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Abstract 25 

Studying the mismatch between perception and reality helps us better understand the constructive nature 26 

of the visual brain. The Pinna-Brelstaff motion illusion is a compelling example illustrating how a complex 27 

moving pattern can generate illusory motion perception.  When an observer moves towards (expansion) or 28 

away (contraction) from the Pinna-Brelstaff figure, the figure appears to rotate. The neural mechanisms 29 

underlying the illusory complex-flow motion of rotation, expansion and contraction remain unknown. We 30 

studied this question at both perceptual and neuronal levels in behaving male-macaques by utilizing 31 

carefully parametrized Pinna-Brelstaff figures that induce the above motion illusions. We first demonstrate 32 

that macaques perceive illusory motion similarly to human observers. Neurophysiological recordings were 33 

subsequently performed in the middle temporal area (MT) and the dorsal portion of the medial superior 34 

temporal area (MSTd). We find that subgroups of MSTd neurons encoding a particular global pattern of real 35 

complex-flow motion (rotation, expansion, contraction) also represent illusory motion patterns of the same 36 

class. They require an extra 15 ms to reliably discriminate the illusion. In contrast, MT neurons encode both 37 

real and illusory local motions with similar temporal delays. These findings reveal that illusory complex-flow 38 

motion is first represented in MSTd by the same neurons that normally encode real complex-flow motion. 39 

However, the extraction of global illusory motion in MSTd from other classes of real complex-flow motion 40 

requires extra processing time. Our study illustrates a cascaded integration mechanism from MT to MSTd 41 

underlying the transformation from external physical to internal non-veridical flow-motion perception. 42 

Significance Statement 43 

The neural basis of the transformation from objective reality to illusory percepts of rotation, expansion and 44 

contraction remains unknown. We demonstrate psychophysically that macaques perceive these illusory 45 

complex-flow motions similarly to human observers. At the neural level, we show that MSTd neurons 46 

represent illusory flow motions as if they were real by globally integrating MT local motion signals. 47 

Furthermore, whilst MT neurons reliably encode real and illusory local motions with similar temporal 48 

delays, MSTd neurons take significantly longer time to process the signals associated with illusory percepts. 49 
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Our work extends previous complex-flow motion studies, by providing the first detailed analysis of the 50 

neuron-specific mechanisms underlying complex forms of illusory motion integration from MT to MSTd. 51 

 Introduction 52 

Global complex-flow motion patterns such as rotation, radial expansion and contraction, and spiral motions 53 

are crucial for navigating through the external world (Gibson, 1950). Motion perception and integration 54 

have been extensively studied both psychophysically and physiologically. For example in physiology, motion 55 

integration has been carefully studied in V1 and MT using plaid stimuli (Movshon et al., 1983; Uwe and 56 

Guillaume, 2010), and end-stopped neurons in V1 (Pack et al., 2003) and most MT neurons (Pack and Born, 57 

2001) are found to be capable of resolving the aperture problem during motion signal integration (Bradley 58 

and Goyal, 2008). Although translational direction signals are encoded in primary visual cortex (V1; Hubel 59 

and Wiesel, 1968), middle temporal area (MT, also known as V5; Zeki, 1974; Maunsell and Van Essen, 1983; 60 

Albright et al., 1984) and medial superior temporal area (MST; Zeki, 1980; Tanaka et al., 1986), neural 61 

correlates of global complex-flow motion are first encountered in the dorsal portion of MST (MSTd; Saito et 62 

al., 1986; Graziano et al., 1994; Lagae et al., 1994; Smith et al., 2006; Britten, 2008). MSTd neurons have 63 

been hypothesized to integrate local translational motion signals from early visual cortices into global 64 

complex-flow motion perceptions (Wurtz and Duffy, 1992; Warren and Saunders, 1994; Royden, 2002; 65 

Layton et al., 2012; Mineault et al., 2012; Layton and Fajen, 2016; Yu et al., 2018), however the details 66 

remain elusive.  67 

Visual illusions have fascinated mankind for thousands of years, and as the Czech physiologist Jan Purkinje 68 

remarked 150 years ago, “illusions contain visual truth”. The Pinna-Brelstaff figure (Fig. 1A) induces a 69 

striking example of illusory complex-flow motion perception (Pinna and Brelstaff, 2000). Illusory clockwise 70 

(CW) and counterclockwise (CCW) rotations are vividly perceived upon approaching or receding from the 71 

concentric rings of the Pinna-Brelstaff figure (Fig. 1B left). Additionally, illusory expansion and contraction 72 

are also perceived during real CW or CCW rotation of the figure (Fig. 1B right). The strength of these 73 

illusions and their motion directions (CW versus CCW rotation and expansion versus contraction) critically 74 

depends on the shape and arrangement of the local micro-patterns such as the orientation and edge 75 
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polarity of the small rhombi (Pinna and Brelstaff, 2000). The biased local motion caused by the aperture 76 

effect within the micro-patterns of the Pinna-Brelstaff figure is presumed to be responsible for the 77 

generation of illusory motion (Gurnsey et al., 2002; Gurnsey and Page, 2006). This makes the Pinna-78 

Brelstaff figure an ideal stimulus with which to study the neural mechanisms underlying the transformation 79 

from real to illusory motion (Fig. 1B). Using human fMRI, we have identified the cortical locus that 80 

represents the perception of Pinna illusory rotation (Pan et al., 2016; Wang et al., 2018). In these initial 81 

studies the MST sub-region of the human MT complex (+hMT) is most significantly correlated with illusory 82 

rotation. However, fMRI is unable to reveal the exact cell-specific mechanisms that underlie illusory 83 

complex-flow motion perception, nor its time course. 84 

We therefore undertook recordings in the awake macaque monkey, to probe both psychophysical and 85 

electrophysiological responses of MSTd and MT to Pinna-Brelstaff figures. To test whether macaques can 86 

perceive the Pinna illusion, we utilized a carefully parametrized Pinna-Brelstaff figure composed of oriented 87 

Gabors (Fig. 1C; Gurnsey et al., 2002). We first performed equivalent psychophysical discrimination tasks on 88 

both human and nonhuman primates (Fig. 1D), and obtained comparable psychometric functions for both. 89 

Physiologically, we demonstrate a bottom-up integrative neural mechanism between MT and MSTd 90 

underlying the perception of illusory global flow motion. Specifically, subgroups of MSTd neurons represent 91 

the same classes of complex-flow motions regardless of whether they are real or illusory, yet the 92 

representation of illusory motion is temporally delayed when compared to the same class of real motion in 93 

MSTd. 94 

Materials and Methods 95 

Ethical Approval 96 

Human subjects gave written consent to the procedure in accordance with institutional guidelines and the 97 

Declaration of Helsinki, the experimental procedures were approved by the Biomedical Research Ethics 98 

Committee of Shanghai Institutes for Biological Sciences (No. ER-SIBS-221305). All subjects had normal or 99 

corrected-to-normal vision and had no history of psychiatric or neurological disorders. All primate 100 

experimental procedures were approved by the Animal Care and Use Committee of the Institute of 101 
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Neuroscience and by the local ethical review committee of the Shanghai Institutes for Biological Sciences 102 

(No. ER-SIBS-221204P). All experimental procedures were also in accordance with the National Institutes of 103 

Health Guide for the Care and Use of Laboratory Animals.  104 

Psychophysical experiments on human subjects 105 

Human subjects. A total of 9 human subjects were recruited for this study, including 7 males and 2 females. 106 

All subjects had normal or corrected-to-normal vision and ranged from 22 to 30 years of age.  107 

Visual stimuli. We employed an optimized stimulus version of the Pinna-Brelstaff Illusion (Gurnsey et al., 108 

2002), consisting of 10 concentric rings formed by symmetric Gabor patches of the same orientation 109 

relative to the radial axis. This is different from the original Pinna stimulus shown in Figure 1 where 110 

adjacent rings have opposite tilt. Each concentric ring was composed of 25 Gabor patches and scaled 111 

corresponding to its retinal eccentricity. The origin of radial and rotary motion was always at the center of 112 

the visual display. Three classes of stimulus pattern were generated using relative Gabor orientations of 113 

+45°, 0°, and −45° (Fig. 1C), and with the Gabor width of one and a half period of a sinewave grating. 114 

Stimulus patterns were presented on a medium gray background. All stimuli were generated with MATLAB 115 

(RRID: SCR_001622, The MathWorks), running the Psychophysics toolbox (RRID:SCR_002881, Kleiner et al., 116 

2007). They were presented on a CRT monitor (SONY CPD-G520) with a refresh rate of 100Hz. The gamma 117 

value of the monitor was calibrated using a ColorCal photometer (Cambridge VS Systems). The distance 118 

between the subject’s eye and the screen was 57 cm, resulting in a visual angle of 30° (height) × 40° 119 

(width). 120 

Procedure. Subjects were seated with their head stabilized by a forehead-chin rest and were asked to 121 

maintain fixation on a red spot presented at the center of the CRT and respond by tapping the arrow keys 122 

on a standard computer keyboard. Two different psychophysical experiments were employed. In the first, 123 

we used a 3-alternative forced-choice (3AFC) paradigm (Fig. 1D, upper) where subjects had to report the 124 

class of illusory complex-flow motion irrespective of the real motion.  125 
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Pinna-Brelstaff figures made up of Gabor orientations of ±45° generate the perception of different classes 126 

of illusory motion when physically moved, while Pinna-Brelstaff figures made up of 0° orientation Gabors 127 

produce no illusions (Fig. 2). Angular speed for rotation was fixed at ±30°/s (negative = CCW rotation, 128 

positive = CW rotation), while radial (linear) speed was fixed at ±5°/s (negative = contraction, positive = 129 

expansion). Only one of these four motion conditions was shown for each trial. After 1.5 seconds of 130 

stimulus presentation, a choice panel with three different motion patterns was presented (for radial motion 131 

trials these were: CCW, stationary, and CW; and for rotation: contracting, stationary, and expanding) and 132 

subjects were instructed to match the perceived illusory motion to the corresponding choice pattern. There 133 

were 12 conditions (three Pinna-Brelstaff figures × four motion conditions) in one block, and each condition 134 

was repeated 10 times. The total number of trials was therefore 120, with each trial randomly presented in 135 

each block. In the second paradigm, the salience of the illusory complex-flow motion was quantified using a 136 

2-alternative forced-choice (2AFC) task (Fig. 1D, lower). To measure the strength of illusory rotary motion, 137 

radial motion (inducing stimulus) was fixed at a speed of 5° or -5°/s, while the speed of the real nulling 138 

rotary motion was varied between -30°/s and 30°/s. When the strength of the illusory radial motion was 139 

measured, the speed of rotary motion (inducing stimulus) was fixed at 30° or -30°/s, while the speed of the 140 

real nulling radial motion was varied between -5°/s and 5°/s. Please note that the large difference between 141 

the values of rotary and radial speed is due to the different measurement criteria: radial speed is denoted 142 

by linear speed and rotary speed is denoted by angular speed; an angular speed of 30°/s corresponds to an 143 

average linear speed of about 5.5°/s. The intervals of the various speeds of rotary and radial motion were 144 

determined using an Bayesian adaptive staircase method (Psi-marginal method, Prins, 2013) calculated 145 

using the Palamedes toolbox for MATLAB (RRID:SCR_006521, Prins and Kingdom, 2018). Bayesian adaptive 146 

staircase methods optimize the sampling and estimation of both the psychometric threshold and slope, 147 

including the subject responses into a prior distribution that affects subsequent values tested. The adaptive 148 

sampling places more trials at more informative speed values, and the circle size in Figure 3A,B,D,E reflects 149 

the number of repeated trials at that particular value.  150 
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Data analysis. For the 3AFC paradigm, the choice proportion (%) for illusory motion was calculated for each 151 

of the 12 conditions. For each motion pattern, the choice proportion was obtained by dividing the number 152 

of times that motion pattern was selected by the overall number of trials of the corresponding condition. 153 

For the 2AFC paradigm, we separately calculated the choice proportion for clockwise rotation in response 154 

to two radial motion conditions; and the choice proportion for expansion in response to two rotary motion 155 

conditions. The results were fitted using the Palamedes toolbox with a logistic psychometric function (PF) of 156 

the following form: 157 

����� � �
	

	 
���������� 

Where α corresponds to the threshold: FL(x = α) = 0.5, and β determines the slope of the PF. 158 

Optimization of the PF was done using maximum likelihood of the following form: 159 

���� ���� � ���������� ��� ��
�
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Where p(yk|xk; a, b) is the probability of observing response y (in our 2AFC task, the response are typically 160 

“correct” or “incorrect”) on trial k given stimulus intensity xk and assuming threshold α = a and slope β = b 161 

of the PF. 162 

The point of subjective equivalence (PSE) was then derived from the fitted curves. The PSE represents the 163 

speed of motion that eliminates the opposing illusory motion, resulting in the subject responding at chance 164 

(50% choice proportion) since no motion can be perceived. For the control condition, the PSE motion value 165 

should be zero since no illusory motion is induced and subjects should fail to see the real motion only when 166 

its speed is zero. PSE value differences (Δ PSEs) were obtained by subtracting the PSE values for the ±45° 167 

conditions from the PSE values for the 0° control condition. 168 

Psychophysical experiments on nonhuman primates 169 

Nonhuman primates. Two male rhesus monkeys (Macaca mulatta), weighting 6-8 kg, participated in the 170 

experiments. No power calculations, sample exclusions, blinding or randomization were performed. 171 
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Visual Stimuli. Identical to those described for the human psychophysical experiments. 172 

Animal preparation. A head post made of titanium alloy was initially implanted under sterile conditions for 173 

head stabilization of the rhesus macaques. The monkey’s eye position on the screen was measured using an 174 

SR Research Eyelink 2000 eyetracker (RRID: SCR_009602). 175 

Procedure. Monkeys were initially trained using the 0° Pinna-Brelstaff figure (which elicits no illusory 176 

motion), until they could reliably distinguish between different kinds of real complex-flow motions. Once 177 

their performance was stable, we moved to the 2AFC paradigm. To measure the strength of illusory 178 

rotation, the speed of real nulling rotation was varied from -50°/s to 50°/s in 10 steps (detailed values: -50, -179 

30, -15, -10, -5, 5, 10, 15, 30 and 50°/s), while the speed of real radial motion was fixed at ±5°/s. To measure 180 

the strength of illusory radial motion, the speed of real nulling radial motion was varied from -5°/s to 5°/s in 181 

10 steps (detailed values: -5.0, -3.0, -2.0, -1.0, -0.5, 0.5, 1.0, 2.0, 3.0, and 5.0°/s), while the speed of real 182 

rotation was fixed at ±50°/s. Choice stimuli illustrating contraction and expansion were shown after the 183 

presentation of the fixed rotary motion conditions, whereas choice stimuli rotating in a CCW or CW 184 

direction were shown after the presentation of fixed radial motion conditions. Monkeys needed to saccade 185 

to the choice target that matched the real complex-flow motion pattern to receive a reward. There were 30 186 

conditions in one block, and each condition was repeated 15 times, so the total number of trials was 450. 187 

Each trial was randomly presented in one block. 188 

Data analysis. The procedure was identical to that used for the human results.  189 

Neural physiological experiments on nonhuman primates 190 

Animal preparation. A plastic (PEEK) chamber was implanted in a position determined for each animal 191 

based on their MRI scan. After one month of recovery from surgery, monkeys were trained to perform 192 

passive fixation tasks, during which a random dot field and Pinna-Brelstaff stimuli alternated. The monkey’s 193 

eye position on the screen was measured using an Eyelink 2000 eyetracker (RRID: SCR_009602, SR 194 

Research). The monkey was rewarded with a drop of water, when fixation was maintained within a 1° radius 195 
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window throughout a 2-second trial (a 300 ms blank followed by 1500 ms stimulus presentation and a 200 196 

ms blank).  197 

Electrophysiological neural recordings. Neural responses were recorded using tungsten electrodes 198 

(Microprobes for life science) and spike signals collected by OmniPlex D Neural Data Acquisition System 199 

(RRID: SCR_014803, Plexon). Spikes were sorted and the unit types (single or multi) were identified using 200 

Offline Sorter software (RRID:SCR_000012, Plexon). Brain areas MT and MSTd were first localized by using 201 

the MRI scan with an electrode in-situ (Fig. 4A upper). We used pyElectrode software (Daye et al., 2013), 202 

combined with the receptive field (RF) response properties of the recorded units, for confirmation of 203 

individual penetration location (Fig. 4A lower, Fig. 4B,C). Both MT and MSTd are highly selective for motion, 204 

but differ in three ways: 1) The RF size of MSTd is much larger than the RF of MT (Tanaka et al., 1986); 2) MT 205 

units exhibit a strong linear relationship between retinal eccentricity and RF size, whereas no clear 206 

correlation has been found for MSTd units (Tanaka et al., 1986); 3) MT cells respond strongly to the 207 

direction of linear motion, but show little or no preference to expansion, contraction and rotation. Within 208 

MSTd, a subgroup of cells responds to complex motion patterns and in some cases responds exclusively to 209 

complex-flow motions (Saito et al., 1986).  210 

After isolating a unit, the RF was hand mapped using computer generated random-dot fields with 211 

translational, radial, and rotary motions. For an identified MSTd unit, we used a random-dot field (dot size: 212 

0.3°; dot density: 1 dot/deg²) to test its linear motion directional tuning and/or preferred complex-flow 213 

motion pattern. The strength of direction or complex-flow motion tuning was measured using a direction 214 

discrimination index (DDI) (Fetsch et al., 2007). Only units with a DDI > 0.5 for complex-flow motion tuning 215 

were selected for further study. For MT units, we used the same procedures except that we used a DDI > 216 

0.5 in response to translational motion stimuli. The three types of Pinna-Brelstaff stimuli were presented to 217 

all selected units. Stimuli were centered at the middle of the screen, regardless of the location of the RFs, 218 

because the perceptual illusion in humans does not occur when the origin of motion is peripherally placed. 219 

MT units with strong surround suppression were excluded from testing, because the response was inhibited 220 
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when a full-screen Pinna-Brelstaff figure was presented. A subgroup of MT units was tested with masked 221 

Pinna-Brelstaff stimuli restricted to their RFs. 222 

Visual stimuli. The Pinna-Brelstaff stimuli used in the electrophysiological recordings were the same as 223 

those used in the psychophysical experiments. The use of full screen stimuli maximized the neural 224 

responses in both MT and MST. We showed patterns with pure radial or rotary motion, keeping the speeds 225 

constant (radial motion: ±5°/s; rotary motion: ±30°/s) to generate the PSTH responses detailed in Figure 5 226 

(each condition was repeated 5 to 10 times depending on the recording stability). For generation of the 227 

polar plots in Figure 6, 12 radial speeds were presented: 5, 3, 1, 0, -1, -3, -5, -3, -1, 0, 1, and 3°/s for each 228 

condition; the rotary speeds were as follows: 0, -10, -20, -30, -20, -10, 0, 10, 20, 30, 20, and 10°/s. These 229 

two motion parameters were combined to create complex-flow motion patterns for each trial (Fig. 6A; each 230 

condition was repeated 5 to 10 times depending on the recording stability). Every block of trials contained a 231 

blank condition displaying a uniform median-gray background, serving as a baseline for subsequent 232 

analyses. The total ocular fixation time was 2000 ms, with 300 ms pre-stimulus time, 1500 ms stimulus-233 

presenting time and 200 ms post-stimulus time. During the pre- and post-stimulus periods, no stimulus was 234 

shown on the screen, only a median gray background. Stimuli were presented on a gamma corrected CRT 235 

monitor (HP P1230) with a refresh rate of 100Hz. The distance between the monkey’s eyes and the screen 236 

was 57 cm; the size of the screen was 1600 × 1200 pixels, subtending a visual angle of 30° × 40°. 237 

Data presentation and analysis. Unit responses obtained using pure radial or rotary motion were illustrated 238 

using raster and PSTH plots. The bin width for the PSTH was 10 ms, the moving time window was 10 ms, 239 

and time ranged from -200ms (negative means time before stimulus presentation) to 1800ms, covering the 240 

whole length of the trial. For each unit, there were a total of 4 facilitative and suppressive response cases: 1 241 

facilitative and 1 suppressive case for the +45° condition; 1 facilitative and 1 suppressive case for the −45° 242 

condition (Fig. 5A,B), and the N for the firing rate scatter plot represents the number of cases. 243 

The reliability of discriminating illusory and real motion was measured using receiver-operating 244 

characteristic (ROC) analysis (Green and Swets, 1966; Britten et al., 1992; Celebrini and Newsome, 1994; 245 

Britten et al., 1996; Price and Born, 2010). ROC analysis compares two conditions (one containing the 246 
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signal, and the other the no-signal condition), and uses the firing rates of every trial in each condition to 247 

construct a proportional curve. Displacements of the ROC curve above the equal-value line indicate 248 

improved detectability of the stimulus, and this is quantified by measuring the area under the ROC curve 249 

(AUC). For illusory motion, ROC curves were derived by comparing the firing rate of ±45° conditions with 250 

the 0° control condition; for real motion, curves were derived by comparing the firing rate of the 0° control 251 

condition with the blank condition. 252 

For the polar plot analysis, different axes represent different combinations of complex-flow motions. Pure 253 

radial and rotary motions are located on the cardinal axes, where 0°, 90°, 180°, and 270° refer to pure 254 

expansion, CCW rotation, contraction, and CW rotation, respectively. The angles falling in between the 255 

cardinal axes constitute the weighted combinations of two neighboring pure complex-flow motions; for 256 

example, 30° represents spiral motion with expansion and a little CCW rotation, while 60° represents more 257 

CCW rotation and less expansion (Graziano et al., 1994; Heuer and Britten, 2004). For each unit, there are 2 258 

response cases, one for the +45° condition and the other one for the −45° condition. 259 

Predicted Polar Plot Tuning Functions: Based on the patterns of facilitative and suppressive responses 260 

estimated from the PSTHs, we created a simple qualitative prediction of the polar tuning curve shifts for the 261 

three Pinna-Brelstaff conditions. Taking a CCW rotation sensitive unit as an example: for the +45° condition, 262 

real expansion (inducing CCW illusion, Fig. 2B) will facilitate the response, whereas real contraction 263 

(inducing CW illusion) will suppress it; this will shift the curve rightwards towards the expansion axis. 264 

Because spiral 1 motion contains expansion and spiral 2 contains contraction (Fig. 6A), this will cause a 265 

similar increase and decrease in response. This overall prediction is shown in the magenta curve of Figure 266 

6B left panel. Due to the opposite illusory effects seen for the -45° condition (Fig. 2B), a leftward tuning 267 

shift towards the contraction axis should be observed (green curve in Fig. 6B left panel). This logic also 268 

applies for the other radial and rotatory complex-flow motion patterns (Fig. 6C). 269 

Spiral motion sensitive units respond to the combination of radial motion and rotation, and their model 270 

predictions are different. Taking a spiral 2 (combined contraction and CCW rotation) sensitive unit as an 271 

example: for the +45° condition, CCW rotation (inducing expansion illusion) and contraction (inducing CW 272 
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illusion) will suppress the response and reduce the amplitude (magenta curve in Fig. 6D left panel). Due to 273 

the opposite illusory effects seen for the -45° condition, a facilitation of the response and amplitude 274 

increase will be observed (green curve in Fig. 6D left panel). This logic also applies for the other spiral 275 

complex-flow motion patterns. 276 

One should notice that all model predictions are qualitatively measured. Both the bandwidth (selectivity) of 277 

the tuning preference, and differences in the speed tuning properties of each cell influence the final tuning 278 

curve response profile in a way that is not incorporated into the qualitative model. Additionally, the spiral 279 

motion group can also exhibit predictable angle shifts when their preferences are biased towards purely 280 

radial or rotary motion. Radial and rotary motion groups can also exhibit predictable amplitude differences 281 

when they show a slight response to each other. Such effects were small and variable, therefore we divided 282 

MSTd units into three groups (radial, rotary and spiral motion groups, Fig. 6A), and used Δ preferred angle 283 

or Δ amplitude parameters to measure the illusion mediating properties for each group.  284 

Both the temporal ROC and onset/peak firing rate time analysis was performed from the raw spike train 285 

using a 20 ms centered boxcar function (non-causal moving average) shifted with a 1 ms step. Only cases 286 

with significant responses (for illusory motion conditions, the significance was measured by comparing the 287 

firing rates of illusory stimuli and control stimuli; for real motion conditions, the significance was measured 288 

by comparing the firing rates of physical stimuli and blank stimuli) were selected for analysis. For the 289 

population tuning, the ±45° conditions were combined. The response onset and peak latencies were 290 

calculated by finding the time points at which the firing rate is larger than the baseline response. For the 291 

illusory motion conditions (which contain both an illusory motion component and the real motion 292 

component that induces the illusory motion), baseline response was obtained from computing the 99% 293 

bootstrap confidence interval of the statistic computed by the mean of the control condition (which only 294 

contains a real motion component) response; for real motion conditions, the baseline was obtained from 295 

computing the 99% bootstrap confidence interval of the statistic computed by the mean of the blank 296 

condition (which provides a spontaneous response). The response onset latency was determined as the first 297 

time point at which the response was larger than the baseline, and the peak latency was determined as the 298 
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time point at which the response became maximum after the response onset. For temporal ROC analysis, 299 

AUC values were calculated for each time bin, the ROC latencies were determined by the first time point at 300 

which the AUC values were significantly larger than the 0.5 baseline (with the subsequent 10 bins also 301 

showing significantly larger values); significance was determined at p < 0.01 after Bonferroni correction. 302 

The AUC analysis was performed for both the population and single neurons. For the population, we first 303 

generated the averaged temporal curve from the raw spike trains of all the included cases, then calculated 304 

the ROC latencies. For single neurons, we first calculated the ROC latencies for each case, then performed 305 

our statistical comparison. 306 

For both MT and MSTd units, the tuning preference for complex-flow motion was measured based on the 307 

0° Pinna-Brelstaff control condition (where no illusory motion can be generated under any physical motion 308 

manipulation, Fig. 2B). Since there may be differences of the tuning properties when estimated using 309 

gratings or random dots (Albright, 1984; Wang and Movshon, 2016), we only use them as an additional 310 

reconfirmation of the neurons’ tuning preference. 311 

Experimental Design and Statistical Analysis 312 

All experimental designs including psychophysical and physiological research paradigms are described 313 

above. For the analysis of the human psychophysical experiments, all 9 subjects were included. Each 314 

subject’s results contain three PSE values, which represent +45°, −45° and 0° control conditions. Differences 315 

between PSE values were compared with the 0°/s baseline using a Tukey-Kramer post-hoc corrected one-316 

way ANOVA. For the nonhuman primate psychophysical experiments, data were collected continuously for 317 

7 days from two Macaque monkeys and statistical analysis was done separately on each monkey. 318 

Differences between PSE values were compared to the 0°/s baseline using a Tukey-Kramer post-hoc 319 

corrected one-way ANOVA. For electrophysiological recordings, the linear relationship and significance 320 

between receptive field size and retinal eccentricity was tested using the Spearman rank correlation. The 321 

significance of the facilitative and suppressive responses was calculated using the two-tailed Wilcoxon 322 

signed-rank test which is a nonparametric test for two populations when the observations are paired. The 323 

significance of the preferred polar angle and amplitude differences between illusory and control conditions 324 
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were tested using (non-parametric) permutation analysis. Specifically, we shuffled the trials from both 325 

illusory (i.e. five trials for each group) and control (i.e. five trials for each group) conditions. The shuffled 326 

trials were then drawn randomly into two new groups with an identical number of trials as the original 327 

groups. Two new tuning curves using data shuffled between the two conditions were generated and the 328 

difference in preferred angle or amplitude were computed. This process was repeated 5000 times to 329 

generate a permuted distribution, from which a p value was calculated from the proportion of ∆ values that 330 

are larger than the original non-permuted values (Good, 2005). The distribution biases for polar angle and 331 

amplitude differences away from zero, were tested with the Wilcoxon signed-rank test. The same test was 332 

also used in MT for comparing unmasked with masked responses. The Wilcoxon rank sum test was used for 333 

the comparison between illusory and real motion responses (both Δ firing rate and AUC values) in the same 334 

brain area, the same test was also used for the comparison between MT and MSTd responding to the same 335 

motion patterns (either real or illusory). The Wilcoxon rank sum test is a nonparametric test for two 336 

populations when samples are independent. The Wilcoxon rank sum test was also used for the comparison 337 

between MT and MSTd onset/peak latencies. The normality of the distribution for population values was 338 

tested using the Kolmogorov-Smirnov test, and nonparametric statistical methods were used to analyze 339 

population data that were not normally distributed. For significance testing, results were considered to be 340 

different from each other, when the P values were smaller than 0.01 (p < 0.01), and multiple comparisons 341 

were Bonferroni corrected. All error bars were ± SEM. Tests were performed using the MATLAB statistics 342 

toolbox. 343 

Results 344 

Psychophysical measurement of the Pinna-Brelstaff illusion in human and macaque 345 

Previous studies of the Pinna-Brelstaff figure (Bayerl and Neumann, 2002; Gurnsey and Page, 2006; Pan et 346 

al., 2016) have focused on the perception of illusory rotation elicited by real expansion and contraction of 347 

the stimulus (Fig. 1B left). By comparison, the perception of illusory radial expansion or contraction elicited 348 

by rotation of the figure has rarely been addressed (Fig. 1B right). Here we examined both of these illusory 349 

effects on nine human subjects and two rhesus monkeys. We created Pinna-Brelstaff figures that varied 350 



 

 

 

15 

only in the relative orientation of the local Gabor patches (+45° and −45°), producing illusions of opposite 351 

directions (Fig. 1C; Gurnsey et al., 2002). To confirm that the variation of the Pinna-Brelstaff figures 352 

generates complex-flow motion perception for both rotary and radial illusions, and to map the 353 

correspondence between the relative orientation of the Gabor and the perceptual outcome, we first ran a 354 

3–alternative forced choice (3AFC) detection task (Fig. 1D upper part; Kingdom and Prins, 2016) on human 355 

subjects. They were asked to report whether they did or did not perceive illusory motion, and if they did, in 356 

which direction. None of our subjects reported illusory motion under any kind of real motion for the 0° 357 

control stimulus (Fig. 2A middle column). By comparison, each of the ±45° tilted Gabor stimuli generated 358 

opposite illusory flow motion perceptions (Fig.2A left and right columns). For example, real expansion of 359 

the Pinna-Brelstaff figures resulted in illusory CCW rotation for the +45° condition and illusory CW rotation 360 

for the −45° condition, whereas real contraction elicited CW and CCW illusory rotations for the +45° and 361 

−45° conditions, respectively. Likewise, real CW rotation of the Pinna-Brelstaff figures resulted in illusory 362 

contraction for the +45° condition and illusory expansion for the −45° condition (and again this pattern 363 

reversed for real CCW rotation of the figures). These results are summarized in Figure 2B. 364 

Based on the subjects’ perceptual responses to the three stimulus conditions (+45°, 0°, -45°, Fig. 2B), we 365 

then quantified the magnitude of the illusory motion, using a 2–alternative forced choice (2AFC) Class A 366 

direction-nulling discrimination procedure (Fig. 1D lower part, see Methods; Brindley, 1970; Kingdom and 367 

Prins, 2016). In this task, subjects were instructed to report the perceived direction of rotary or radial 368 

motion of a given stimulus figure as a function of the rotary or radial speed physically superimposed onto 369 

the illusory stimulus motion. For example, in Figure 3A, the radial expansion stimulus had a fixed radial 370 

speed of 5°/s (linear speed), which elicited clear illusory rotation. The speeds of the real rotary motion 371 

superimposed onto the illusory rotation are plotted on the abscissa (positive = CW rotation, negative = CCW 372 

rotation). The illusory rotation induced by the real expansion stimulus was either strengthened or reduced 373 

by the addition of real nulling rotation, leading to a rightward or leftward shift of the psychometric 374 

functions. The shifts were dependent on the angle of the tilted Gabor orientation (magenta and green 375 

curves in Fig. 3A). We were interested in the speed at which the illusory CW and CCW rotations were 376 
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cancelled (nulled) by the superimposed real rotation and could no longer be discriminated from each other 377 

(50% on the ordinate). We used a modified Bayesian adaptive staircase procedure (Kontsevich and Tyler, 378 

1999; Prins, 2013) to optimally estimate this speed, and the corresponding point on the abscissa is called 379 

the Point of Subjective Equality (PSE). This is a measure of the strength of the induced illusory rotation. 380 

The PSE values were similarly determined for the rotary stimulus (Fig. 3B) eliciting illusory radial expansion 381 

and contraction. Here, the real rotary speed was fixed at 30°/s of angular speed (corresponding to a mean 382 

linear speed of about 5.5°/s). Real nulling radial motion (positive = expansion, negative = contraction) was 383 

then superimposed onto the illusory radial motion. 384 

We quantitatively define the strength of the illusory effects by plotting the PSE differences between these 385 

conditions (Δ PSE). The mean Δ PSE for the ±45° conditions calculated across all nine human observers 386 

differ significantly from the control values for both induced illusory rotary and radial motion (Fig. 3C left: F(2, 387 

24) = 59.46, p = 4.65 × 10⁻⁵ for −45°, p = 3.17 × 10⁻⁵ for +45°; Fig. 3C right: F(2, 24) = 76.45, p = 1.81 × 10⁻⁵ for 388 

−45°, p = 2.31 × 10⁻⁶ for +45°, Tukey-Kramer post-hoc corrected one-way ANOVA). 389 

Figure 3D-F shows similar results for contraction and CCW rotation tasks (Fig. 3F left: F(2, 24) = 61.01, p = 2.77 390 

× 10⁻⁷ for −45°, p = 4.7 × 10⁻⁴ for +45°; Fig. 3F right: F(2, 24) = 37.5, p = 0.0013 for −45°, p = 3.31 × 10⁻⁴ for 391 

+45°, Tukey-Kramer post-hoc corrected one-way ANOVA). These results demonstrate that the Pinna-392 

Brelstaff figures produce robust and, more importantly, predictable illusory effects, consistent with the 393 

results of previous psychophysical studies (Pinna and Brelstaff, 2000; Bayerl and Neumann, 2002; Gurnsey 394 

et al., 2002; Gurnsey and Page, 2006). 395 

We performed similar psychophysical tasks in two monkeys (Fig. 3G-L). The animals were trained to report 396 

the motion directions of the stimulus, i.e., CW versus CCW rotation (Fig. 3G) and expansion versus 397 

contraction (Fig. 3H). Note that the monkeys only reported what they perceived as they did not know which 398 

trials contained the illusory motion conditions. The slopes of psychometric functions derived from the 399 

monkeys are shallower but exhibit similar shifts as those obtained from the human observers (see examples 400 

in Fig. 3G,H). Across sessions, the mean Δ PSE between ±45° and 0° conditions in both rotary and radial 401 

motion discrimination tasks is highly significant in each animal (Fig. 3I left: F(2, 39) = 74.88; −45° WJ: p = 5.43 402 
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× 10⁻⁹ and DX: p = 8.1 × 10⁻⁵; +45° WJ: p = 2.82 × 10⁻⁶ and DX: p = 4.76 × 10⁻⁵; Fig. 3I right: F(2, 39) = 84.77; -403 

45° WJ: p = 1.03 × 10⁻⁶ and DX: p = 7.41 × 10⁻⁷; +45° WJ: p = 1.24 × 10⁻⁷ and DX: p = 9.82 × 10⁻⁵; Tukey-404 

Kramer post-hoc corrected one-way ANOVA).  Figure 3J-L illustrates analogous results for the contraction 405 

and CCW rotation tasks (Fig. 3L left: F(2, 39) = 85.58; −45° WJ: p = 0.0027 and DX: p = 2.57 × 10⁻⁴; +45° WJ: p = 406 

2.65 × 10⁻⁴ and DX: p = 2.06 × 10⁻⁴; Fig. 3L right: F(2, 39) = 32.04; −45° WJ: p = 2.87 × 10⁻⁷ and DX: p = 0.0049; 407 

+45° WJ: p = 1.98 × 10⁻⁵ and DX: p = 1.49 × 10⁻⁴; Tukey-Kramer post-hoc corrected one-way ANOVA). In 408 

summary, these results show that, similar to human observers, non-human primates do perceive illusory 409 

motions in the Pinna-Brelstaff figures. 410 

Neural responses of area MSTd to Pinna-Brelstaff figures 411 

We next asked how neurons in areas MSTd and MT respond to Pinna-Brelstaff figures. We recorded from 412 

312 well-isolated single units in the same macaques that had performed the psychophysical measurements 413 

(MSTd: N = 192, and MT: N = 120). MSTd and MT were identified both by anatomical reconstruction of the 414 

MRI scans (Fig. 4A) and their neurons’ retinotopic organizations (Fig. 4B,C). In general, our MSTd neurons 415 

exhibited large receptive fields (RFs) (30.85 ± 0.5° mean ± SEM in diameter) whose visuotopic extent ranged 416 

from a hemi-field to the whole visual display (Fig. 4B). The sizes of the RFs were uncorrelated with retinal 417 

eccentricity (R = -0.013, p = 0.87, Spearman rank correlation). In contrast, MT units usually had relatively 418 

smaller RFs that were confined to the contralateral visual field (Fig. 4C). Their RF sizes significantly 419 

increased as a function of eccentricity (R = 0.85, p = 1.75×10⁻³⁴, Spearman rank correlation). These results 420 

are consistent with previous electrophysiological studies of these visual areas (Gattass and Gross, 1981; Van 421 

Essen et al., 1981; Desimone and Ungerleider, 1986; Tanaka et al., 1986). 422 

The first row on the top of Figure 5A illustrates the responses of an MSTd neuron to the 0° Pinna-Brelstaff 423 

control figure under two different complex-flow motion patterns, demonstrating that it favored real CCW 424 

rotation (the responses to real expansion/contraction are shown in the third row of Fig. 5A). We also tested 425 

this neuron across three conditions (+45°, 0°, and −45°) using expanding and contracting Pinna-Brelstaff 426 

figures. The neural responses are illustrated by the post-stimulus response histograms (PSTHs) plots (Fig. 427 

5A). Although neither of these radial motions were the preferred motion pattern for this neuron, the +45° 428 
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and −45°conditions exhibited significantly enhanced responses (left magenta in the second row: p = 0; right 429 

green in the last row: p = 9.75 × 10⁻²¹; Wilcoxon signed-rank test), when compared to the 0° condition. Such 430 

facilitation of the neural response is consistent with the perceptual results that illusory CCW rotation is 431 

produced by real expansion of the +45°and contraction of the −45° Pinna-Brelstaff figure (Fig. 2B). 432 

Figure 5B shows another MSTd neuron that prefers real contraction as measured with the 0° Pinna-Brelstaff 433 

control figure. In the null direction (expansion), this neuron exhibits significant suppression (p = 0, Wilcoxon 434 

signed-rank test). Testing the ±45° conditions using real CW and CCW rotation elicited significantly 435 

enhanced responses (left magenta: p = 0; right green: p = 4.77 × 10⁻³⁰; Wilcoxon signed-rank test), when 436 

compared to the 0° condition. In addition, real CCW rotation of the +45° figure (right magenta) and CW 437 

rotation of the −45° figure (left green) produced significant suppression (-45°, p = 0; +45°, p = 1.01 × 10⁻³³; 438 

Wilcoxon signed-rank test). As expected, the facilitated and suppressed responses of this neuron are also 439 

consistent with the perceptual results of illusory contraction and expansion generated by the Pinna-440 

Brelstaff figures (Fig. 2B). 441 

We summarized the population results across MSTd units preferring rotary and radial motion (N = 132, Fig. 442 

5C,D). Firing rates in response to the physical manipulation of the Pinna-Brelstaff figures were plotted for 443 

the ±45° condition (on the ordinate) against the control 0° condition (on the abscissa). Based on the 444 

observation in Figure 2, neurons whose preferred real motion patterns matched the illusory motion pattern 445 

were plotted in Figure 5C, while those matching the neurons’ anti-preferred motion patterns were plotted 446 

in Figure 5D. Each unit had two response cases for both preferred and anti-preferred directions. For 447 

example, real expansion of the +45° condition and contraction of the -45° condition each contributes one 448 

case of predicted facilitation for the example unit in Figure 5A, and visa- versa for suppression. Therefore, N 449 

represents cases, not the number of neurons. In Figure 5C, we found that the overall average response was 450 

significantly enhanced by 63.6% for both the ±45° conditions (case N = 264, Z = 13.27, p = 3.47 × 10⁻⁴⁰, 451 

Wilcoxon signed-rank test). Specifically, nearly half of the cases showed significant facilitation (43.94%, 452 

116/264, permutation test p < 0.01, filled symbols, Fig. 5C). In Figure 5D, the overall average response was 453 

significantly reduced by 25.4% (case N = 264, Z = -9.76, p = 1.67 × 10⁻²², Wilcoxon signed-rank test). Of 454 
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those, 28.41% cases showed significant suppression (75/264, permutation test p < 0.01, filled symbols, Fig. 455 

5D). We also compared the strength of facilitation and suppression for each neuron (Fig. 5E). The strength 456 

for both was calculated as the absolute difference between illusory conditions and control condition 457 

(presented as ∆ facilitative response and ∆ suppressive response). The cases were divided into three groups 458 

depending on their significances of facilitation and suppression effects: cases without significant facilitation 459 

and suppression (case N = 114, 43.2%); cases with either significant facilitation or suppression (case N = 460 

104, 39.4%); and cases with both significant facilitation and suppression (case N = 46, 17.4%). As expected, 461 

the number of significant cases increases as the ∆ response strength for facilitation or suppression rises. We 462 

found that neurons with stronger facilitation to its preferred illusory motion pattern tend to have stronger 463 

suppression to its anti-preferred illusory motion pattern, exhibiting a weak but significant positive linear 464 

correlation (R = 0.17, p = 0.0046, Spearman rank correlation).  In addition, the strength for facilitation is 465 

significantly larger than for suppression (case N = 264, Z = 7.96, p = 1.67 × 10⁻15, Wilcoxon signed-rank test). 466 

In summary, the facilitation and suppression in MSTd was consistent with psychophysical predictions (Fig. 467 

2B), demonstrating comparable neural selectivity between an illusory complex-flow motion pattern (e.g. 468 

illusory CCW rotation) and its physical counterpart (e.g. real CCW rotation). We therefore conclude that a 469 

subgroup of MSTd neurons represent illusory complex-flow motions (rotary or radial) elicited by viewing 470 

the Pinna-Brelstaff stimulus, suggesting that a fraction of MSTd neurons may contribute directly to the 471 

perception of illusory motion. 472 

Tuning properties of MSTd neurons to Pinna-Brelstaff figures 473 

The above neural responses were only examined for one motion axis (i.e., radial or rotary motion). In order 474 

to assess the neural responses mediating illusory flow motions for a more complete stimulus range, 475 

including spiral motions (Graziano et al., 1994), we next plotted the data using a two-dimensional (2D) 476 

polar coordinate system as defined in previous studies (Graziano et al., 1994; Heuer and Britten, 2004; Xu et 477 

al., 2014). In these plots, the real radial (expansion and contraction) and rotary (CW and CCW) motions are 478 

represented on the horizontal and vertical meridians, respectively. In addition, real spiral motions, which 479 

are derived from the weighted combination of radial and rotary motions, are distributed with equal interval 480 
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between the two main axes (Fig. 6A). The gray dots in Figure 6A illustrates the distribution of the recorded 481 

MSTd neurons in their preferred real complex-flow motion patterns. 482 

For a hypothetical neuron sensitive to illusory complex-flow motion, the tuning curves for the ±45° 483 

conditions can be predicted to change when compared with the 0° control. For example, Figure 6B shows 484 

the polar tuning curves for an MSTd neuron that prefers real CCW rotation as defined by the 0° control 485 

condition (gray curve in Fig. 6B, middle panel). For a CCW rotation selective neuron, real expansion of the 486 

+45° condition should increase the neuronal response since this stimulus elicits illusory CCW rotation (Fig. 487 

2B).  This is reflected in Figure 6B (upper right quadrant of the left panel), where real expansion or 488 

expansion containing stimuli like spiral 1 motion (Fig. 6A) result in a rightward shift (firing rate increase) of 489 

the magenta curve (+45° condition) compared with the gray curve (0° control). In contrast, during real 490 

contraction of the +45° condition, the neural response should decrease because this stimulus elicits illusory 491 

CW rotation (Fig. 2B) that is the anti-preferred motion for this neuron. This is reflected in the upper-left 492 

quadrant of the left panel, where real contraction or contraction-containing stimuli like spiral 2 motion 493 

result in a rightward shift (firing rate decrease) of the magenta curve compared with the gray curve. Hence, 494 

the overall magenta tuning curve is expected to shift rightward (Fig. 6B, left panel, magenta vs. gray curve). 495 

Compared with the +45° condition, the -45° condition elicits opposite illusory flow-motion perception 496 

under the same physical motion manipulation (Fig. 2B), so the facilitation and suppression effects are 497 

reversed and the tuning curve is expected to shift leftward (Fig. 6B, left panel, green vs. gray curve). We 498 

calculated the polar direction for each condition tuning curve using vector summation, then measured the 499 

angular difference between the ±45° and 0° control (∆ preferred angle).  Consistent with these predictions, 500 

the vector sum of the neuron (middle panel in Fig. 6B) is significantly shifted rightward by 38.4°for the +45° 501 

condition (magenta arrow; p = 0, permutation test), and 75° leftward for the -45° condition (green arrow; p 502 

= 0, permutation test).  The right panel in Figure 6B shows the neuron’s classical motion responses to 503 

moving dot stimuli. 504 

Figure 6C presents tuning curves obtained from a real radial motion (expansion) sensitive MSTd neuron. 505 

The same logic as that for the rotary motion preference neuron in Figure 6B, the tuning curves are 506 
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predicted to shift upward and downward for the +45° and -45° conditions, when compared to the 0° control 507 

condition (Fig. 6C, left panel, green and magenta curves vs. gray curve). Consistent with this prediction, the 508 

vector sum of this neuron is significantly shifted by 22.6° upward and 16.8° downward, respectively (+45°: p 509 

= 0; -45°: p = 0, permutation test). 510 

The shift of the vector sum in the tuning curves is an efficient way to quantify the illusory effects of the 511 

Pinna-Brelstaff figures for neurons preferring radial and rotary motions. However, this is not applicable for 512 

neurons preferring spiral motion, whose responses can be influenced by both radial and rotary motions 513 

(Fig. 6A,D). As a result, their amplitudes instead of vector sums are expected to change (Fig. 6D left panel, 514 

please see methods for a more detailed description). An exemplar neuron preferring spiral motion is shown 515 

in Figure 6D middle panel, and significant changes in the tuning amplitude (∆ amplitude) were indeed 516 

observed for the Pinna-Brelstaff figures (+45°: 12.31, p = 0; -45°: 16.17, p = 0.0002, permutation test). 517 

We next examined the tuning curve changes across the population (rotary: N = 50; radial: N = 82; spiral: N = 518 

60; Fig. 7). The sign of the ∆ preferred angle and ∆ amplitude was assigned such that positive values 519 

represent the ∆ changes as predicted from the Pinna-Brelstaff illusory effects (Fig. 2B). Other ∆ changes not 520 

in line with the prediction were given as negative values. For rotation preferring neurons (Fig. 7A), the 521 

overall distribution of ∆ preferred angle is significantly shifted to the right (14.64 ± 1.66°, mean ± SEM; Z = 522 

7.17, p = 7.75 × 10⁻¹³, case N = 100, Wilcoxon signed-rank test; N represents cases). Within the population, 523 

35% (35/100, permutation test, p < 0.01) individual cases exhibited significant shifts. Similarly, for radial 524 

motion preferring neurons (Fig. 7B), the overall distribution is also significantly shifted rightward (19.32 ± 525 

1.49°, mean ± SEM; Z = 10.09, p=6.36 × 10⁻²⁴, case N = 164, Wilcoxon signed-rank test). Again, 61.59% 526 

(101/164, permutation test, p < 0.01) cases show significant shifts. Finally, for the subpopulation preferring 527 

real spiral motion (Fig. 7C), the mean ∆ amplitude is 4.27 ± 0.94 spikes/s, which is significantly larger than 528 

zero (Z = 4.88, p = 1.08 × 10⁻⁶, case N = 120, Wilcoxon signed-rank test). About 31.67% (38/120, 529 

permutation test, p < 0.01) individual cases showed a significant change, with the majority being in the 530 

predicted direction. In summary, these results demonstrate that across all complex-flow motion axes, 531 
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distinct subgroups of MSTd units exhibit significant changes in their responses consistent with the Pinna-532 

Brelstaff illusory effects. 533 

Neural responses of area MT to Pinna-Brelstaff figures 534 

The neural origin of a visual illusion is often elusive (Spillmann and Werner, 1990). Area MT is an essential 535 

motion center in the primate dorsal visual pathway for processing global motion signals (Movshon et al., 536 

1983; Rust et al., 2006). However, it has previously been shown to be insensitive to complex-flow motions 537 

(Tanaka et al., 1986; Smith et al., 2006), but because area MSTd receives major inputs from MT (Maunsell 538 

and Van Essen, 1983; Ungerleider and Desimone, 1986), it is still important to ascertain how MT itself 539 

responds during the perception of illusory complex-flow motions. 540 

To address this, we examined how MT neurons respond to the global stimuli during presentation of the 541 

same Pinna-Brelstaff figures. We recorded from 120 MT units, about half of these MT units exhibited 542 

significant responses to stimuli during the presentation of the 0° condition (N = 64, out of 120). Among 543 

these responsive MT units, about a third of the cases (35.94%, 46/128, permutation test, p < 0.01; similar to 544 

MSTd, each MT neuron also has two cases, so the case number is twice the number of MT neurons) showed 545 

significantly increased responses to the ±45° conditions when compared to the 0° control condition (Fig. 546 

8A). The population average response was enhanced by 25.59% (Z = 5.21, p = 1.93 × 10⁻⁷, case N = 128, 547 

Wilcoxon signed-rank test). About one third of the cases (32.81%, 37/128, permutation test, p < 0.01) 548 

showed significantly reduced responses (Fig. 8B), with an overall reduction of 23.61% (Z = -5.71, p = 1.11 × 549 

10⁻⁸, case N = 128, Wilcoxon signed-rank test). Since the origin for both radial and rotary motion are kept at 550 

the center of the screen without considering the RF location of MT neurons and their relatively small RF 551 

sizes, it is expected that MT neurons respond to local real or illusory motion vectors of the embedded 552 

Gabor patches within the Pinna–Brelstaff figures. Despite this difference, MT response properties can still 553 

be measured using the same polar plot methodology as used for MSTd. However, for MT neurons the axes 554 

represent the local direction of motion of the Gabor elements rather than expansion, contraction, CW and 555 

CCW rotations. We combined the tuned responses distributed on the cardinal axes (Fig. 8C, ∆ preferred 556 

angle equivalent to radial and rotary motion in MSTd cells), separating them from tuned responses 557 
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distributed between the cardinal axes (Fig. 8D, ∆ amplitude equivalent to spiral motion). The tuning 558 

properties indicate that MT neurons can also represent illusory motions, even they are local. 559 

To further examine the presupposition that MT neurons respond to the local illusory motions, we 560 

performed a masking experiment for subgroups of MT neurons exhibiting significant responses to the 561 

global manipulation of the Pinna-Brelstaff figures. In the masked condition, the Gabor stimuli were 562 

presented only within the recorded MT neuron's receptive field (Fig. 9A). This masking operation effectively 563 

removed both the global illusory and real complex-flow motions in the Pinna-Brelstaff figures. 564 

Nevertheless, the tuning curves of the MT neuron in response to the +45°, 0°, and -45° conditions were 565 

almost identical for the unmasked (Fig. 9B, the left panel) and masked stimuli (Fig. 9B, the right panel). For 566 

the population, we also found that there was no significant difference between masked and unmasked 567 

stimuli (Δ preferred angle: Z = 0.8, p = 0.4209, N = 19; Δ amplitude: Z = 0.32, p = 0.5417, N = 13; Wilcoxon 568 

signed rank test, Fig. 9C). To explain the contribution of local motion components in Pinna-Brelstaff figures 569 

to the tuning in MT, we can take the example neuron in Figure 9B and plot the tuning to both random dot 570 

complex-flow (Fig. 9D up) and translational (Fig. 9D down) motion. The preferred tuning direction for 571 

translational motion is consistent with the local direction of the complex-flow motion in the receptive field. 572 

We can see that the global motion stimuli with CW rotations will generate a local motion component of 573 

left-downward motion inside this unit’s receptive field (black arrow in Fig. 9E). But because of the aperture 574 

effect, the direction encoded by the MT neuron is biased to the direction perpendicular to the orientation 575 

of the gratings (white arrow in Fig. 9E), compared with the unbiased motion direction. The biased direction 576 

(left) is closer to the MT neuron’s preference (left-upwards, Fig. 9D down), and as a result, the neuron 577 

shows a stronger response. This causes a higher firing rate observed for the +45° condition that is not seen 578 

under the 0° control condition (no aperture effect). Consistent with this, the whole tuning curve under the 579 

+45° condition is shifted downward as indicated by the difference in the resultant vectors in the polar plot 580 

in Figure 9B. These results demonstrate that MT neurons predominantly encode the local illusory motion 581 

signals (presumed to be driven by the aperture effect) embedded in the micro-patterns of the Pinna-582 

Brelstaff figures. 583 
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Comparison of MT and MSTd neuronal responses to Pinna-Brelstaff figures 584 

The above results demonstrate that MSTd neurons are able to globally encode illusory complex-flow 585 

motion, while MT neurons represent local biased motion. There are known differences in motion 586 

preferences and spatial scales of the receptive fields between MT and MSTd, so we next examined whether 587 

the sensitivity and selectivity for global illusory motion between these two cortical areas are different or 588 

not. For these analyses we combined the different complex-flow motions together so that we could directly 589 

compare real against illusory motion. 590 

First, we directly compare the Δ firing rate differences between MT and MSTd neuronal responses encoding 591 

illusory motion. Δ firing rate was calculated by subtracting the firing rate of 0° control condition from the 592 

firing rate of ±45° conditions (only facilitative response cases were compared). In Figure 10A, we found that 593 

the Δ firing rates of the MSTd neurons (10.68 ± 0.79 spikes/s, mean ± SEM, case N = 264) are significantly 594 

larger than those of the MT neurons to the same unmasked stimuli (5.23 ± 0.92 spikes/s, mean ± SEM, case 595 

N = 128; Z = 4.53, p = 5.79 × 10⁻6, Wilcoxon rank sum test). As a control we also compared Δ firing rate 596 

(calculated by subtracting the firing rate of blank stimulus condition from the firing rate of 0° control 597 

condition) for real motion responses between the two areas and found they are comparable (Fig. 10B; 598 

MSTd: 43.80 ± 2.59 spikes/s, mean ± SEM, N = 132; MT: 44.69 ± 3.61 spikes/s, mean ± SEM, N = 64; Z = -599 

0.31, p = 0.7565, Wilcoxon rank sum test). 600 

We used receiver-operating-characteristic (ROC) analysis (Green and Swets, 1966; Britten et al., 1992; 601 

Celebrini and Newsome, 1994; Britten et al., 1996 ; Price and Born, 2010) to estimate how well an ideal 602 

observer (here the neuron) could discriminate real and illusory motions based on the neural activity in both 603 

brain areas. Specifically, for MSTd neurons the discriminability refers to the global real or illusory complex-604 

flow motions, and for MT neurons it refers to local linear motion directions that are present within the MT 605 

receptive field as a part of the global motion pattern. The area under the ROC curve (AUC) quantifies the 606 

sensitivity of a neuron to discriminate illusory motion against the 0° control. Individual AUC values were 607 

calculated for each illusory motion response case in MSTd and MT, and population distributions are 608 

illustrated by the orange boxplots in Figure 10C. The mean AUC value for MSTd neurons (0.79 ± 0.01, mean 609 
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± SEM, case N = 264) is significantly larger than that of MT (0.65 ± 0.03, mean ± SEM, case N = 128; Z = 3.52, 610 

p = 4.31 × 10⁻4, Wilcoxon rank sum test), demonstrating that MSTd has higher sensitivity in discriminating 611 

Pinna-Brelstaff illusory motion. A similar comparison was also done for real motion, and the results are not 612 

significantly different between the two areas (MSTd: 0.89 ± 0.02, mean ± SEM, N = 132; MT: 0.93 ± 0.01, 613 

mean ± SEM, N = 64; Z = -1.13, p = 0.2571, Wilcoxon rank sum test). Hence, these results indicate that 614 

although both MT and MSTd respond to the Pinna-Brelstaff figures, MSTd exhibits relatively higher 615 

sensitivity compared to MT. 616 

Integration time window for global illusory complex-flow motions  617 

As demonstrated previously and in the current study, MT neurons have relatively small RFs compared to 618 

MSTd neurons and thus are well-suited for processing local motion information within their RFs. The 619 

outcome of such local motion processing in MT is subsequently pooled by downstream areas such as MSTd 620 

to generate complex-flow motion (Layton and Fajen, 2016; Yu et al., 2018). Processing of visual information 621 

along a hierarchy of visual areas results in a distribution of temporal responses (Schmolesky et al., 1998). 622 

We therefore performed temporal ROC and peak firing rate analysis for both MSTd and MT units to address 623 

whether the integration of motion signals that generate illusory motion are similar or different to real 624 

motion. 625 

We first applied temporal sliding-window ROC analysis and calculated the AUC value across the stimulus 626 

duration for both real and illusory motion. We measured the population latency as the first significant AUC 627 

response above baseline (see methods). In MT, the population latencies for real (Fig. 11A) and illusory (Fig. 628 

11B) motion were 54 ms and 51 ms, respectively. In addition, we also computed the latency difference at 629 

the individual neuron level, and found no significant difference (Fig. 11E right orange and black boxes; real 630 

motion: 66.97 ± 2.44 ms, mean ± SEM, case N = 74; illusory motion: 78.73 ± 4.39 ms, mean ± SEM, case N = 631 

44; Z = 1.76, p = 0.0783, Wilcoxon rank sum test). In MSTd, the population latency for real motion is 70 ms 632 

(Fig. 11C), shorter than that for illusory motion (85 ms, Fig. 11D). Again at the individual neuron level, the 633 

difference is significantly different between these two global motions (Fig. 11E left orange and black boxes; 634 

real motion: 84.25 ± 1.76 ms, mean ± SEM, case N = 110; illusory motion: 107.46 ± 3.98 ms, mean ± SEM, 635 
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case N = 124; Z = 4.75, p = 2.06 × 10-6, Wilcoxon rank sum test). We further compared the latency difference 636 

at the individual neuron level between MT and MST for either real or illusory motion. We found that MSTd 637 

neurons take significant longer time than MT to reliably discriminate both real and illusory motion (Fig. 11E; 638 

real motion: Z = 6.31, p = 2.86 × 10-10; illusory motion: Z = 3.92, p = 8.96 × 10-5). The temporal ROC result 639 

demonstrates that both real and illusory complex-flow motions require a time window to integrate MT local 640 

motion signals, allowing MSTd to reliably discriminate global flow-motion patterns. The integration time 641 

that enables MSTd to reliably signal global flow motion is about 16 ms for real motion and about 34 ms for 642 

illusory motion, respectively, when compared to MT. Since the ROC latency in MT for both motion classes 643 

are almost the same, an extra 15 ms of integration time is required for illusory motion to be reliably 644 

represented in MSTd. The fact that there is no temporal difference between illusory and real motion in MT 645 

suggests that the integration mechanisms from its V1 inputs may be similar. We also compared the ROC 646 

latencies of MT neurons responding to masked and unmasked stimuli, and we found comparable latency 647 

distributions between those two conditions (masked condition: 89.07 ± 7.73 ms, mean ± SEM, case N = 15; 648 

unmasked condition: 78 ± 9.54 ms, mean ± SEM, case N = 11; Z = -1.71, p = 0.0866, Wilcoxon rank sum 649 

test). These results further suggest that illusory motion signals are propagated from MT to MSTd.  650 

Considering the differences between rotary and radial motion across visual space, we further compared 651 

MSTd latencies to both motion patterns. Interestingly, we found that MSTd neurons respond much faster to 652 

real rotary motion than to real radial motion (Fig. 11F black boxes, real rotary motion: 76.76 ± 3.65 ms, 653 

mean ± SEM, case N = 38; real radial motion: 86.12 ± 1.95 ms, mean ± SEM, case N = 72; Z = -2.91, p = 654 

0.0037, Wilcoxon rank sum test). However, such a difference was not found for illusory flow motions (Fig. 655 

11F orange boxes, illusory rotary motion: 100.83 ± 7.57 ms, mean ± SEM, case N = 44; illusory radial 656 

motion: 109.98 ± 4.69 ms, mean ± SEM, case N = 80; Z = -0.72, p = 0.4716, Wilcoxon rank sum test).  657 

Figure 12 presents the population averaged response curves of a temporal analysis for MSTd and MT 658 

neurons using onset and peak firing rate. The response onset latency for MSTd illusory motion (about 71 659 

ms) was substantially longer than that for MT (52 ms), and so is the peak latency (MSTd: 92 ms; MT: 66 ms) 660 

(Fig. 12A-B, left column), these differences were consistent with both onset (MSTd: 64 ms; MT: 53 ms) and 661 
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peak (MSTd: 94 ms; MT: 67 ms) latencies of real motion (Fig. 12A-B, right column). Similar to the ROC 662 

temporal analysis, we found that in MSTd, illusory motion needs more time for its representation than real 663 

motion (Fig. 12A, illusory motion: 71 ms; real motion: 64 ms), while such difference did not exist in MT (Fig. 664 

12B, illusory motion: 52 ms; real motion: 53 ms). We also measured the onset and peak latencies at the 665 

individual neuron level, the averaged onset latency for illusory motion of MSTd neurons were significantly 666 

longer than that of MT (Fig. 12C left, orange boxes, MT: 58.64 ± 4.18 ms, mean ± SEM, case N = 57; MSTd: 667 

69.27 ± 2.27 ms, mean ± SEM, case N = 144; Z = 4.19, p = 2.85 × 10-5, Wilcoxon rank sum test), and so is the 668 

peak latency (Fig. 12D, orange boxes, MT: 75.47 ± 4.24 ms, mean ± SEM, case N = 57; MSTd: 91.65 ± 3.43 669 

ms, mean ± SEM, case N = 144; Z = 3.78, p = 1.56 × 10-4, Wilcoxon rank sum test). These latency differences 670 

suggest that MSTd neurons require a time window to globally integrate feedforward inputs of MT local 671 

illusory motion. For real motion, as expected, an integration time window is also needed (Fig. 12A-B, right 672 

column) when comparing MT and MSTd responses (Fig. 12C-D, black boxes, see statistical summary in the 673 

figure legend). We also compared responses of MSTd neurons between illusory and real motion conditions, 674 

and responses of MT neurons between the same motion conditions. We found no statistically difference for 675 

the peak latency (Fig. 12D, orange vs. black boxes, MSTd: Z = 1.13, p = 0.2573; MT: Z = -0.1, p = 0.9207, 676 

Wilcoxon rank sum test). However, for the response onset latency, similar to the temporal ROC statistical 677 

analysis, we found MSTd neurons respond significantly later for illusory than for real motion, while such 678 

difference did not exist in MT (Fig. 12C, orange vs. black boxes, MSTd: Z = 3.42, p = 6.32 × 10-4; MT: Z = 0.95, 679 

p = 0.3398, Wilcoxon rank sum test). 680 

From the above results, we conclude that a bottom-up integrative mechanism underlies both real and 681 

illusory complex-flow motions encoded by MT and MSTd, but the processing of illusory local motion signals 682 

requires additional time to reliably represent global illusory motion (summarized in Fig. 13 as an example 683 

for illusory rotation). It would be reasonable to expect that MST takes longer to extract a global illusory 684 

motion induced by other classes of real flow motion (for example, illusory rotation which is induced by real 685 

expansion), when compared directly with the same class of real flow motion (for example, real rotation). 686 

Note that we cannot exclude the additional possibility that feedback from higher cortical areas may also 687 
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contribute to the global integration of complex flow motion in MSTd (feedforward accumulation, 688 

intracortical computation, and recurrent feedback are illustrated as potential neural mechanisms in Fig. 13). 689 

These possibilities have been suggested in our recent fMRI study on dynamic network communication 690 

accounting for the individual variation of human perception of the same illusory complex-flow motion 691 

(Wang et al., 2018). We also cannot exclude the possibility that synchronized population firing of spatially 692 

aligned MT neurons could represent both real and illusory complex-flow motions with no latency delays (as 693 

shown in the middle panel of Fig. 13 for MT). However, this requires multiple single-unit recordings 694 

simultaneously from these spatially aligned MT neurons, and is beyond the scope of the current study to 695 

address.  696 

Discussion 697 

The study of the mismatch between perception and reality helps us to gain a deeper insight into the neural 698 

mechanisms of visual perception (Wertheimer, 1912; Gregory, 1972; von der Heydt et al., 1984; Spillmann 699 

and Werner, 1990; Eagleman, 2001; Komatsu, 2006; Murray and Herrmann, 2013). Over the past decade or 700 

so, physiological explorations of the brain mechanisms underlying illusory perception have relied mostly on 701 

fMRI studies in human subjects (Murray and Herrmann, 2013). Correlates of non-motion illusions resulting 702 

in non-veridical perception of contours, angles and surfaces have been predominantly found in primate 703 

ventral visual cortices V1, V2, and V4 (Grosof et al., 1993; Mendola et al., 1999; Lee and Nguyen, 2001; 704 

Murray et al., 2002; Stanley and Rubin, 2003; Meng et al., 2005; Montaser-Kouhsari et al., 2007; Fang et al., 705 

2008; Schwarzkopf et al., 2011; Pan et al., 2012; Sperandio et al., 2012; Cox et al., 2013). By comparison, 706 

motion illusions such as the waterfall illusion (Tootell et al., 1995), the “Rotating Snakes” illusion (Ashida et 707 

al., 2012), and the flash-drag effect (Maus et al., 2013) have been attributed to the human MT complex 708 

(hMT+). Our recent human fMRI studies of the Pinna-Brelstaff illusion show that illusory rotation is 709 

predominantly associated with the activation of the subarea MST in hMT+ (Pan et al., 2016; Wang et al., 710 

2018). However, the detailed neural mechanisms underlying the illusory rotation as well as illusory 711 

expansion, contraction, and spiral motion remain unknown. 712 
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To address this question, we first performed psychophysical experiments on both human and nonhuman 713 

primates in response to the same physical manipulations of the same Pinna-Brelstaff figures (Fig. 1C,D). 714 

With a nulling procedure, we found shifts in the psychometric functions of both monkeys comparable to 715 

those of human subjects, from which we infer that these monkeys perceive illusory complex-flow motions. 716 

Subsequent electrophysiological recordings in both MT and MSTd of the same two monkeys, together with 717 

masking experiments and ROC temporal analysis revealed that the local non-veridical motion signals 718 

encoded in MT neurons are globally integrated by downstream MSTd neurons to generate various types of 719 

complex-flow motion illusions (illustrated in Fig. 13 for illusory CCW rotation as an example). Compared to 720 

real motion, reliable representation was temporally delayed for illusory motion. 721 

Neural mechanisms underlying the Pinna-Brelstaff illusion 722 

Complex motion illusions, such as the “Rotating Snakes” illusion (Kitaoka and Ashida, 2003), and the 723 

rotating tilted-lines illusion (Gori and Hamburger, 2006), are also largely affected by the arrangement of the 724 

local micro-patterns within the global static figures. However, the “Rotating Snakes” illusion critically relies 725 

on subjects making saccades towards the peripheral static ring patterns (Otero-Millan et al., 2012; Kitaoka, 726 

2014) as well as the luminance relationship of the static elements (Conway et al., 2005). The strength of the 727 

rotating tilted-lines illusion is generally weaker when compared to the Pinna-Brelstaff illusory rotation. And 728 

both of these illusions are less easy to experimentally parametrize. Thus, illusory complex-flow motion 729 

patterns elicited by the physical manipulation of the Pinna-Brelstaff figures (Fig. 1B) remains the best 730 

example for studying the integration of local-motion information into global representation in the primate 731 

dorsal visual stream. 732 

Previous studies have suggested that an aperture effect (Marr and Ullman, 1981) may represent the Pinna-733 

Brelstraff illusory rotation (Bayerl and Neumann, 2002; Gurnsey et al., 2002; Gurnsey and Page, 2006). The 734 

aperture effect is a well-known phenomenon, from which for a bar moving obliquely with respect to its 735 

orientation, the perceived motion direction through a circular window (or receptive field) is perpendicular 736 

to the bar’s orientation. The Pinna-Brelstaff figure is composed of a group of circularly arranged micro-737 

patterns, each of which is tilted relative to the radial axis of the global ring. When these micro-patterns 738 
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move radially (expansion/contraction) or circularly (rotation), the perceived motion direction of each tilted 739 

element will be biased away from the radial or circular paths due to the aperture effect (Fig. 9E). 740 

Consequently, the integration of these locally biased motion vectors would form a global perception of 741 

radial or rotary motion that is not veridical. It has been shown that V1 end-stopped cells and MT neurons 742 

can ‘solve’ the aperture problem as long as short bars with well-defined ends are presented inside their 743 

receptive fields (Pack and Born, 2001; Pack et al., 2003; Pack et al., 2004). However, the Gabor patches 744 

constituting the Pinna-Brelstaff figures in our study had fuzzy ends (Fig. 1C) and therefore would have 745 

reduced the contribution from end-stopped V1 cells in resolving the aperture problem. Future work should 746 

attempt to extend the methods used to study the linear/nonlinear integration mechanisms that combine 747 

V1 local inputs to MT (Livingstone et al., 2001; Pack et al., 2006; Rust et al., 2006; Richert et al., 2013) 748 

towards better understanding MSTd complex-flow motion responses. 749 

 Although the aperture effect offers a plausible mechanism in generating the Pinna-Brelstaff illusion, there 750 

is room for alternative explanations. For example, a simple model applying an aperture mechanism failed to 751 

fully reproduce the strong illusory motion effects observed in human psychophysics (Bayerl and Neumann, 752 

2002). Future work needs to explore a broader range of the stimulus parameters giving rise to the Pinna-753 

Brelstaff illusion and examine how they influence the neural activity in both MT and MSTd. In particular, it 754 

will be important for future studies to quantify more precisely the correlations between psychometric and 755 

neurometric responses (Parker and Newsome, 1998) during the perception of illusory complex-flow 756 

motion. In addition, some MT neurons have an antagonistic surround (Allman et al., 1985; Tanaka et al., 757 

1986; Bradley et al., 1998; DeAngelis and Uka, 2003; Born and Bradley, 2005) and often exhibit strong 758 

surround suppression (Born and Tootell, 1992; Born, 2000), it would be interesting to know how strong 759 

surround suppression may contribute to this illusory motion perception (Cui et al., 2013; Krause and Pack, 760 

2014). 761 

The integration time window between MT and MSTd  762 

Using moving gratings and plaid stimuli (i.e., component versus pattern motion), previous 763 

neurophysiological studies have focused on motion integration from V1 to MT in macaques (Adelson and 764 
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Movshon, 1982; Movshon et al., 1983; Stoner and Albright, 1992; Rust et al., 2006; Majaj et al., 2007). 765 

These studies demonstrate that most V1 neurons carry local motion signals, whereas subgroups of MT 766 

neurons tend to represent global motion patterns within their receptive fields (Born and Bradley, 2005; 767 

Nassi and Callaway, 2009). Temporal analysis has identified both the switch time from component to 768 

pattern motion responses within MT (Pack et al., 2001; Smith et al., 2005), and defined the integration time 769 

between components using pseudo-plaids (Kumbhani et al., 2015). For complex-flow motion patterns like 770 

rotation, radial (expansion/contraction) and spiral motions, previous studies suggest that MSTd neurons 771 

may combine MT inputs (Saito et al., 1986; Tanaka et al., 1989; Graziano et al., 1994; Beardsley et al., 2003) 772 

via a nonlinear integration mechanism that approximates a multiplicative interaction within subfields of 773 

MSTd large receptive fields (Duffy and Wurtz, 1991; Yu et al., 2010; Mineault et al., 2012). Although there 774 

are a number of studies that measure response latency for MT or MST individually (Raiguel et al., 1989; 775 

Raiguel et al., 1999; Osborne et al., 2004), two studies that we are aware of have measured response 776 

latency in MT and MST simultaneously with simple motion stimuli (Schmolesky et al., 1998; Azzopardi et al., 777 

2003) and only one study incidentally reported values using complex-flow motion (p.1601 in the methods; 778 

Lagae et al., 1994). Thus, the time window for this hierarchical integration process between MT and MSTd 779 

remained elusive. In this study, the neural responses and signal reliability of both MT and MSTd to physical 780 

manipulation of the same Pinna-Brelstaff figures across various conditions were directly examined. For peak 781 

response latency, the time window for the integration from MT local motion inputs to form global flow-782 

motion patterns in MSTd was found to be around 27 ms. Critically, a temporal ROC analysis identified that 783 

an extra time lag of around 15 ms is needed for MSTd neurons to integrate local non-veridical motion and 784 

to reliably discriminate global illusory motion when compared to real motion. As intracortical processing is 785 

critical for neural computation (Douglas and Martin, 2004), future laminar analysis of MT and MSTd could 786 

help to clarify the exact mechanisms that underlie the extra time lag for the representation of global 787 

complex-flow motion illusion 788 
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Concluding remarks 789 

Our results demonstrate that the representation of both real and illusory complex-flow motions in MSTd 790 

relies on an integration of bottom-up MT inputs, yet reliable discrimination is temporally delayed for the 791 

illusion.  A series of studies have reported that several brain areas downstream to MSTd are also sensitive 792 

to real rotary or radial complex-flow motions including areas 7a (Sakata et al., 1994; Siegel and Read, 1997), 793 

STPa (Anderson and Siegel, 2005) and VIP (Schaafsma et al., 1997). Similar to MSTd, neurons in these areas 794 

also have large RFs. It is likely that these higher brain areas also contribute to the perception of complex-795 

flow motion patterns. The question remains as whether these higher brain areas in the primate dorsal 796 

visual stream distinguish between real and illusory motions during active perception. 797 
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 990 

Figure legends 991 

 992 

Figure 1. Illustration of the Pinna-Brelstaff illusion, stimulus parameters, and the 3AFC/2AFC psychophysical 993 

paradigm. A, Classical Pinna-Brelstaff rotary illusion. B, Real radial (left panel) and rotary (right panel) 994 

motion of Pinna-Brelstaff figure produce illusory rotary and radial motions, respectively. C, Illustration of 995 

Pinna-Brelstaff figures used in this study, whose local Gabor orientation varied between +45°, 0°, and −45°. 996 

D, Schematic illustration of psychophysical 3AFC detection tasks used for human subjects (upper part) and 997 

2AFC discrimination tasks used for both human subjects and macaque monkeys (lower part). 998 

 999 

Figure 2. Illusory flow motion percepts during different physical manipulations of Pinna-Brelstaff figures. A, 1000 

The results of the 3AFC detection tasks to Pinna Illusory complex-flow motions in human subjects. Each row 1001 
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represents a physical manipulation of Pinna-Brelstaff figures and each column represents a stimulus 1002 

condition (+45°, 0°, -45°). X-axis delineates the three motion choices. The illusory motion patterns are 1003 

illustrated by orange icons on the X-axis and No illusion was marked as “No”. The Y-axis shows the 1004 

proportion (%) for each perceptual choice. During real radial motion condition, the three options were CCW 1005 

illusory rotation, No illusion and CW illusory rotation. For the real rotary motion condition, the three 1006 

options were contraction illusion, No illusion and expansion illusion. B, Summary of the perceived illusory 1007 

complex-flow motions under different kinds of physical motion manipulations for each stimulus condition 1008 

(+45°, 0°, -45°). 1009 

 1010 

Figure 3. The results of 2AFC psychophysical experiments on human subjects and macaque monkeys. A,B, 1011 

Examples of psychometric functions obtained from human subject LF when tested for illusory rotary and 1012 

radial motion with the real expansion and CW rotation tasks. Green, black, and magenta represent −45°, 0°, 1013 

and +45° tilted Gabors. Positive and negative values on the X-axis represent the speed of different types of 1014 

flow motion patterns as indicated underneath, while the circles show the response frequency as a function 1015 

of physical speed, the circle sizes represent the repeat times of that speed condition through using staircase 1016 

method (see Methods). C, Box plots show the distributions of individual Δ PSE values from all 9 subjects. 1017 

Real expansion condition on the left and real CW rotation condition on the right. D,E, Examples of 1018 

psychometric functions from human subject LF, testing perception of illusory rotation using real 1019 

contraction, and illusory radial motion using real CCW rotation. Same conventions as in (A,B). F, Box plots 1020 

show the distribution of individual Δ PSE values across all 9 subjects. Real contraction condition on the left 1021 

and real CCW rotation condition on the right. G,H, Examples of psychometric functions from a single day of 1022 

testing in monkey WJ using the same physical manipulations of the same Pinna-Brelstaff figures as those in 1023 

(A,B). I, Box plots show the distributions of Δ PSE values over 7 days from two monkeys, WJ and DX. J,K, 1024 

Examples of psychometric functions for monkey WJ obtained from a single day with the same physical 1025 

manipulation of the same Pinna-Brestaff figures as those in (A,B). L, Box plots show the distribution of Δ 1026 
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PSE values over 7 days from two monkeys. Asterisks denote statistical significance at **p < 0.01; ***p < 1027 

0.001. 1028 

 1029 

Figure 4. The MRI scanning results and receptive field properties of MT and MSTd. A, Top row: MRI scanning 1030 

results of one macaque monkey. The locations of chamber and electrode are shown in coronal and 1031 

horizontal planes, and the penetrating guided grid are shown in the aerial view. Bottom row: Illustration of 1032 

recording sites in the same hemisphere of the same monkey. Blue and orange dots: electrode tip positions 1033 

in MT and MSTd areas, respectively. B, Upper part: screen-scaled receptive field sizes and locations of MSTd 1034 

neurons (grey rounded rectangles: RFs of neurons in the right hemisphere; black rounded rectangles: RFs of 1035 

neurons in the left hemisphere). MST neurons have big receptive fields, which spread both ipsilaterally and 1036 

contralaterally. Lower part: the relationship between retinal eccentricities and RF diameters. Diameters 1037 

were plotted as a function of eccentricity. The RFs of MSTd neurons are non-retinotopically organized. C, 1038 

Same conventions as in (B), MT neurons have relatively smaller receptive fields, which are contralaterally 1039 

distributed, their RFs are retinotopically organized. 1040 

 1041 

Figure 5. Results of single-unit recordings from area MSTd in response to physical manipulation of the 1042 

Pinna-Brelstaff figures. A, Top row: The PSTHs and raster plots show the responses of a real CCW rotation-1043 

sensitive MSTd neuron to real rotary motion patterns tested with the 0° control condition. Horizontal black 1044 

dashed lines: spontaneous responses. The lower three rows: The PSTHs and raster plots show the same 1045 

MSTd unit responding to real expansion (left) and contraction (right) of the Pinna-Brelstaff figures. Orange 1046 

icons show the illusory motion predicted from the psychophysics (see Fig.2B), which correspond to the 1047 

facilitative responses of the neuron. B, A real contraction-sensitive MSTd neuron responding to the 0° 1048 

control condition with radial motion patterns as well as real CW (left) and CCW (right) rotations of the 1049 

Pinna-Brelstaff figures. Same conventions as in (A). C,D, Log axis scatter plots of the distributions of 1050 

facilitative (case N = 264) and suppressive (case N = 264) responses of MSTd neurons across all Pinna-1051 

Brelstaff stimuli. E, Log axis scatter plot showing the relationship between the strength of facilitative 1052 
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response (∆ facilitative response) and the strength of suppressive response (∆ suppressive response, 1053 

positive values show more suppression). White circles represent cases without both significant facilitation 1054 

and suppression; gray circles represent cases with either significant facilitation or suppression; black circles 1055 

represent cases with both significant facilitation and suppression. 1056 

 1057 

Figure 6. MSTd polar-plot tuning for complex-flow motion patterns. A, Canonical complex-flow motion 1058 

patterns represented in polar coordinates, and the MSTd neuron population distribution of the preferred 1059 

complex-flow motion pattern plotted against the normalized vector-summed firing. B, An MSTd neuron 1060 

sensitive to CCW rotation. Left: qualitatively predicted response tuning curves to physical manipulation of 1061 

the Pinna-Brelstaff figures (green: -45°; gray: 0°; magenta: +45°); Middle: neural responses to the Pinna-1062 

Brelstaff figures (error bars show mean firing rate ± SEM), arrows represent the vector sums calculated from 1063 

the tuning curve, and they agree with the predictions; Right: response to moving random dot field (error 1064 

bars show mean firing rate ± SEM). C, A real expansion sensitive MSTd neuron in response to the physical 1065 

manipulation of the Pinna-Brelstaff figures. Same conventions as in (B). D, An MSTd neuron sensitive to real 1066 

“spiral 2” motion in response to the physical manipulation of the Pinna-Brelstaff figures. Same conventions 1067 

as in (B). 1068 

 1069 

Figure 7. Population summary of changes in the polar tuning functions during presentation of Pinna–1070 

Brelstaff figures. A, Distribution of Δ preferred angle for rotary motion sensitive MSTd units, arrow shows 1071 

the population mean (black bars: cases which were significantly different with a permutation test at p < 1072 

0.01; white bars: remaining cases). B, Distribution of Δ preferred angle for radial motion sensitive MSTd 1073 

units, conventions as in (A). C, Distribution of Δ amplitude for spiral motion sensitive MSTd units; 1074 

conventions as in (A). 1075 

 1076 



 

 42 

Figure 8. Results of single-unit recordings of MT in response to the physical manipulation of Pinna-Brelstaff 1077 

figures. A,B, Log axis scatter plots of distributions of facilitative and suppressive responses across all Pinna-1078 

Brelstaff stimuli, cases were determined following the method used for MSTd neurons. C, Population results 1079 

defining the percentage of a subgroup of MT units with preferred angles distributed around cardinal polar 1080 

axis (black bars: cases which were significantly different with a permutation test at p < 0.01; white bars: 1081 

remaining cases). The arrow shows a population mean of Δ preferred angle for both ±45° stimulus cases of 1082 

11.14 ± 2.24° (mean ± SEM; Z = 5.98, p = 2.18 × 10⁻9, case N = 128, Wilcoxon signed-rank test) with 41.41% 1083 

(53/128, permutation test, p < 0.01) showing significant response changes. Cases were determined 1084 

following the method used for MSTd neurons. D, Population results of Δ amplitude for another group of MT 1085 

units with preferred angles distributed between cardinal polar axis, conventions as in (C). Mean amplitude 1086 

change: 4.03 ± 1.31 spikes/s (mean ± SEM; Z = 2.96, p = 0.003, case N = 112, Wilcoxon signed-rank test) 1087 

with 28.57% (32/112, permutation test, p < 0.01) showing significant response changes. 1088 

 1089 

Figure 9. The results of masking experiments on MT neurons. A, Unmasked full-field and locally masked 1090 

Pinna-Brelstaff stimuli used. The red dashed circle in the right panel marks the location and size of an MT 1091 

neuron’s receptive field. B, Polar plot of the neural responses to unmasked and masked Pinna-Brelstaff 1092 

stimuli (error bars show mean ± SEM), showing almost identical response tuning curves for the two 1093 

conditions. The icons of black arrows around the polar axis present the local linear motion vectors inside 1094 

the receptive field. C, Left part: scatter plot of Δ preferred angles across MT neurons specifically tested for 1095 

unmasked and masked conditions. Box plot alongside the scatter plot showing the statistical distribution of 1096 

Δ preferred angles between unmasked and masked conditions, there were no statistical differences for both 1097 

Δ parameters between the two conditions. Right part: Scatter and box plot of Δ amplitudes, same 1098 

conventions as those for Δ preferred angles. D, Up: The response tuning curve of the exemplar neuron to 1099 

random dot complex-flow motion, giving the strongest response to left-upward local linear motion; under 1100 

this direction, the global complex-flow motion pattern is contraction. Down: The response tuning curve of 1101 
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the same neuron to translational random dot motion, exhibiting a left-upwards (~150°) preference. E, 1102 

Illustrated derivation of biased motion direction. 1103 

 1104 

Figure 10. Comparison of both illusory and real motion sensitivity between MSTd and MT. A, Population 1105 

distributions of Δ firing rate for illusory motion. B, Population distributions of Δ firing rate for real motion. 1106 

C, The population distributions of AUC for both illusory (orange) and real (black) motion. Asterisks denote 1107 

statistical significance level at ***P < 0.001. 1108 

 1109 

Figure 11. Temporal ROC analysis of AUC for both MSTd and MT responses. A, Temporal ROC analysis of MT 1110 

neurons to real motion. Averaged black curve (± SEM) shows the change of AUC value throughout the first 1111 

200 ms after stimulus onset. The first time point that the AUC value is significantly higher than the 0.5 1112 

threshold (p<0.01, after Bonferroni correction) is marked by dashed line and black arrow on the X-axis. B, 1113 

Temporal ROC analysis of MSTd neurons to real motion. Same conventions as in (A). C, Temporal ROC 1114 

analysis of MT neurons to illusory motion. Same conventions as in (A). D, Temporal ROC analysis of MSTd 1115 

neurons to illusory motion. Same conventions as in (A). E, Population distributions of latencies from MT and 1116 

MSTd areas representing both illusory (orange) and real (black) motions. F, Population distributions of 1117 

latencies from MSTd area representing both illusory (orange) and real (black) rotary/radial motion. Asterisks 1118 

denote statistical significance at **P < 0.01, ***P < 0.001. 1119 

 1120 

Figure 12. Temporal peak firing rate analysis of MSTd and MT neural responses to both real and illusory 1121 

complex-flow motions. A, Average PSTH responses (boxcar-smoothed, ± SEM) of MSTd subgroups 1122 

representing illusory and real radial motion. Black arrows on the X-axis marks the time at which the 1123 

response begins and peaks, left panel shows result from ±45° Pinna-Brelstaff figures (illusory motion), right 1124 

panel shows result from 0° control Pinna-Brelstaff figure (real motion). B, Average temporal responses of 1125 

MT neurons to the same stimuli used for MSTd. Same convention as in (A). C, Population data for the 1126 
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response onset latencies of individual MT and MSTd neurons to illusory (orange boxes) or real (black boxes) 1127 

motion (real MSTd: 60.79 ± 3.35 ms, mean ± SEM, case N = 117; real MT: 54.07 ± 2.95 ms, mean ± SEM, 1128 

case N = 85; Z = 2.85, p = 0.0044, Wilcoxon rank sum test). D, Population data for the peak latency (real 1129 

MSTd: 85.32 ± 4.03 ms, mean ± SEM, case N = 117; real MT: 72.32 ± 3.06 ms, mean ± SEM, case N = 85; Z = 1130 

2.7, p = 0.0069, Wilcoxon rank sum test), same conventions as in (C). Asterisks denote statistical significance 1131 

at **P < 0.01, ***P < 0.001. 1132 

 1133 

Figure 13. Schematic summary of motion integration from local to global illusory complex-flow motion. 1134 

Diagram illustrates how an example MSTd CCW rotation sensitive neuron with a large RF (top) integrates 1135 

MT local motion inputs (middle) to represent global illusory CCW rotary motion from a physically expanding 1136 

+45° Pinna-Brelstaff stimulus (bottom). The AUC temporal dynamics of MSTd and MT populations plotted 1137 

within the MSTd RF (top circle) show the integration time window for illusory motion. The black circles 1138 

represent MT and MSTd neuron RFs. Small inset on the right of the middle panel illustrates the orthogonal 1139 

motion signal of MT neurons due to the aperture effect (short orange arrows in the middle panel); such 1140 

biased illusory motion signals from a group of circularly arranged MT neurons are assumed to be integrated 1141 

(shown by orange arrows between middle and top panel) by the MSTd neuron, resulting in global illusory 1142 

CCW rotation (long orange arrows and circle in the top panel). 1143 




























