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ABSTRACT 25 

 26 

In amblyopia, a visual disorder caused by abnormal visual experience during development, the 27 

amblyopic eye loses visual sensitivity while the other (fellow) eye is largely unaffected. 28 

Binocular vision in amblyopes is often disrupted by interocular suppression. We used 96-29 

electrode arrays to record neurons and neuronal groups in areas V1 and V2 of 6 female monkeys 30 

(Macaca nemestrina) made amblyopic by artificial strabismus or anisometropia in early life, as 31 

well as 2 visually normal female monkeys (Macaca nemestrina). To measure suppressive 32 

binocular interactions directly, we recorded neuronal responses to dichoptic stimulation. We 33 

simultaneously stimulated both eyes with large sinusoidal gratings, controlling their contrast 34 

independently with raised-cosine modulators of different orientations and spatial frequencies. 35 

We modeled each eye’s receptive field at each cortical site using a difference of Gaussian 36 

envelopes, and derived estimates of the strength of central excitation and surround suppression. 37 

We used these estimates to calculate ocular dominance separately for excitation and suppression. 38 

Excitatory drive from the fellow eye dominated amblyopic visual cortex, especially in more 39 

severe amblyopes, but suppression from both the fellow and amblyopic eyes was prevalent in all 40 

animals. This imbalance created strong interocular suppression in deep amblyopes: increasing 41 

contrast in the amblyopic eye decreased responses at binocular cortical sites. These response 42 

patterns reveal mechanisms that likely contribute to the interocular suppression that disrupts 43 

vision in amblyopes.  44 
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SIGNIFICANCE STATEMENT 45 

 46 

Amblyopia is a developmental visual disorder that alters both monocular vision and binocular 47 

interaction. Using microelectrode arrays, we examined binocular interaction in primary visual 48 

cortex and V2 of six amblyopic macaque monkeys and two visually normal controls. By 49 

stimulating the eyes dichoptically, we showed that in amblyopic cortex, the binocular 50 

combination of signals is altered. The excitatory influence of the two eyes is imbalanced to a 51 

degree that can be predicted from the severity of amblyopia, while suppression from both eyes is 52 

prevalent in all animals. This altered balance of excitation and suppression reflects mechanisms 53 

that may contribute to the interocular perceptual suppression that disrupts vision in amblyopes.54 
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INTRODUCTION 55 

 56 

The link between neural and perceptual abnormalities in amblyopia remains poorly understood. 57 

Amblyopia is primarily manifest in the clinic as an acuity difference between the eyes, and 58 

therefore most physiological studies have evaluated neural responses to monocular stimulation 59 

(reviewed by Levi, 2013). These responses can only partly account for impaired contrast 60 

sensitivity and stereoacuity in amblyopic monkeys with experimental strabismus (a turned eye) 61 

or anisometropia (unilateral refractive error), the primary amblyopiogenic factors in humans. But 62 

there are comparatively few studies of cortical activity with binocular viewing (Sengpiel & 63 

Blakemore, 1994; Smith et al., 1997; Kumagami et al., 2000; Mori et al., 2002; Bi et al., 2011; 64 

Norcia et al., 2000). Binocular assessment stands to improve the characterization of amblyopia’s 65 

pathophysiology, because it can account for binocular interaction. This pathophysiology is of 66 

both clinical and basic interest: between 3 and 4 % of adults suffer amblyopia (Attebo et al., 67 

1998), and the pathology provides a framework for understanding cortical plasticity over the 68 

course of development. 69 

 70 

Interocular suppression, wherein one eye's image is unseen, is a key behavioral hallmark in 71 

amblyopia, and indeed plays a dual role. On one hand, suppression is "nature's way out of 72 

trouble" (von Noorden & Campos, 2002); it affords the developing visual system immunity to 73 

double vision (diplopia) and object confusion (two objects appear in one location) both of which 74 

arise from incongruent input signals from the eyes (Schor, 1977; Sireteanu et al., 1981; Freeman 75 

& Jolly, 1994; Freeman et al., 1996; Kilwinger et al., 2002; Li et al., 2011; Li et al., 2013a). On 76 

the other hand, chronic suppression may cause amblyopia (Sireteanu & Fronius, 1981; von 77 

Noorden & Campos, 2002); suppression persists into adulthood, thereby canceling signals that 78 

would otherwise support stereoscopic vision, form vision through the amblyopic eye, and 79 

vergence (Horton & Hocking, 1996). Indeed, recent efforts to treat amblyopia using dichoptic 80 

stimuli equated for perceived contrast are motivated in terms of their ability to alleviate chronic 81 

suppression and, in turn, to alleviate amblyopia (Cleary et al., 2009; Hess et al., 2010; Knox et 82 

al., 2012; Ooi et al., 2013; Li et al., 2013). Regardless, the cellular mechanisms underpinning 83 

suppression are largely unknown. 84 

 85 
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Using a novel dichoptic method, we have investigated binocular interactions in six amblyopic 86 

macaque monkeys and two visually normal controls. These amblyopes were behaviorally 87 

verified; overall, the deficits ranged from mild to severe. Data revealed binocular suppression: 88 

introducing contrast to the amblyopic eye decreased responses at binocular cortical sites. We 89 

modeled receptive field organization of excitation and suppression, leading to the novel 90 

observation that, while there was a reduction in the binocularity of site excitation in amblyopic 91 

cortex, suppression remained intact. This plastic change could be central to the preservation of 92 

single vision in amblyopia, suppressing otherwise conflicting spatial information arising from the 93 

two eyes and thus avoiding double vision.  94 
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METHODS 95 

 96 

Subjects. Animal care and experimental procedures were conducted in accordance with protocols 97 

approved by the New York University Animal Welfare Committee, and conformed to the 98 

National Institute of Health Guide for the Care and Use of Laboratory Animals. We studied eight 99 

adult female macaques (Macaca nemestrina): six behaviorally verified amblyopes and two 100 

visually normal controls. Amblyopia resulted from rearing with either unilateral blur, a model for 101 

anisometropic amblyopia, or experimental strabismus, leading to strabismic amblyopia. Methods 102 

for inducing the development of amblyopia have been described in detail previously (Kiorpes, 103 

Kiper, & Movshon, 1993; Kiorpes, Tang & Movshon, 1999). Briefly, anisometropia was 104 

produced by rearing with extended-wear soft contact lenses (Contact Lens Precision Labs, 105 

Cambridge, England; MedLens Innovations, Front Royal,VA, USA). A strong blurring lens (-8 106 

or -10 diopters) was placed in one eye, and a plano lens in the fellow. Strabismus was induced 107 

surgically in three animals at two to three weeks of age by resection of the medial rectus muscle 108 

and transection of the lateral rectus muscle of one eye. The control animals were untreated. 109 

 110 

Behavioral testing and histology. Subjects' contrast sensitivity was measured monocularly using 111 

a two-alternative forced-choice sine wave grating detection task (Kiorpes et al., 1999). We 112 

quantified amblyopia severity using an amblyopia index (AI). AI varies from 0 to 1, indicating, 113 

at one extreme, no difference in contrast sensitivity between the eyes and, at the other extreme, 114 

complete blindness in the amblyopic eye. At the end of electrophysiological recording (described 115 

below), the animal was killed with an overdose of sodium pentobarbital and perfused 116 

transcardially. Behavioral testing and histology are described in detail in Shooner et al., 2015. 117 

 118 

Surgical preparation. Electrophysiological recording took place between 2 and 17 years after 119 

behavioral testing. Since amblyopia is caused by abnormal binocular experience during the 120 

critical period of development and, left untreated, persists into adulthood in both humans and 121 

monkeys (Kiorpes et al., 1998; Chua & Mitchell, 2004), it is unlikely that the time elapsed 122 

between behavioral and electrophysiological measurements is a significant factor in the present 123 

study. Experiments typically lasted 5 days, during which we maintained anesthesia and paralysis 124 

with continuous intravenous infusion of sufentanil citrate (initially 6 μg/kg/hr and increased 125 
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thereafter to maintain a suitable level of anesthesia) and vecuronium bromide (0.1 mg/kg/hr) in 126 

isotonic dextrose-Normosol solution. We monitored vital signs constantly 127 

(electroencephalograph, blood pressure, heart rate, lung pressure, end-tidal pCO2, temperature, 128 

and urine flow and osmolarity) and we actively maintained these signs within appropriate 129 

physiological limits. We dilated pupils with topical atropine and protected the corneas with 130 

oxygen-permeable contact lenses. Supplementary lenses were chosen via direct ophthalmoscopy 131 

to make the retinas conjugate with the experimental display. We used two mirrors to 132 

independently redirect the eyes' optical axes to separate locations on the stimulus monitor. 133 

 134 

Electrophysiological recording. We described electrophysiological recording techniques 135 

previously (Shooner et al., 2015). In brief, we made an occipital craniotomy and durotomy, 136 

allowing visualization of the operculum and lunate sulcus, and implanted a 96-electrode "Utah" 137 

array (Blackrock Systems) near the estimated location of the V1/V2 border. Array electrodes 138 

were 1 mm long, 400 micrometers apart, and formed a regular, rectangular grid parallel to the 139 

cortical surface. We pneumatically inserted the array to a depth of 500 to 1000 micrometers. 140 

After the initial recording, the array was removed and either a new array or the same array was 141 

implanted at a different border location. In each animal, we performed 2 implantations in each 142 

cortical hemisphere: one medial, in cortex representing the parafoveal visual field, and one 143 

lateral, close to the cortical representation of the fovea. 144 

 145 

Visual stimulation. We presented stimuli on a gamma-corrected cathode ray tube (CRT) monitor 146 

(Eizo T966), with spatial resolution 1280 × 960 pixels, temporal resolution 120 Hz, and mean 147 

luminance 35 cd/m2. Viewing distance was 1.14 m (parafoveal implantations) or 2.28 m (foveal 148 

implantations). Stimuli were generated using an Apple Macintosh running Expo 149 

(http://corevision.cns.nyu.edu). 150 

 151 

We created dichoptic stimuli by multiplying each of two sinusoidal “carrier” gratings by a raised, 152 

sinusoidal “modulator” grating, as illustrated in Figure 1. Both carriers drifted at 4.1 Hz. For 153 

each implantation, we hand-mapped the response fields of many cortical sites using a sinusoidal 154 

grating patch, qualitatively determining each site's response field position and preference for 155 

spatial frequency and drift direction. The spatial frequencies and drift directions of the carriers 156 
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comprising the dichoptic stimuli were identical between eyes and chosen based on hand mapping 157 

to drive many cortical sites. Stimuli appeared within a vignetted circular aperture of diameter 158 

equal to 8 carrier cycles; stimuli were centered to encompass all sites' response fields. Carrier 159 

contrast was sinusoidally modulated between 0% and 40%. We used moderate-contrast stimuli to 160 

minimize the effect of contrast adaptation, the attenuation of neuronal responses typically seen 161 

after prolonged exposure to high-contrast stimuli (Movshon & Lennie, 1979). Sclar et al. (1990) 162 

examined the effect of low- and moderate-contrast adapters (3.5, 12.5 and 50%) on responses of 163 

neurons in macaque V1, finding that 49 of the 56 neurons studied were virtually unaffected. 164 

From trial to trial we independently and pseudorandomly varied the modulators' drift directions 165 

and spatial frequencies (six directions relative to the carrier's direction: 0, 60 ... 300 deg; seven 166 

relative spatial frequencies: 0, 0.12,0.24, 0.48, 0.96, 1.44, 1.92× carrier's spatial frequency). 167 

Trials were 4 s in duration, and followed one another with no inter-trial interval. The two 168 

modulators drifted at different rates, 0.5 and 1.67 Hz; this “frequency tagging” enabled 169 

estimation of response field organization separately each eye. 170 

 171 

[Figure 1 about here] 172 

 173 

Response measures. The experiment comprised 37 × 37 = 1369 trials, each of 4 s duration 174 

(Figure 2). We presented 37 different stimuli to the left eye: the full-field (0 c/deg) contrast 175 

modulation of the carrier grating (top, leftmost icon in Figure 2) plus six other modulator spatial 176 

frequencies and six modulator drift directions. Similarly, we presented 37 different stimuli to the 177 

right eye. Each left-eye stimulus was paired with each right-eye stimulus, and vice versa, and the 178 

resulting dichoptic stimuli were each presented once. From trial to trial, we independently 179 

randomized the spatial phases of left- and right-eye carriers and the modulators. As described in 180 

detail in Results, data analysis was synchronized to the phase shifts of the modulators. To obtain 181 

the response of a cortical site to a particular left-eye stimulus, we averaged fundamental 182 

responses on all 37 trials of that stimulus (shown in Figure 2 as a column average). In doing so, 183 

we assumed that, because left- and right-eye modulators drifted at different rates, and because 184 

the relative phase of modulators was randomized across trials, averaging fundamental responses 185 

to the left-eye modulator mitigates systematic effects of the right-eye modulator but retains the 186 
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drive provided by the carrier. We obtained the response to a right-eye stimulus in an analogous 187 

way (as illustrated in Figure 2, by averaging a row). 188 

 189 

[Figure 2 about here] 190 

 191 

For each eye, we fit a functional model, described in detail below, to these modulator responses 192 

in the spatial frequency domain. We used the inverse Fourier transform of the model fit to infer 193 

the spatial composition of the receptive field. This receptive field model comprises an excitatory 194 

subregion and a suppressive subregion and therefore can capture both excitatory and suppressive 195 

effects of an eye on cortex (Tanaka & Ohzawa, 2009; Hallum & Movshon, 2014). Since 196 

amblyopes’ binocular vision is disrupted by suppression, we used this model to investigate 197 

alterations to the way in which fellow- and amblyopic eyes impart excitation and suppression to 198 

cortex. 199 

 200 

Multiunit receptive field model. We modeled the spatial organization of multiunit receptive field 201 

centers and surrounds separately in each eye using a difference of Gaussian envelopes (DoGE). 202 

Each eye's center-surround field, which describes the sensitivity of a cortical site to contrast 203 

modulations of the carrier grating, is constrained by 12 parameters: 204 

 205 

 

 206 

where, 207 

 208 

 

 209 

and, 210 

 211 

 

 212 
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The term Ac specifies the gain of the excitatory Gaussian. The terms μcx and μcy specify the 213 

position of the excitatory Gaussian relative to the center of the stimulus. Terms σcx and σcy 214 

specify the radii of the excitatory Gaussian. The five other similarly labeled terms pertain to the 215 

suppressive Gaussian. Two additional parameters not shown enabled each Gaussian to rotate 216 

about its offset position. 217 

 218 

A difference of Gaussians is commonly used to model the spatial organization of the retinal 219 

ganglion cell's receptive field to luminance variations (Rodieck & Stone, 1965; Enroth-Cugell & 220 

Robson, 1966). But here, as in a monocular precursor of this model applied to single-unit 221 

responses in cat (Tanaka & Ohzawa, 2009) and monkey (Sceniak et al., 1999; Sceniak et al., 222 

2001; Levitt & Lund, 2002; Cavanaugh et al., 2002a; Hallum & Movshon, 2014), we used a 223 

difference of Gaussian envelopes in a different context: to model the spatial organization and 224 

sensitivity of cortical neurons to the contrast of a carrier grating (Fig. 1). 225 

 226 

To find the model parameters that best accounted for the measured responses, we minimized the 227 

squared error between the model's response and the measured response at each spatial frequency 228 

by treating real and imaginary components of responses separately. For each site or neuron, 229 

multiple fits were performed using different starting parameters. Parameters were adjusted 230 

iteratively using the Nelder-Mead optimization algorithm. 231 

 232 

Ocular dominance index and excitation index. These fits allowed us to estimate the magnitudes 233 

of excitation and suppression comprising receptive fields. Using these magnitudes, we derived 234 

ocular dominance indices (ODIs) and excitation indices (EIs). In the amblyopic eye, we defined 235 

the EI as follows: 236 

 237 

 

 238 

where Ae is the integral of the amblyopic eye’s fitted receptive field after half-wave rectification 239 

(suppressive regions of the field were zeroed), and As is the absolute value of the integral of the 240 

fitted field after zeroing excitation. Similarly, for the fellow eye, 241 
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 242 

 

 243 

This EI varies between 1 and -1, indicating that the receptive field imparted only excitation or 244 

only suppression, respectively, to the responses measured at a site. An excitation index near zero 245 

indicated balanced excitation and suppression. 246 

 247 

We derived the ODI separately for excitation, 248 

 249 

 

 250 

and suppression, 251 

 252 

 

 253 

The ODI varies between 1 and -1. An ODIe of 1 indicates that the excitatory field in the fellow 254 

eye (or, in the control subjects, the right eye) dominated the amblyopic eye (or, in the control 255 

subjects, the left eye). An ODIe of -1 indicates that the amblyopic eye dominated the fellow eye. 256 

Similarly, ODIs indicates whether the fellow eye suppressive fields dominated the amblyopic 257 

eye, or vice versa. 258 

 259 

Responsive/unresponsive cortical sites. To determine whether a cortical site was driven by 260 

stimulation of an eye, we fit a descriptive model to its response amplitudes pooled over 261 

modulators that drifted in opposite directions but were otherwise identical. We fit the model 262 

using ordinary least-squares, and computed a chi-squared statistic adjusted for the model’s 263 

degrees of freedom. When this model provided a better description of responses than the mean 264 

(over all modulator spatial frequencies and orientations) we deemed the site responsive to that 265 

eye.266 

267 
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Experimental design and statistical analyses. Amblyopes vary widely in the strength of their 268 

visual deficits; our sample size of 6 amblyopes was necessary to span the range from mild to 269 

severe amblyopia. In each subject, we sought to maximize the number of multiunit sites 270 

characterized, and found 4 array penetrations per animal to be an upper limit given the geometry 271 

of our placement on the V1/V2 border and need for careful histological reconstruction of each 272 

recorded site. To compare derived measures (ocular dominance and excitation indices) across 273 

subjects, we used the Kruskal-Wallis rank sum test implemented in R (version 3.2.3), a language 274 

and environment for statistical computing. 275 

 276 

RESULTS 277 

 278 

We analyzed responses from 28 of 32 array implantations in six amblyopic subjects and two 279 

visually normal controls; data from four implantations in three amblyopic subjects were 280 

discarded because the experiment was not run to completion. Typically, multi-unit response 281 

fields were within 1 degree of the fovea (lateral array implantations; n = 14) or at eccentricities 282 

between 2 and 7 degrees (medial implantations; n = 14). We quantified multiunit selectivity for 283 

modulator spatial frequency and drift direction. Unresponsive sites were discarded, and we 284 

modeled the monocular and binocular response fields of those that remained. Histology revealed 285 

82 sites recorded in the moderate anisometrope (AI = 0.42) were in visual area V4. These data 286 

showed little quantitative difference from data recorded in V1 and V2 and were included in 287 

population analyses. 288 

 289 

We recorded from 2688 sites in amblyopic and normal visual cortex; 2042 (76%) responded 290 

reliably to visual stimulation. The introduction of the carrier grating to a cortical site's response 291 

field in either eye -- either by full-field stimulation, or via the passage of a drifting contrast 292 

modulation (Fig. 1) -- often modulated firing rates. In Figure 3A, we illustrate responses to 293 

fellow-eye stimulation measured at a single site in a strabismic amblyope. There, we modulated 294 

the overall contrast of this fellow-eye, full-field stimulus at 0.5 Hz, presenting the stimulus 37 295 

times for four seconds on each trial. The histogram shows the site's response averaged over two 296 

cycles and 37 trials. Because we dichoptically paired this stimulus with all 37 different stimuli 297 

appearing in the amblyopic eye (Methods), this trial average, under our assumptions, averaged 298 
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away any systematic effects of the modulator in the amblyopic eye, but retained drive provided 299 

by the sinusoidal carrier grating appearing in that eye. As shown, the responses synchronized to 300 

the periodic introduction and withdrawal of the carrier grating; at a cycle time of 0 seconds, with 301 

the addition of a short latency period, the multi-unit firing rate approached 270 impulses per 302 

second; during the opposite phase of the modulation, that is, at a cycle time of approximately 1 303 

second, the site's response was near zero. We computed the fundamental (0.5 Hz) response to 304 

this fellow-eye, full-field stimulus. The phase lag of the fundamental response, plotted on the 305 

right of Figure 3A, suggested that these responses were excitatory and occurred with a short lag 306 

(55 ms). 307 

 308 

[Figure 3 about here] 309 

 310 

We found abundant suppression: the introduction of the carrier grating to a cortical site's 311 

response field often reduced firing rates. In Figure 3B, we illustrate the responses to amblyopic-312 

eye stimulation of the same site which was excited by fellow-eye stimulation. Here, we 313 

modulated the overall contrast of this amblyopic-eye, full-field stimulus at a rate of 1.67 Hz, 314 

again presenting it 37 times for four seconds on each trial. The histogram shows the site's trial-315 

averaged response which includes the drive provided by the appearance of the carrier grating in 316 

the fellow eye, but not the systematic effects of contrast modulation in that eye. As shown, 317 

responses synchronized with the periodic introduction and withdrawal of the carrier grating, but 318 

they synchronized with opposite phase; at a cycle time of 0 seconds, after a short latency delay, 319 

the multi-unit firing rate was low; during the opposite phase of the modulation, that is, at a cycle 320 

time of approximately 0.3 seconds, the site's response was high. We computed the fundamental 321 

(1.67 Hz) response to this amblyopic-eye, full-field stimulus. The phase of the fundamental 322 

response, plotted on the right of Figure 3B, suggested that these responses were suppressive and 323 

occurred with a short lag (112 ms). In subsequent figures we plot excitatory response amplitudes 324 

as positive, and suppressive response amplitudes as negative. 325 

 326 

We observed diverse tuning to modulator orientation and spatial frequency. We revealed this 327 

diversity by plotting every site's right- and left-eye modulator tuning curves. In Figure 4 are 10 328 

examples, plotting the amplitude of the fundamental response against the spatial frequency of the 329 
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contrast modulation, for the three different orientations. Recall that these are "second-order" 330 

tuning curves: throughout the experiment, the (first-order) parameters governing the carrier 331 

gratings' orientation and spatial frequency were fixed, but the (second-order) spatial frequencies 332 

and drift directions of the contrast modulations were systematically varied (e.g., icons, top row, 333 

Fig. 4). In Figure 4A are responses to right- and left-eye stimulation measured at a single cortical 334 

site in the visually normal subject. This site showed bandpass tuning to contrast modulations in 335 

the right eye, responding preferentially to modulators at moderate spatial frequencies 336 

(approximately 0.5 times the carrier grating's spatial frequency), and at orientations 60 and 120 337 

degrees relative to the carrier's orientation. However, this site was unresponsive to stimulation of 338 

the left eye. In Figures 4B and 4C are responses at binocular sites encountered in a visually 339 

normal control and a strabismic amblyope, respectively. The former of these two sites showed 340 

lowpass modulator tuning that was similar in the two eyes. The latter site showed bandpass and 341 

orientation-selective modulator tuning and was not dissimilar from sites often encountered in 342 

normal cortex. 343 

 344 

[Figure 4 about here] 345 

 346 

A distinctive feature of data recorded from amblyopic animals was suppression. Data from two 347 

sites showing suppression are shown in Figures 4D and E, one from a strabismic amblyope and 348 

the other from an anisometrope. The first site showed low-pass tuning in the fellow eye, 349 

responding preferentially to full-field contrast modulation and showing little preference for 350 

modulator orientation. This site was suppressed by stimulation of the amblyopic eye. This 351 

pattern of suppression was similarly low-pass and impartial to modulator orientation; 352 

suppression was greatest for a full-field contrast modulation. The two arrowheads in Figure 4D 353 

indicate the responses shown in Figure 3. In addition to low-pass modulator tuning, we often 354 

encountered bandpass tuning to fellow-eye stimulation, as illustrated in Figure 4E. There, 355 

suppression caused by amblyopic-eye stimulation was low-pass, similarly to Fig. 4D. 356 

 357 

The diversity of modulator tuning (exemplified in Fig. 4D and 4E) indicated diverse receptive 358 

field composition which we investigated by modeling responses. We fit the DoGE model in the 359 

spatial frequency domain separately for each eye (Figure 5). We computed the inverse Fourier 360 
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transform of the fit to estimate response field spatial organization (Tanaka & Ohzawa, 2009; 361 

Hallum & Movshon, 2014). On the right of Figure 5A, the solid contours show an estimate of the 362 

shape and sensitivity of the response field's excitatory center. The dashed contours estimate the 363 

suppressive region of the receptive field. The multi-unit excitatory and suppressive subfields are 364 

analogous, respectively, to the single-unit classical receptive field and extraclassical suppressive 365 

surround (Sceniak et al., 1999; Sceniak et al., 2001;  Levitt & Lund, 2002; Cavanaugh et al., 366 

2002a; Cavanaugh et al, 2002b; Tanaka & Ohzawa, 2009; Shushruth et al., 2013; Henry et al., 367 

2013; Hallum & Movshon, 2014). Note that this multi-unit response field should not be confused 368 

with the classical receptive field of a simple cell, whose subregions are sensitive to changes in 369 

luminance. Instead, the field illustrated in Figure 5A comprises subregions that are sensitive to 370 

contrast modulations -- specifically, modulations in the contrast of the carrier grating used to 371 

stimulate the right eye. In Figure 5B is a stimulus that should (and did) elicit vigorous firing at 372 

this cortical site superimposed by contours of the modeled response field. The anisotropic spatial 373 

organization of a response field can account for the changes in modulator SF selectivity with 374 

modulator orientation (e.g., low-pass versus band-pass); as illustrated in Fig. 5, a vertical 375 

modulator engaged both excitatory center and suppressive surround, while a modulator 60 deg 376 

from vertical selectively engaged the excitatory center. This selective engagement of the center 377 

released responses from surround suppression which, in turn, imparted the band-pass selectivity 378 

seen in the tuning curve at that modulator orientation. 379 

 380 

[Figure 5 about here] 381 

 382 

Response fields varied in their spatial structure and in the relative strengths of excitation and 383 

suppression. In Figure 6A are receptive fields of a binocular cortical site in the visually normal 384 

control subject. We normalized fields to peak excitation, thus enabling interocular comparison; at 385 

this site, the right eye was more sensitive to contrast, as indicated by the contours. We used these 386 

modeled response fields to quantify the balance of excitation and suppression within and 387 

between eyes. We computed an excitation index separately for right- and left-eye fields 388 

(Methods) which varied between 1, indicating that the response field imparted only excitation at 389 

its cortical site, and -1, indicating that the field imparted only suppression. The excitation indices 390 

at this site were close to 1, indicating that excitation outweighed suppression. We also computed 391 
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an ocular dominance index separately for excitation and suppression (Methods). The ocular 392 

dominance index for excitation varied between 1 and -1, indicating that only the right eye (or, in 393 

amblyopic subjects, the fellow eye) imparted excitation, or only the left (amblyopic) eye 394 

imparted excitation, respectively. An ocular dominance index for excitation of zero indicates a 395 

site excited equally by either eye. Similarly, the ocular dominance index for suppression, which 396 

also varies between 1 and -1, indicates the relative strength of suppressive fields in the two eyes. 397 

The ocular dominance indices at this site showed the right eye's dominance (ODI > 0), both 398 

excitatory (ODIe = 0.15) and suppressive (ODIs = 0.99). 399 

 400 

[Figure 6 about here] 401 

 402 

The binocular response fields in Figures 6C (encountered in a strabismic amblyope) and D 403 

(encountered in an anisometropic amblyope) illustrate the disrupted balance of excitation and 404 

suppression in amblyopia. Here, the modeled response fields in the fellow eyes appeared similar 405 

to fields typically encountered in cortex of the visually normal subjects. These fellow eyes were 406 

more sensitive to contrast than their amblyopic counterparts, and accordingly the ocular 407 

dominance indices for excitation were near one. As shown, excitation was largely absent from 408 

the modeled response fields in the amblyopic eyes. Accordingly, the amblyopic-eye excitation 409 

indices were near -1. We also encountered, albeit less frequently, binocular response fields which 410 

showed greater sensitivity to contrast modulations in the amblyopic eye than in the fellow, and 411 

appeared similar to fields that we typically encountered in normal cortex (e.g., Figure 6B). 412 

 413 

To quantify the effect of amblyopic eyes on cortex, we computed ocular dominance indices at all 414 

responsive sites. For each site we computed an index between -1 and 1, as illustrated for four 415 

example binocular sites in Fig. 6. Figure 7A shows distributions of these indices for all subjects. 416 

We found an association between severity of amblyopia and ocular dominance for excitation, 417 

ODIe. Cortex of normal control subjects and cortex of mild amblyopes (e.g., amblyopia index, AI 418 

= 0.21, 0.24) was roughly equally responsive to stimulation of either eye (median ODIe near 419 

zero). Cortex of more severe amblyopes (e.g., AI >= 0.42) was dominated by the fellow eye 420 

(medians near 1). This shift of the ocular dominance distribution toward the fellow eye, 421 

including a reduction (although not the elimination) of the monocular cortical representation of 422 
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the amblyopic eye, is broadly consistent with our previous report in this cohort of animals 423 

(Shooner et al., 2015), and previous reports of alterations of binocularity in amblyopic cortex 424 

(Hubel & Wiesel, 1965; Movshon et al., 1987; Crawford et al. 1993; Smith et al., 1997; Kiorpes 425 

et al., 1998; Bi et al., 2011). Those previous reports tested eyes monocularly when estimating 426 

ocular dominance, whereas here we used dichoptic testing. In contrast, we found little 427 

association between severity of amblyopia and ocular dominance for suppression, ODIs. In seven 428 

of eight subjects, median ODIs was near zero, indicating that fellow and amblyopic eyes had 429 

roughly equal suppressive influence. In the most severe anisometrope (AI = 0.75), there was a 430 

small number of monocular sites at which spontaneous activity was suppressed by stimulation of 431 

the fellow eye, shifting the distribution of ODIs for that animal towards 1. 432 

 433 

[Figure 7 about here] 434 

 435 

To quantify the balance of excitation and suppression, we computed an excitation index for all 436 

modeled receptive fields. Figure 7B shows distributions of the excitation index separately for 437 

fields in the left and right eyes of normals, and the fellow and amblyopic eyes of amblyopes. In 438 

normal subjects' left- and right-eye fields, excitation outweighed suppression; the median 439 

excitation index for binocular and monocular fields was approximately 0.5, indicative of fields 440 

comprising an excitatory center and a moderately suppressive surround. By this measure (EI), 441 

fellow-eye receptive fields of amblyopes were mostly indistinguishable from receptive fields in 442 

normal eyes. However, in binocular cortex, as amblyopia severity increased, distributions of the 443 

excitation index shifted towards -1, indicative of fields in which suppression outweighed 444 

excitation. 445 

 446 

Dichoptic stimulation revealed something unexpected: after pooling excitation and suppression, 447 

there was no overall reduction of binocularity in amblyopia. Instead, the fraction of binocular 448 

sites excited by both eyes decreased, while the fraction of binocular sites excited by the fellow 449 

eye and suppressed by the amblyopic eye increased. This is exemplified by the most severely 450 

amblyopic subject's distributions of Fig. 7 (bottom row). For each subject, we calculated the 451 

percentage of binocular sites (considering both excitation and suppression). We found no 452 

decrease in the percentage of binocular sites with amblyopia severity (from least to most severely 453 
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amblyopic: 53, 52, 34, 40, 40, 18, 34, 67%). This effect is readily overlooked when measuring 454 

the responses of single units to monocular stimuli presented sequentially. 455 

 456 

In the visual cortex of amblyopes, the distributions of ocular dominance and excitation indices 457 

were very different from normal. The top left panel of Figure 8 shows median ODIe of binocular 458 

sites in our six amblyopes and two control subjects. Symbol sizes are proportional to the number 459 

of binocular sites encountered in each animal. Excitation in the FE dominated AE excitation to a 460 

degree associated with amblyopia severity ( 2 = 154.8; p  0.05), but the prevalence of 461 

suppression was largely unaffected by amblyopia (bottom, left). The top right panel of Figure 8 462 

shows median excitation index (EI) of binocular sites in six amblyopes' FEs and control subjects’ 463 

LEs. Amblyopes’ FEs were similar to control eyes in that excitation dominated suppression. 464 

However, in AEs, suppression dominated excitation (bottom, right) to a degree associated with 465 

amblyopia severity (Kruskal-Wallis rank sum statistic, 2 = 201.4; p 0.05). 466 

 467 

[Figure 8 about here]  468 
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DISCUSSION 469 

 470 

Using multielectrode arrays, we recorded multiunit activity in visual cortex of six behaviorally 471 

assessed amblyopes and two visually normal controls. We presented large gratings dichoptically 472 

and applied independent contrast modulations to each eye. A striking feature of our results was 473 

the prevalence of suppression in amblyopic cortex: increasing stimulus contrast in the amblyopic 474 

eye often decreased responses at binocular cortical sites. To elucidate these suppressive 475 

interactions we modeled receptive fields in both eyes using a difference of Gaussian envelopes. 476 

 477 

Much of what is known about binocular interactions in amblyopic cortex follows from the 478 

binocular interaction paradigm (Ohzawa & Freeman, 1986). There, dichoptic gratings are 479 

presented to binocular neurons and the gratings' relative spatial phase is parametrically varied. 480 

Dichoptic responses are then compared to monocular responses. The binocular interaction 481 

paradigm has produced two main findings. First, responses in early visual cortex of amblyopic 482 

monkeys and strabismic cats exhibit reduced selectivity for relative phase as compared to 483 

visually normal controls — a likely correlate of stereoscopic vision deficits typically seen in 484 

amblyopes (Sengpiel & Blakemore, 1994; Smith et al., 1997; Bi et al., 2011). Second, the 485 

proportion of neurons showing binocular suppression (i.e., the response to stimulation of both 486 

eyes is less than the sum of the eyes’ peak monocular responses) increases with amblyopia 487 

severity (Bi et al., 2011). We confirm and extend the latter result. We found an association 488 

between the fellow eye’s domination of amblyopic cortex and amblyopia severity, but no 489 

reduction of binocularity in amblyopia. Modeling revealed that, in severe amblyopes, the fraction 490 

of binocular cortical sites excited by both eyes decreased, while the fraction excited by fellow-491 

eye stimulation and suppressed by amblyopic-eye stimulation increased. Within amblyopic-eye 492 

receptive fields, suppression dominated excitation in proportions associated with amblyopia 493 

severity. The prevalence of suppression appeared unaltered; only excitation was reduced. 494 

 495 

The binocular interaction paradigm as used in earlier studies is difficult to interpret. Typically it 496 

is assumed that a binocular neuron adds inputs from the eyes; when the response to stimulation 497 

of both eyes is less than the sum of monocular responses, suppression is inferred, though it is 498 

unclear which eye is suppressed (Bi et al., 2011). Our approach resolves that quandary: In 499 
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amblyopia, stimulation of the amblyopic eye may impart only suppression to a cortical site. 500 

Under the binocular interaction paradigm, this binocular site may on the basis of monocular 501 

testing appear monocular; consequently its responses to dichoptic stimulation seem anomalous. 502 

To illustrate, consider a site with binocular receptive fields like those in Fig. 6C. Under the 503 

binocular interaction paradigm, monocular testing would show strict monocularity, but dichoptic 504 

testing would reveal suppression. Our model resolves this anomaly: When the fellow eye is 505 

monocularly tested, this site's response was driven by both contrast in the fellow eye (where the 506 

excitation index (Methods), EI > 0) and its absence in the amblyopic eye (where EI < 0). When 507 

the amblyopic eye was tested, the fellow eye provided no drive, and the amblyopic eye's drive 508 

was at floor because excitation is mostly absent from the eye's receptive field. 509 

 510 

The suppressive effect on binocular cortex of non-dominant-eye stimulation has been previously 511 

observed in the strabismic cat, and in human observers with stereoscopic deficits (Sengpiel et al., 512 

1994; Sengpiel and Blakemore, 1994; Norcia et al., 2000). Those studies indicate that 513 

suppression depends on stimulus timing and form. In strabismic cat cortex, the on-going 514 

response to dominant-eye stimulation can be suppressed by the introduction of a stimulus to the 515 

non-dominant eye. There, non-dominant-eye stimuli both parallel and orthogonal to the 516 

dominant-eye stimulus caused suppression; in normal cat cortex, the suppressive effect of a 517 

parallel stimulus appeared to be masked by normal binocular facilitation. In stereodeficient 518 

human observers, the fusibility of stimuli in the two eyes may be critically important. Norcia et 519 

al. (2000) showed visual evoked responses to stimulation of the dominant eye were suppressed 520 

by the introduction of a parallel, but not an orthogonal, stimulus in the non-dominant eye. 521 

 522 

It can be difficult to differentiate the multiple sources of suppression in cortex. In particular, in 523 

the present study, we equalized the time-averaged contrast of stimuli appearing in each eye to 524 

specifically minimize any effects of binocular contrast gain control (Truchard et al., 2000). This 525 

allowed us to model receptive field organization at each cortical site using linear methods, that 526 

is, by differencing Gaussian envelopes. We have successfully used a monocular variant of this 527 

approach to model the influences of extraclassical subregions on single-unit responses (Tanaka 528 

& Ohzawa, 2009; Hallum & Movshon, 2014). There, we reasoned that our model captured a 529 

"near" component of surround suppression (Angelucci et al., 2002) that is sensitive to moderate 530 
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contrasts, orientation-tuned, and likely depends on both subcortical and local, intracortical 531 

circuits — the same circuits likely to be engaged in the suppression reported in the present study. 532 

Binocular contrast gain control, a second source of suppressive binocular interactions in cortex, 533 

adjusts neuronal responsiveness to prevailing contrast in the two eyes, enabling operation within 534 

a dynamic range. In separate experiments, to be described in a subsequent report, we probed 535 

binocular gain control in the same neural populations reported in this study, allowing the 536 

identification of multiple forms of suppression. 537 

 538 

In our visually normal controls, few cortical sites were excited by one eye but suppressed by the 539 

other. In amblyopes, many sites had this character. This pattern of suppression in normals is not 540 

unexpected because, in normal binocular viewing, objects both near to and far from the fixation 541 

point (i.e., objects off the visual horopter) give rise to uncoupled luminance, contrast and form 542 

signals in corresponding retinal locations (Sengpiel & Blakemore, 1994). Nevertheless, diplopia 543 

is not experienced in normal vision, presumably because of suppressive binocular interactions in 544 

cortex, like those we report here. In psychophysical experiments, normal subjects have been 545 

shown to undergo interocular suppression (Freeman & Jolly, 1994). In amblyopes, suppressive 546 

response fields in the amblyopic eye were often small (e.g., Fig. 6C and D). This presumably 547 

permits suppression to operate 'regionally', producing small, circumscribed scotomas and/or 548 

abrupt transitions between normal and scotomatous subfields within an eye (Economides et al., 549 

2012). 550 

 551 

What cellular mechanisms are likely to create the altered balance of receptive field excitation and 552 

suppression that we report here? In V1 of normal infant monkeys, thalamocortical afferents 553 

terminate in layer IV, providing input to long-range horizontal networks of neurons with similar 554 

functional properties that are refined over the course of normal development (Hubel et al., 1977; 555 

Gilbert & Wiesel, 1989; Malach et al., 1993; Horton & Hocking, 1996; Yoshioka et al., 1996; 556 

Kisvárday et al., 1997; Kisvárday et al., 2002). Monocular deprivation during the critical period 557 

— an extreme form of abnormal binocular experience which, like strabismus and anisometropia, 558 

can lead to amblyopia (Attebo et al., 1998) — causes the retraction of both the thalamocortical 559 

afferents serving the deprived eye and the dendritic arbors of horizontal connections (Antonini & 560 

Stryker, 1993; Trachtenberg & Stryker, 2001) and a reduction of excitatory glutamate receptors 561 
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(Murphy et al., 2004; Williams et al., 2015). Since both thalamocortical afferents and long-range 562 

horizontal connections are central to classical receptive field formation, their alteration likely 563 

caused the attenuation of excitation that we report here. In strabismic cats, GABA-mediated 564 

inhibition has been shown to subserve interocular suppression; the GABA-antagonist bicuculline 565 

can relieve binocular suppression (Sengpiel et al., 2006). Neurons undergoing binocular 566 

suppression exhibit a dissociation between excitatory and inhibitory conductances — 567 

specifically, a relative reduction in the former (Scholl et al., 2013) — and monocular deprivation 568 

of kittens has been shown to leave cortical levels of GAD, the enzyme synthesizing GABA, 569 

intact (Bear et al., 1985; but see Hendry & Jones, 1986). These results, like ours, indicate that 570 

inhibitory connections between eyes are preserved, and that inhibitory mechanisms, in contrast to 571 

excitatory ones, are less vulnerable to the influence of abnormal binocular experience during 572 

development.  573 
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FIGURE CAPTIONS 790 

 791 

Figure 1: Dichoptic stimulus construction. We multiplied two large patches of sinusoidal carrier 792 

grating with two raised, sinusoidal modulators (shown for the right eye only) (A). Carriers' 793 

spatial frequencies, drift directions and speeds were identical. We drifted one modulator at 0.5 794 

Hz (here, left eye) and the other at 1.67 Hz (right eye) (B). Contrast envelopes were sinusoidal. 795 

From trial to trial, we independently varied modulators' spatial frequencies and drift directions, 796 

enabling estimation of the multiunit receptive field in each eye. The left- and right-eye 797 

arrowheads in (A) mark the spatial locations of the contrast envelopes illustrated in (B). The left-798 

eye contrast envelope is reproduced as a dashed line (B, right panel) to illustrate the different 799 

modulator drift speeds. Arrows and arrowheads are for illustration and did not appear in the 800 

stimulus. 801 

 802 

Figure 2: Experimental design. The experiment comprised 37 × 37 = 1369 trials, represented by 803 

this design matrix fragment. There were 37 different left-eye (LE) stimuli, shown here varying 804 

across columns: six modulator spatial frequencies (SFs) and six modulator drift directions, plus 805 

the full-field (0 c/deg) contrast modulation of the carrier grating (top, leftmost icon). There were 806 

37 different right-eye (RE) stimuli, shown here varying across rows. The LE and RE modulators 807 

drifted at different rates (Fig. 1). We presented each LE stimulus, paired once with each RE 808 

stimulus (e.g., the first column of the matrix), and vice versa. From trial to trial, we 809 

independently randomized the starting spatial phases of LE and RE carriers and modulators; we 810 

accounted for these modulator phases when averaging responses over trials. To obtain the 811 

response of a cortical site to a particular LE stimulus, we averaged responses on all trials of that 812 

stimulus, shown here as averaging a column of the matrix. Under reasonable assumptions, a 813 

column average removes systematic effects of the modulator in the RE, that is, the effective RE 814 

stimulus is a half-contrast carrier grating. Similarly, the response to a RE stimulus was obtained 815 

by averaging a row.  816 

 817 

Figure 3: The fellow eye (FE) excites cortex and the amblyopic eye (AE) suppresses it. (A) This 818 

example cortical site responded strongly to FE stimulation. The cycle histogram is the mean of 819 

all trials of full-field (0 cyc/deg) contrast modulation of the FE carrier grating (modulation of the 820 
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AE grating was randomized over these trials; Fig. 2). The response synchronized with the 821 

contrast modulation: At a slight lag (black arrowhead below histograms) the response rate 822 

decreased/increased with decreasing/increasing contrast, as illustrated by the phase relationship 823 

of the response and the contrast envelope shown above (Fig. 1). At right, the fundamental 824 

component of the response is shown by the black vector. The vector's clockwise rotation from 0 825 

deg represents the lag. (B) AE stimulation suppressed this site. The histogram is the mean of all 826 

trials of full-field contrast modulation of the AE grating. The modulation of the FE grating was 827 

randomized over these trials and, under reasonable assumptions, had little modulatory effect on 828 

the mean response but provided the drive that was periodically suppressed. The response 829 

synchronized with the periodic stimulus, but with opposite sign: At a slight lag (black 830 

arrowhead), the response rate increased/decreased with decreasing/increasing stimulus contrast. 831 

At right, the fundamental response is represented by a black vector. The vector's clockwise 832 

rotation from 180 deg represents the suppression lag. 833 

 834 

Figure 4: Responses revealed multiunit receptive field structure. (A) At this example monocular 835 

site in normal cortex, right-eye (RE) response amplitudes varied with modulator orientation 836 

(icons), revealing response field (RF) circular asymmetry. The difference between the optimal 837 

response at ~0.5 c/deg and the full-field response at 0 c/deg revealed surround suppression. 838 

Curves show the fitted difference of Gaussian envelopes RF model. The left eye (LE) was 839 

unresponsive (see text). Response amplitudes are pooled over modulator direction and shading 840 

shows standard error of the mean across trials. (B) Example binocular site in normal cortex 841 

dominated by RE stimulation. (C) Example strabismic amblyopic site responsive to fellow eye 842 

(FE) and amblyopic eye (AE) stimulation. (D) Example strabismic amblyopic site dominated by 843 

the FE, but nonetheless highly responsive to both eyes. Responses to the AE were suppressive 844 

(cf. Fig. 3B). For this reason, we have represented the response amplitudes as negative. 845 

Arrowheads indicate responses illustrated in Fig. 3. (E) Example anisometropic amblyopic site. 846 

This site was binocular, but responses to the AE were again suppressive. 847 

 848 

Figure 5: Multiunit receptive field (RF) estimate. (A) We inverse Fourier transformed the model 849 

fit, giving the organization of central excitation (solid contours) and surrounding suppression 850 

(dashed). This field describes an envelope of contrast sensitivity to the sinusoidal carrier grating 851 
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stimulating the right eye (Fig. 4). Peak field sensitivity is normalized to 100. Contour interval is 852 

10. (B) We superimpose contours −5 and 5 on a stimulus which elicited vigorous responses; 853 

when the carrier grating stimulated central excitation it was mostly absent from the surround 854 

suppressive regions as shown. In this and all subsequent figures, we rotated RFs so that the 855 

sinusoidal carrier grating is vertical and drifting right. 856 

 857 

Figure 6: Withdrawal of excitation in the amblyopic eye (AE). (A) Binocular site in normal 858 

cortex (cf. Fig. 4B), showing the spatial organization of central excitation (solid contours) and 859 

surrounding suppression (dashed) of the right eye (RE) and left eye (LE). We normalized fields 860 

to peak excitation. We used field estimates to compute excitation indices, EIR and EIL, which 861 

vary between 1 and −1, indicating that the RF imparted only excitation or only suppression to the 862 

cortical site's response, respectively. EI = 0 indicates balanced excitation and suppression. We 863 

also computed an ocular dominance index separately for excitation, ODIe, and suppression, 864 

ODIs. ODIe = 1 indicates that the excitatory field in the RE (or, in amblyopic subjects, the fellow 865 

eye, FE) dominated the LE (or amblyopic eye, AE). ODIe = −1 indicates excitation in the LE 866 

(AE) dominated the RE (FE). Similarly, ODIs indicates whether RE (FE) suppressive fields 867 

dominated LE (AE), or vice versa. We rotated these and all other fields illustrated such that the 868 

carrier grating is vertical and drifting right. Other graphical conventions are as in Fig. 5. (B) 869 

Fields for example binocular site in amblyopic cortex (cf. Fig. 4C), showing asymmetric 870 

organization in both eyes. (C) Stimulation of the AE strongly suppressed cortical responses, 871 

illustrated here by the suppressive response field in that eye (cf. Fig. 3 and Fig. 4D). (D) 872 

Similarly, at this site stimulation of the AE suppressed cortical responses (cf. Fig. 4E). The scale 873 

bar applies to all. 874 

 875 

Figure 7: Histograms showing all subjects’ ocular dominance indices (ODIs) and excitation 876 

indices (EIs). Left column of (A) shows ODIe computed using excitatory (ex.) components of 877 

receptive fields (RFs; e.g., Fig. 6). Right column of (A) shows ODIs computed using RF 878 

suppression (sup.). In severe amblyopia, ODIe tended to 1, indicating fellow eye (FE) 879 

domination. There was no systematic effect on ODIs. (arrowheads show medians). Left column 880 

of (B) shows EI in left (normal) and fellow (amblyopic) eyes. Right column of (B) shows EI in 881 

right and amblyopic eyes. Dark arrowheads show medians of binocular sites and light 882 
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arrowheads show medians of monocular sites. There was little systematic effect of amblyopia on 883 

EI in FEs; there excitation tended to outweigh suppression (EI > 0). But amblyopia altered RF 884 

composition in the AE: at binocular sites in the AE, RF suppression outweighed excitation (EI 885 

tended to -1). Stimulation of the AE suppressed binocular cortex.  886 

 887 

Figure 8: Altered balance of excitation and suppression in binocular cortex. Top, left scatterplot 888 

shows median ODI of binocualr site excitation in our six amblyopes and two control subjects. 889 

Excitation in the FE dominated AE excitation in amounts associated with amblyopia severity ( 2 890 

= 154.8; p << 0.05). But the prevalence of suppression was largely unaffected by amblyopia 891 

(bottom, left). Top, right scatterplot shows median excitation index (EI) of binocular sites in six 892 

amblyopes' fellow eyes (FEs) and control subjects’ left eyes (LEs). Symbol size is proprtional to 893 

number of binocular sites. Amblyopes’ FEs were similar to control eyes in that excitation 894 

dominated suppression. However, in AEs, suppression dominated excitation (bottom, right) in 895 

amounts associated with amblyopia severity (Kruskal-Wallis rank sum statistic, 2 = 201.4; p << 896 

0.05). Solid lines show the best fitting model-free estimate of the dependence of each index on 897 

amblyopia severity (thin lines are 95% confidence intervals via bootstrap). Gray, blue and red 898 

symbols show normal, anisometropic and strabismic subjects, respectively. 899 



Carrier Modulator

Left eye stimulus Right eye stimulus

A

B
Left eye, 0.5 Hz Right eye, 1.67 Hz

0.4

0C
on

tr
as

t
en

ve
lo

pe

0 0.3 0.60 1.0 2.0

Cycle time (s)



…

⋮ ⋮

…

…

Left eye stimulus varies

R
ig

ht
 e

ye
 s

tim
ul

us
 v

ar
ie

s
C

ol
um

n
av

er
ag

es Right eye
modulators
randomized

  

 

Left eye
modulators

randomized

Row
 averages

⋮



Contrast
envelope

B

��

FE

��

AE

Contrast
envelope

excitation lag (ms)

suppression lag (ms)

Stimulus Cycle histogram Fundamental
A

excitation lag (ms)

suppression lag (ms)

0.5 Hz

1.67 Hz

 

Full-field, 1.67 Hz

 

Full-field, 0.5 Hz

AE

FE

Modulators
randomized

Modulators
randomized

70
 ip

s
70

 ip
s

0 1.0 2.0

0 0.3 0.6

Cycle time (s)

0

200

0

200

0

200

0

200

52 ips

160 ips







D

LE REA

B

C

FE AE

FE AE

FE AE

1 carrier cycle

EIR = 0.76
EIL = 0.99
ODIex. = 0.15
ODIsup. = 0.99

EIF = 0.01
EIA = −0.15
ODIe = −0.21
ODIs = −0.08

EIF = 0.80
EIA = −0.99
ODIe = 0.99
ODIs = −0.44

EIF = 0.35
EIA = −0.67
ODIe = 0.85
ODIs = 0.10





�2 = 154.8 67.4

Amblyopia index

0 0.5 1

O
cu

la
r 

do
m

in
an

ce
 in

de
x

E
xc

ita
tio

n 
in

de
x

−1

0

1

−1

0

1

0 0.5 1

201.463.7

−1

0

1

−1

0

1

excitation

AE

FE

suppression


