al.,1997; 665 

Chadnova et al., 2017; Baker et al., 2008), as it reveals not only weak input from the 666 

amblyopic eye of strabismic amblyopes (low Wtarget), but also poor excitation (low p 667 

term), resulting in poor binocular interactions. 668 
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 669 

 670 

Selectivity in disruption of binocularity in extra-striate cortex 671 

Our model fits revealed selective disruption of binocularity in the extra-striate cortex in 672 

both anisometropic and strabismic amblyopia. For example, while other extra-striate 673 

areas showed greatly increased imbalance to binocular interactions between the eyes 674 

(Wtarget~0.33, Fig. 6A) and sigma (Fig. 7B), as well as excitation (p) (Fig. 6A), area 675 

hMT+ showed normal values of these parameters in strabismic amblyopes, as 676 

compared to the control group. The difference between excitation (p) and suppression 677 

(q) in hMT+ was also smaller than in other extra-striate areas (Fig. 6C). It is not clear 678 

why hMT+ is relatively spared from disruption of binocular contrast interaction, as 679 

previous studies have not specifically investigated binocularity in extra-striate cortex. 680 

 681 

Another example of selective disruption of binocularity in the extra-striate cortex is that 682 

interocular interactions (IM responses) in the Aniso group were significantly reduced in 683 

V3a compared to the control group (Fig. 2B), while responses in other extra-striate 684 

areas (i.e., hV4, hMT+ and LOC) were similar in these two groups. The Strab group had 685 

diminished IM responses in all extra-striate areas; therefore, the selective disruption of 686 

binocularity in the extra-striate areas is less clear. This finding points to the important 687 

role of V3a in processing binocular vision and disparity information in monkeys (Hubel 688 

et al., 2015; Tsao et al., 2003) and humans (Cottereau et al., 2011). Compared to other 689 

areas in extra-striate cortex, our results indicate that V3a is more vulnerable to 690 
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disrupted binocularity, which is consistent with its role as an important cortical area for 691 

binocular vision. 692 

 693 

Latent binocular interactions in amblyopic visual cortex  694 

Our study revealed that there are latent interocular interactions in the visual cortex when 695 

stimulus contrast is increased to the amblyopic eye in strabismic amblyopes. We found 696 

that although strabismic amblyopia had greatly reduced interocular interactions 697 

represented by the IM responses, individuals with residual binocular fusion, but not 698 

individuals without fusion, showed a weak IM response in V1 at high contrast in the 699 

amblyopic eye (Fig. 2A, left panel). This is consistent with a behavioral study in human 700 

strabismic amblyopia that reported the presence of binocular summation when the 701 

contrast in the amblyopic eye was adjusted to equate monocular sensitivities (Baker et 702 

al., 2007). Our results provided electrophysiological evidence of latent interocular 703 

interactions in early visual cortex in strabismic amblyopes who have residual binocular 704 

functions, such as fusion. In contrast, anisometropic amblyopes had a pattern of 705 

interocular interaction (IM responses) that was only slightly weaker than the pattern for 706 

individuals with normal binocular vision. This is likely because individuals with 707 

anisometropic amblyopia had residual binocular function, such as reduced but 708 

measurable stereoacuity, while the majority of strabismic amblyopes had severely 709 

disrupted binocular function and had non-measurable stereoacuity (see Table 1). Thus, 710 

our results are consistent with McKee et al. (2003) study (McKee et al., 2003), which 711 

suggests that binocularity is a good index of visual contribution of the amblyopic eye. 712 

 713 
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In conclusion, our model fits revealed different patterns of binocular interaction between 714 

normal and amblyopic vision. In addition to attenuation of visual input from the non-715 

fixating weaker eye, strabismic amblyopia had significantly reduced excitatory 716 

contributions to binocular interactions while leaving suppressive contributions intact. Our 717 

results provided robust evidence supporting the view that disruption of binocular 718 

interactions in strabismus or amblyopia is due to preferential loss of excitatory 719 

interactions between the eyes. 720 

 721 
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 979 
 980 

 981 

 982 

Legends: 983 

 984 

Figure 1. Illustration of stimuli and experimental design. A. Dichoptic setting for a pair of 985 

parallel gratings that were contrast-reversed with unique temporal frequency in each 986 

eye, viewed through cross-polarized goggles. The target contrast in the amblyopic/non-987 

dominant eye was swept from 1.7% to 40% in 10-logarithmic steps within a 10-second 988 

interval, while the mask contrast in the fellow/dominant eye was fixed at 20%. B. Fourier 989 

spectrum and dominant response components in V1 from one participant, with both 990 

target and mask contrasts set at 20%, for purposes of illustration. C. Illustration of 991 

cortical regions of interest (ROIs) defined by structural and functional MRI from a 992 

sample participant. 993 

 994 

 995 

Figure 2. Profile of IM responses in the visual cortical hierarchy. Error bars denote SEM. 996 

Colors denote groups as described in the legend. A. Mean signal-to-noise ratio (SNR) of 997 

IM responses as a function of target contrast in 4 groups: Controls, Anisos and Strabs 998 

with and without binocular fusion. Across all ROIs, the peak IM responses were near 999 

20% target contrast (vertical dash lines), where the target contrast matched mask 1000 

contrast. B. IM responses measured at 20% target contrast in 4 groups, where both the 1001 
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target and mask contrast were at 20%. Horizontal dashed lines indicate SNR floor of 1. 1002 

Colored asterisks indicate statistical significance of group comparisons to Controls; and 1003 

the black asterisk indicates t-test against an SNR level of 1. * , ** and *** indicate 1004 

p<0.017, <0.01 and <0.001 significance levels, respectively. C. IM responses (SNR) at 1005 

20% target contrast in V1 (left panel) and V3a (right panel) as a function of stereoacuity 1006 

in individual participants.  1007 

 1008 

 1009 

Figure 3. Mean signal-to-noise ratio (SNR) of IM (upper row) and self-term (2F1, lower 1010 

row) responses as a function of target contrast in various visual areas in the Aniso 1011 

group (A), 3 Anisos with poor stereoacuity (400”-800”) (B), 3 Strabs with measurable 1012 

stereoacuity (1500”-2000”) (C), the Strab with fusion group (D) and the Strab with no 1013 

fusion group (E). Colors denote cortical areas. Data for A, D and E are replotted from 1014 

Figs. 2A and 4A. 1015 

 1016 

 1017 

Figure 4. Mean signal-to-noise ratio (SNR) of self-term responses as a function of 1018 

target contrast in different visual areas in 4 groups. Error bars denote SEM. Colors 1019 

denote groups. Vertical dashed lines indicate matched target and mask contrasts at 1020 

20%. A, SNR to target stimuli that were swept from 1.7% to 40% of contrast in the 1021 

amblyopic/non-dominant eye. B, SNR to mask stimuli that were fixed at 20% of contrast 1022 

in the fellow/dominant eye.  1023 

 1024 
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 1025 

Figure 5. Fits of a variant of the Tsai et al. (2012) model to self-term and IM-term 1026 

responses in different visual areas in 3 groups: Controls, Anisos and Strabs-with-fusion. 1027 

Data are replotted from Fig. 2A and Fig. 4AB. Target responses at 2F1 from the 1028 

amblyopic/non-dominant eye are shown in red; mask responses at 2F2 from the 1029 

fellow/dominant eye are shown in blue, and the IM responses at F1+F2 representing 1030 

interocular interactions from the two eyes are shown in green. Error bars denote SEM. 1031 

Black solid lines indicate the best fitting model. The corresponding fit parameters in 1032 

each ROI are listed on the right side of the panels for each group. The fit parameters 1033 

are: semi-saturation value (�), excitatory (�) and suppressive (�) factors, response gain 1034 

(Rm), weight of the amblyopic eye relative to the fellow eye (Wtarget), goodness of fit (R2). 1035 

R0 indicates a baseline parameter for each response component.  1036 

 1037 

 1038 

Figure 6. Estimated values of excitation (p) and suppression (q) from Figure 5 across 1039 

ROIs in the 3 groups. Colors denote groups. Error bars denote standard deviation, 1040 

estimated from bootstrap samples. A, Across ROIs, excitatory (�) values were on 1041 

average 2.4, 1.9 and 0.8 in the control, Aniso and Strab groups, respectively. B, Across 1042 

ROIs, suppressive (q) values were on average of 2.7, 2.2 and 2.4 in Strab, Aniso and 1043 

control group, respectively. C, The differences between suppressive (q) and excitatory 1044 

(p) exponents were significantly larger in the Strab group (orange) across all ROIs, 1045 

compared with those in the Aniso and control groups. The areas highlighted in green 1046 
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and pink indicate suppression (q) and excitatory (p) dominance, respectively. *, ** and 1047 

*** indicate p<0.017, p<0.01 and p<0.001 significance levels, respectively. 1048 

 1049 

 1050 

Figure 7. Target contrast weight (A) and sigma (B) estimated from the fits in Figure 5 1051 

across ROIs in 3 groups. Colors denote groups. Error bars denote standard deviation 1052 

from the bootstrap samples. A, The relative values of target weight (Wtarget) in the 1053 

amblyopic eye across all ROIs, except for hMT+, were greatly increased in the Strab 1054 

group compared to the values in the control and Aniso group. B, The values of sigma 1055 

across all ROIs, except for hMT+, in Strab group were also increased, compared to the 1056 

values in control and Aniso group. *** indicates p<0.001 significance level. 1057 

 1058 

 1059 

Figure 8. Histograms of response gain (Rm) from the bootstrap samples across ROIs in 1060 

Control (left), Aniso (middle) and Strab (right) groups. Colors denote the ROIs. The 1061 

response gain (Rm) in Strabs was lower across all ROIs, except for hMT+, compared to 1062 

the control group. Rm was a factor of 2 higher in V1 than in extra-striate cortex in both 1063 

control and Aniso group. The vertical dashed line marks the mean response gain in V1 1064 

for the control group. ** and *** indicate p<0.01 and p<0.001 significance levels, 1065 

respectively. 1066 

 1067 

 1068 

 1069 

 1070 
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 1071 

 1072 

 1073 

 1074 

Table 1. Clinical details of participants with amblyopia 1075 

Participant    Visual acuity (logMAR)     

ID Age Gender Diagnosis Fellow eye Amblyopic eye Stereo Acuity Deviation Fusion History 

1 49 f A -0.2 0.498 800" ortho yes patching done 

2 21 m A -0.097 0.341 200" ortho yes patching done 

3 52 f A -0.04 0.518 200" ortho yes patching done 

4 48 f A 0 0.301 70" ortho yes patching done 

5 50 m A 0 0.7 800" ortho yes patching done 

6 50 f A 0 0.739 200" ortho yes patching done 

7 26 f A -0.04 0.518 400" ortho yes no patching 

8 24 m A -0.02 0.224 70" ortho yes no patching 

9 32 f A -0.04 0.498 70" ortho yes no patching 

10 21 f A -0.097 0.301 100" ortho yes patching done 

11 27 m S&A -0.097 0.602 n/a ET 16 yes no patching 

12 61 m S&A 0 0.756 2000" XT 4, R/L 20, DVD yes patching done 

13 48 f S&A -0.097 0.498 n/a XT 10 yes surgery & patching 

14 42 f S&A -0.077 0.224 n/a L/R 15 yes no patching 

15 36 f S&A -0.097 0.538 n/a ET 4 yes surgery & patching 

16 54 f S -0.077 0.224 1500" ET 16, R/L 6 yes surgery & patching 

17 53 m S -0.04 0.341 n/a ET 20, R/L 4 yes no patching 

18 34 f S&A 0 0.377 n/a XT 30, L/R12 yes surgery & patching 

19 67 f S&A -0.02 0.518 2000" XT 8 yes surgery & patching 

20 34 f S&A 0 0.518 n/a XT 8 yes surgery & patching 

21 52 f S&A 0 0.756 n/a XT 20 No no patching 

22 53 f S&A -0.137 0.518 n/a XT 2, L/R 17 No surgery & patching 

23 28 f S&A -0.097 0.498 n/a XT 10, R/L12 No no patching 

24 65 f S&A 0 0.301 n/a ET 16, R/L 8 No surgery & patching 

25 29 m S -0.097 0.341 n/a XT 12, R/L 4 No patching done 
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26 58 m S&A -0.04 0.836 n/a XT 14, L/R 14, DVD No surgery & patching 

27 26 f S&A -0.097 0.224 n/a XT 25 No no patching 

          

A: anisometropic amblyopia; S: strabismic amblyopia; S&A: mixed strabismus and anisometropia. 1076 

Deviation at near distance (33 cm) with the best optical correction is shown in prism diopters. DVD: 1077 

disassociated vertical deviation; XT: exotropia. ET: esotropia; L/R: left-eye hypertropia; R/L: right-eye 1078 

hypertropia. “n/a” indicates that stereoacuity was not measurable with Random-Dot Stereo Butterfly 1079 

(Stereo Optical Company, Inc).  1080 
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