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Abstract

The commonly accepted “simple-to-complex” model of visual processing in the brain posits that
visual tasks on complex objects such as faces are based on representations in high-level visual
areas. Yet, recent experimental data showing the visual system’s ability to localize faces in natural
images within 100ms (Crouzet et al., 2010) challenge the prevalent hierarchical description of the
visual system, and instead suggest the hypothesis of face-selectivity in early visual areas. In the
present study, we tested this hypothesis with human participants in two eye tracking experiments,
an fMRI experiment and an EEG experiment. We found converging evidence for neural
representations selective for upright faces in V1/V2, with latencies starting around 40 ms post-
stimulus onset. Our findings suggest a revision of the standard “simple-to-complex” model of

hierarchical visual processing.
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Significance statement

Visual processing in the brain is classically described as a series of stages with increasingly
complex object representations: early visual areas encode simple visual features (such as oriented
bars), and high-level visual areas encode representations for complex objects (such as faces). In
the present study, we provide behavioral, fMRI, and EEG evidence for representations of complex
objects — namely faces — in early visual areas. Our results challenge the standard “simple-to-
complex” model of visual processing, suggesting that it needs to be revised to include neural
representations for faces at the lowest levels of the visual hierarchy. Such early object
representations would permit the rapid and precise localization of complex objects, as has

previously been reported for the object class of faces.
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Introduction

According to the standard model of visual processing (Hubel & Wiesel, 1962 ; Maunsell &
Newsome, 1987 ; Riesenhuber & Poggio, 2002), simple physical features (e.g., luminance and
edges) are encoded first, in low-level visual areas such as V1, while more complex shape features
are encoded later in intermediate visual areas such as V4. Complex object categories (e.g., faces
and objects) are thought to be encoded in high-level visual areas such as the Fusiform Face Area

(FFA).

Humans are able to report the presence of specific objects (e.g. an animal or a vehicle) in natural
cluttered scenes as early as 250 ms post-stimulus onset ((Fabre-Thorpe et al., 2003; Poncet et al.,
2012; Thorpe et al., 1996; VanRullen and Thorpe, 2001). Those latencies are short, but compatible
with a progression of the neural activity from low-level to high-level visual areas, then followed
by the formation of a decision-variable in the frontal cortex (Freedman et al., 2003; Riesenhuber
& Poggio, 2000). However, the recent use of saccadic response paradigms, rather than manual
response paradigms, has revealed that object detection can be achieved substantially faster than
previously thought. Faces, for instance, can be saccaded to within 100 ms following stimulus onset
(Crouzet et al., 2010). Since conduction delays to generate an oculomotor response take around
20-35 ms (Heeman et al., 2017), this suggests that the visual detection has already been made by
65-80 ms following stimulus onset. Such latencies pose a challenge for the standard hierarchical
view of the visual system. A second remarkable feature of these ultra-rapid saccades is their
localization accuracy: subjects are able to trigger saccades accurately toward very small faces of
1° visual angle pasted at an eccentricity of 7° in a complex cluttered scene, after only 120 ms

(Brilhault et al., 2011). V1/V2 neurons are a possible candidate since their receptive fields subtend
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86  1°in humans at 7° eccentricity (Dumoulin & Wandell, 2008), with the earliest responses starting
87 45 ms post-stimulus onset (Foxe et al., 2008). By contrast, V4 receptive fields may be too large
88  since they subtend 4°-6° at 6° eccentricity in humans (Motter 2009).
89  The precision of those saccades in cluttered environments and the fact that they start as early as
90  “express saccades” — the fastest known saccades in humans, that are directed toward luminous dots
91  (Fischer et al., 1984) — suggest that early visual areas, which are characterized by small receptive
92  fields and short activation latencies, might contain representations of complex object categories
93  such as faces.
94  In the present study, we tested the hypothesis of face-selective representation in early visual areas
95  using a multi-pronged approach. Specifically, to probe the temporal characteristics of putative
96 carly face-specific responses, we conducted two eye-tracking experiments and an EEG
97  experiment. To probe the spatial characteristics of putative early face-specific responses, we
98  conducted a functional Magnetic Resonance Imaging (fMRI) experiment. In order to link the
99  results across experiments, stimuli were similar across experimental techniques. They consisted in
100 small faces of 2° size, to match the size of V1/V2 receptive fields. We here report converging
101  evidence that faces elicit specific responses in V1/V2 as early as 40 ms post-stimulus onset. This
102  finding suggests a more nuanced picture of visual hierarchical processing than the traditional
103 “simple-to-complex” model, namely one in which early areas contains neuronal representations
104  selective for complex objects.

105
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106 Material and Methods

107  Across all studies, all subjects were naive as to the purpose of the study, gave their written
108 informed consent before participating, and were paid for their participation. The Institutional

109  Review Board of Georgetown University approved the study.

110  Experiment 1: Specificity of ultra-rapid face detection

111 Experimental Design

112 Participants. Eight (6 women, 22.3 + 1.9 years old across all subjects) healthy, right-handed
113 human subjects with normal or corrected-to-normal vision took part in the experiment.

114

115 Stimuli. The stimuli used in the experiment were natural scenes (n=135, resolution 15° x 20° of
116  visual angle, from an online database) in which items (faces and distractors) were pasted. To avoid
117  that pasted items pop-out, the contrast histogram of the pasted item was stretched so that that the
118  bottom 1% and top 1% from the pixels of this item match the bottom 1% and top 1% from the
119  pixel values of the patch of natural scene replaced. All the images were grayscale.

120  Items were pasted at one of four locations at 7° visual eccentricity from the center of the screen:
121 25 or 45° above and below the horizontal meridian, on the left and right side of the screen. This
122 asymmetrical spatial configuration aimed at activating the primary visual cortex at symmetrical
123 sites on the lower and upper banks of the calcarine fissure (Di Russo et al., 2005) granted that the
124 horizontal meridian is represented in the lower bank of the calcarine fissure (Aine et al., 1996). To
125  approximately match the size of the receptive fields in V1/V2 at 7° eccentricity (Dumoulin &
126 ~ Wandell, 2008), all faces and distractors were resized to span 2° of visual angle (along the height

127  dimension). 7° eccentricity was chosen to be in the range of the eccentricity used in (Brilhault et
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128 al, 2011), in which fast saccades toward faces were observed. 15 emotionally neutral faces of
129  males generated with the FaceGen 3.1 software development kit (Singular Inversions, Toronto,
130  Canada) were used. Elements external to the faces (necks and shoulders) were manually removed.
131  From those faces, new face images (inverted, configuration-scrambled and phase-scrambled faces)

132 were created using the Gimp image manipulation program (https://www.gimp.org/) and MATLAB

133 (The Mathworks, MA): “configuration-scrambled” faces in which the internal features (the eyes,
134 the nose and mouth) were positioned at random places, inverted faces, and phase-scrambled face
135 (Xuetal., 2005). 15 images of houses (online database) were also used as distractors (Figure 1A).
136  In this experiment, the “configuration-scrambled” faces, the inverted faces, the phase-scrambled
137  faces and the houses are called "distractors".

138

139 Procedure. Stimuli were presented on a computer screen at a viewing distance of 60 cm (refresh
140  rate 60Hz, resolution 1024*768, 24*18° visual angle). Eye movements were recorded using a
141  camera-based eye tracker (SR research, Eyelink 1000 Plus) with a temporal resolution of 2000 Hz.
142 A chin and headrest helped the subjects to stabilize their head. Each trial started with a white
143 fixation cross. Subjects had to keep their eyes on the cross (within a box of radius 1° of visual
144  angle) for 150 ms for the natural scene to be displayed. A 200-ms gray screen was displayed
145  between the end of the fixation and the start of the natural image. This gap enables a faster initiation
146  of saccades (Fischer & Weber, 1993, Kirchner & Thorpe, 2006, Crouzet et al., 2010). Subjects
147  were instructed to saccade as quickly as possible toward the face pasted in the natural scene. The
148  natural scene was displayed until the subject’s eyes gazed at the face for 150 consecutive ms in a
149  square zone centered on the face and of 2° width. Next fixation started after a pseudo-random

150  interval (1000-1200 ms). Subjects performed 15 blocks of 72 trials each. Within a block, there
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151  were 48 trials with a face and a distractor (12 possible spatial configurations, one per distractor
152  category), 12 trials with a face only (4 positions, each repeated 3 times), and 12 trials with two
153  faces presented simultaneously (6 possible spatial configurations, each repeated twice). To assess
154  the effect of the different distractor categories independently of face identity, the identity of the
155  face and of the distractor (inverted, scramble or configuration-scrambled) were always the same
156  within an image. Each of the 15 backgrounds and each of the 15 face identities were displayed 72
157  times (pseudo-random association of a face with a background).

158  Subjects were informed that, in any trial, the faces would appear at 1 out of 4 possible locations
159  (left up, left bottom, right up, right bottom) (Figure 1A). They were informed that the images
160  would contain distractors, some of them sharing similarities with faces, but that only the “normal
161  faces” were relevant for the task.

162

163  Statistical Analyses

164  The position of the left eye from each participant was recorded during the whole experiment,

165  every half ms. Only the first saccade within each trial was kept in the analysis. For each

166  distractor condition, we computed the percentage of saccades landing in the quadrant with a face,
167  in the quadrant with a distractor, and in empty quadrants. This measure was averaged across

168  subjects. We also computed saccadic reaction times, measured as the duration elapsed between
169  the display of the stimulus and the initiation of the saccade, as recorded by the eye tracker. This
170  measure was averaged across subjects too. We computed the minimum saccadic reaction times
171 (SRT), which is a statistical estimate of the latency at which correct saccades start to be more
172 numerous than saccades toward the distractor’s quadrant (Crouzet et al., 2010). For each subject,

173 we computed the cumulative count of number of saccades whose SRT was inferior to a cutoff
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174 value, step size 1 ms. We then searched for at least 20 consecutive bins with significantly more
175  correct than erroneous responses using a chi-square test with a criterion of p < 0.05. The first of

176  those bins was considered to correspond to the minimum SRT.

177 Experiment 2: Timing and spatial accuracy of ultra-rapid face detection

178  Experimental design

179  Participants. Sixteen (14 women, 23.6 + 4.1 years old across all subjects) healthy, right-handed

180  human subjects with normal or corrected-to-normal vision took part in the experiment.

181  Stimuli. Stimuli consisted of annuli (radius: 7° of visual angle, width: 2.5 © of visual angle) cut out
182  from the same database of natural scenes as used in Experiment 1. In each trial, a face (height: 2°
183  of visual angle) was pasted at a random polar angle, always at 7° eccentricity from the center of
184  the screen (Figure 2A). 48 grayscale scenes with a high degree of clutter were selected after visual
185 inspection to make sure that, after the procedure of luminance equalization described above, the
186  pasted faces were still clearly visible at any position within at least 2 out of 4 quadrants in the
187  annulus. 36 grayscale photographs of adult faces of various ethnicities were used (online database)
188  to maximize the ecological value of our results. The neck and shoulders were manually removed
189  from those images as in Experiment 1. Eye movements were recorded using the same setup as in
190  Experiment 1.

191

192 Procedure. The experimental setup was identical to that of Experiment 1 except that the distance
193  between the subjects’ eyes and the screen was 93 cm (60 cm for the two first subjects, but stimulus
194  size in degrees of visual angle was identical). 36 faces were displayed, and subjects were instructed
195  to saccade as quickly as possible to the faces. Similarly to Experiment 1, once the participant’s

196  gaze was within the face for 150 consecutive ms, the next trial started after a pseudo-random

10
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197  interval (between 1000 and 1200 ms). Each face was displayed once within each quadrant (36 * 4
198 = 144 trials).
199

200  Statistical Analyses

201  To assess the properties of the earliest saccades that can be selectively oriented toward faces, only
202  the first saccade of each trial was kept for analysis. We computed the minimum saccadic reaction
203  times (SRT) with the same method as described in Experiment 1.

204

205 Experiment 3: EEG

206  Experimental Design
207  Participants. 21 healthy (9 women, 24 + 4.2 years old across old subjects), right-handed human

208  subjects with normal or corrected-to-normal vision took part in the experiment. 2 subjects out of
209 21 were removed from the group analysis (one since the image was removed in 30.6 % of the trials
210  due to eye movements, the other due to the small amplitude of his N170 upright-face evoked
211 component, at more than 3 std from the mean (average amplitude of the peak, left-presentation
212 group, left-hemisphere: -4.3 +1 pV, individual value for this participant: -0.49 uV; on the right

213 hemisphere: -4.7 £ 1 pV, individual value: -1.7 pV).

214 Stimuli. 100 different grayscale pictures of faces (the same as in the Experiment 2, plus 64 from
215 the same database, from which the neck and shoulders were removed) were used in this
216  experiment.

217

218  Procedure. The eyetracking setup was identical to that of Experiment 1. In 10 out of the 19 subjects

219  included in the group analysis, eye movements were tracked with the Eyelink SR 1000 (for the

11
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220  other subjects, eye movements could not be recorded because of difficulties with calibrating the
221  eye tracker due to glasses and/or contact reflection). Scalp voltages were measured using an
222 Electrical Geodesics (EGI, Eugene, OR) 128-channel Hydrocel geodesic sensor net and Net Amps
223 300 amplifier. Incoming data were digitally low-pass filtered at 200 Hz and sampled at 500 Hz
224 using common mode rejection with vertex reference. Impedances were set below 75 kQ before
225  recording began and maintained below this threshold throughout the recording session with regular
226  impedance checks between blocks.

227

228  Half of the subjects (n = 9) were presented with faces in the left visual field, among which 5 had
229  their eye movements recorded. The other half was presented with faces in the right visual field (n
230 = 10), among which 5 had their eye movements recorded. Grayscale pictures of faces were
231  displayed on a gray background on the horizontal meridian. We chose a gray background rather
232 than a natural one to avoid a reduction of the amplitude of face-related signals (Cauchoix et al.,
233 2014). To engage attention to the faces, as in Rossion & Caharel, 2011, we engaged subjects in a
234 face categorization task (upright vs. inverted). The faces were either displayed at 1° eccentricity
235  (height: 0.93° visual angle) or at 7° eccentricity (height: 2° visual angle), with eccentricity chosen
236  randomly for each trial (50 faces at 1° eccentricity, 50 faces at 7° eccentricity). The faces size was
237  determined using the cortical magnification factor in V1 whose value was computed from the
238  formula in (Rousselet et al., 2005) so that, at the two presentation eccentricities, the faces stimulate
239  similar portions of V1. Each trial began with a fixation point displayed for 300—600 ms followed
240 by the brief display of a face, either upright or inverted, for 150 ms. 150ms was chosen as it is
241  longer than our time window of interest (~50—100 ms) to avoid contamination of possible face-

242 selective signals by stimulus-offset transient responses caused by the stimulus disappearance

12
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243 (Macknik & Livingstone, 1998). Accurate stimulus timing was verified with a photodiode. The
244  subjects then reported whether the face was upright or inverted by pressing the ‘1’ or ‘3’ key,
245  respectively, with their right index and ring fingers (timeout: 2 seconds). After 600 ms, a new trial
246  began. Subjects were asked to keep their eyes on the fixation point during the overall duration of
247  atrial. Subjects were instructed to withhold eye blinks until the end of a trial and could pause the
248  experiment between trials to blink and/or rest. For subjects whose eye movements were recorded,
249  the face appeared only after 150 consecutive ms with the eyes on the fixation spot, thus extending
250  the duration of the fixation in certain trials. For those subjects, the face was removed and the trial
251  aborted if the subject was moving his/her eyes outside of the fixation point during the face
252  presentation. The configuration (upright or inverted), the eccentricity and the identity of faces were
253  pseudo-randomized and counterbalanced across the experiment. Subjects performed 10 blocks of

254 100 trials each.

255  Statistical Analyses
256  Data Analysis. Data pre-processing and statistical analyses were performed using EEGLAB

257  (Delorme & Makeig, 2004), FieldTrip (Oostenveld et al., 2011) and MATLAB (The Mathworks,
258  MA). Noisy channels were interpolated. Data were band-pass filtered between 0.1 and 30 Hz with
259  acausal filter. A causal filter was used in order to avoid shifts in the latency of the ERPs (Rousselet,
260  2012). The filtered signal was then epoched from 150 ms before stimulus to 250 ms after the
261  stimulus, baseline corrected in the [-150, 0] ms time window, and trials in which one of the facial
262  channels was exhibiting a variation of more than 75 pV in the [-150, +200] ms time window were
263  removed. Only trials in which the response was correct were kept. Event-related potentials (ERPs)
264  were averaged separately for each subject and for each face orientation (upright, inverted). ERP

265 subject averages were then grand-averaged separately across the subjects with left-face

13
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266  presentation, and across the subjects with right-face presentation. Significant differences between
267  the ERP amplitude in the upright versus inverted conditions were detected (separately within the
268  left-presentation group and the right-presentation groups) using paired t-tests (one-tailed, threshold
269  at 0.05, to test the hypothesis that upright faces elicit a signal of larger amplitude than inverted
270  faces) in a clustering procedure (Oostenveld et al., 2011), with a minimum cluster size threshold
271  of 5 (Scholl et al., 2014). This clustering analysis was performed on all the trials, combining both
272 eccentricity conditions to increase the signal-to-noise ratio. We ran the analysis on the [0-150ms
273  time window], i.e., during the stimulus presentation. Signals were selected over the most posterior

274  channels (n = 51), that broadly overlaid posterior visual areas.

275 Experiment 4: fMRI

276  Participants. 16 healthy, right-handed human subjects (5 women, 20.54 £ 1.1 years old) with
277  normal or corrected-to-normal vision took part in the experiment. Three subjects were excluded
278  from the group analysis: one was singing in the scanner and unable able to focus, the other

279  turned out to be under medication (Truvada), the third one had an excessive amount of head

280  motion (> 8mm).

281 Experimental design

282 Procedure. In the main experiment, stimuli consisted of natural grayscale scenes (the same as in
283  the experiments 1 and 2, 50 different scenes) on which 4 items were pasted (height 2°, at 7°
284  eccentricity, at 25 and 45° above and below the horizontal meridian), to match the location and
285  size of the items in Experiment 1. The items were pasted on gray circles of 4.5° diameter to reduce
286  the effect of variations in the scene content on the BOLD response. Within an image, the four

287  items consisted of an upright item (U), the inverted version of U (I), the scrambled version of U

14
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288  (UYS), the inverted version of US (IS). U was either a face (50 different photograph of faces, chosen
289  from the same set as in Experiments 2 and 3), or a house (25 different photographs of houses, from
290  an online database) (Figure 4A). The arrangement of the items U, I, IS, US on the four gray circles
291  (top left, top right, bottom left, bottom right) was varied across trials, thereby defining four
292  configurations. The scrambling procedure to create the scrambled items was the one introduced by
293  Stojanoski & Cusack, 2014, which keeps low-level properties of the items: a degree of warping of
294 35 was used in order to make the face category unrecognizable. Each participant viewed a total of
295  four blocks (125 trials per block, 25 faces * 4 spatial configurations, plus 25 houses). The sets of
296  faces and houses were repeated twice during the experiment, between two blocks, randomized
297  between subjects. Within one block, the 25 house trials had the same spatial configuration, with a
298  different spatial configuration between each block.

299

300 Main experiment. The purpose of the experimental design in this experiment was to mask the
301  faces and made them invisible to the participants. Each trial (Figure 4B) started with a white
302  fixation cross on a gray background that was displayed for 1000 ms and was followed by a stream
303  of 12 characters pseudo-randomly chosen from a set containing the letters of the alphabet, the
304  numbers 1-9, and 10 punctuation marks ({!, @, #, $, %, ", &,*, (, )}), and presented in a rapid
305 sequence (5 frames each, 60Hz refresh rate) (adapted from (Beck & Kastner, 2005)). In each trial,
306  anatural scence (with face items or house items, as described above) was embedded in the stream
307  and stayed on the screen for 4 frames. In 70% of the trials, there was an ‘L’ in the stream. Subjects
308  were instructed to press a button as soon as they saw the letter ‘L’. The rapid serial visual
309  presentation aimed at keeping the attention maximally engaged on the center of the screen. The

310  letter ‘L’ was always displayed after the natural scene so that subjects were fully focused on the
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311  letter stream at the moment of appearance of the natural scene. The precise timing of the
312 presentation of the stimuli of interest (the natural scene with four faces/four houses) was chosen
313 randomly, it occurred between the 4th to 8th character and could thus not be predicted. Subjects
314  were instructed to keep their gaze and attention on the stream of characters in the middle of the
315  screen. They were told that the natural scenes displayed were irrelevant to the task.

316

317  MRI acquisition parameters. Data were acquired with a 3T MRI scanner (Magnetom Trio,
318  Siemens) at Georgetown University’s Center for Functional and Molecular Imaging. A 12-channel
319  head coil was used, TR = 2040 ms, TE= 29ms, flip angle = 90°, 35 interleaved axial (thickness =
320 4.0 mm, no gap; in-plane resolution = 3.2 x 3.2 mm?). At the end, 3D T1-weighted MPRAGE
321  images (resolution 1 x 1 x 1 mm’) were acquired from each participant. Visual stimuli were back-
322 projected from a computer screen (resolution: 768*1024) on a mirror within the scanner (distance
323  mirror-eyes: 89 cm). Data from four runs of event-related scans, one run of face localizer scan,
324  and two runs of retinotopic localizer scans were acquired from each participant.

325

326 VI retinotopic localizer scans. The V1 localizer scans aimed at identifying the portions of V1 (4)
327 activated by presentation of the faces and houses, in order to focus our analyses on those regions.
328  High-contrast achromatic flickering (contrast-reversing at 20Hz) checkerboard patterns were
329  displayed on a gray background (diameter, 3°) successively at the 4 positions occupied by the
330  pasted items (top: left and right; bottom: left and right, at 7° eccentricity). The checkerboards were
331 displayed for 16 consecutive secs at each position and each position was repeated twice. During
332 the presentation of the checkerboards, in the middle of the screen, the letters ‘T’ and ‘L’ were

333  displayed in alternation, in a randomized order (50 ms of presentation per letter, frequency of
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334 occurrence of the letter L: 70%). Similar to the main experiment, subjects were instructed to press
335 a button every time they were seeing the letter ‘L’. The first retinotopic localizer scan was run
336  right before the main experiment, the other scan was run right after the main experiment.

337

338  Face localizer scan. After the second retinotopic localizer scan, a face localizer scan was run to
339  identify the Fusiform Face Area (FFA) in each subject. We used stimuli and a similar design as
340  described in (Kanwisher et al., 1997): 50 different grayscale images of faces and houses, distinct
341  from the ones in the main experiment, were displayed in the center of the screen in blocks on a
342 uniform background. Each block, either with faces or with houses, was run twice. The face and
343  house images were purchased from a commercial source and post-processed using programs
344 written in MATLAB (The Mathworks, MA) to eliminate background and to adjust image size (to
345 200 * 200 pixels), luminance and contrast. 10 subjects were instructed to passively view the

346  stimuli, 3 others were engaged in a 1-back task to increase attentional engagement.

347  Statistical Analyses
348  Behavioral Data Analysis. We computed the signal detection theoretic (SDT) measures d’ and ¢

349  (MacMillan & Creelman, 2005) in the target letter detection task. The variable d’ is a measure of
350  a participant stimulus discrimination sensitivity (here, between the letter ‘L’ and other symbols),
351  while c is a measure of a participant bias to report the letter ‘L’. These measures were calculated
352 on the basis of the rate of hits (letter ‘L’ reported in trials in which the letter ‘L’ was present) and
353  false alarms (letter ‘L’ reported in trials in which the letter ‘L’ was absent).

354

355  MRI Data Analysis. All processing and most statistical analyses were done using the SPMS

356  software package (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). The first five volumes of
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357  each scan were discarded to allow for scanner equilibration. The functional scans and the localizer
358 scans were preprocessed separately. The echoplanar images (EPIs) were reoriented, then
359  temporally corrected to the middle slice, spatially realigned, and normalized to the Montreal
360  Neurological Institute (MNI) template brain. Images were then smoothed with a full-width at half-
361  maximum of 6 mm Gaussian kernel. After removing low-frequency temporal noise with a high-
362  pass filter (1/128 Hz), fMRI responses were modeled with a design matrix comprising the onset
363  of trial types and movement parameters as regressors using a standard hemodynamic response
364  function.

365

366  Identification of V1 Regions of interest (ROIs). V1 regions of interest were identified from the
367  two retinotopic localizer scans, separately for each participant, via the MarsBar toolbox (Brett et
368 al., 2002). Participant-specific ROIs were identified with the contrast of one checkerboard position
369  versus the three other checkerboard positions and this was performed for each of the 4 positions.
370  Each contrast resulted in a focus located in the contralateral hemisphere, below the calcarine sulcus
371  (CS) for checkerboards presented in the upper visual field, and above the CS for checkerboards
372  presented in the lower visual field. We could infer from (Dougherty et al., 2003) that each
373 checkboard (diameter: 3°, at 7° eccentricity) should activate around 75 mm® of cortical surface in
374 VI, i.e. approximately 10 voxels of 8 mm’. Based on this estimation, to define V1 ROIL we
375 adjusted the statistical threshold to obtain, in each participant, clusters of approximately 10-15
376  voxels (significant at the corrected cluster level of at least p < 0.05, else, at the uncorrected cluster
377  level of at least p < 0.001) (Glezer et al., 2015, Jiang et al., 2006). We thus aimed at identifying
378 V1 ROlIs, through the use of checkerboard stimuli which are known to strongly activate V1 (Engel

379  etal., 1997), and by restricting the ROIs to 15 voxels. However, for reasons of parsimony, because
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380 the activity in V1 propagates to V2, we interpret our data as being in V1/V2, in other words in the
381  early visual cortex.

382

383  Identification of face-selective ROIs. Face-selective ROIs were identified from the localizer scan
384  separately for each participant, via the MarsBar toolbox (Brett et al., 2002). Epochs with face and
385  house stimuli were modeled with two box-car functions convolved with a canonical hemodynamic
386  response function (HRF). Participant-specific ROIs were defined by voxels that displayed face >
387  house responses. We focused our analysis on the right FFA (Kanwisher et al., 1997, Jiang et al.,
388  2006). ROIs were selected by identifying in each participant the cluster in the right temporal cortex
389  that was significant at the cluster level (corrected cluster level, at least p < 0.05 else, uncorrected
390 cluster level, at least p < 0.001). With such thresholds, only subjects for whom a cluster of at least
391 30 voxels was found, in a location close to the published location of the right FFA, approximate
392  MNI coordinates (39 = 3 -40 £ 7 -16 + 5) (Grill-Spector et al., 2002) were included in the FFA
393 analysis (n = 8 out of 13). In 3 out of the 5 subjects for which no right FFA-cluster could be found
394  with the contrast face > house, we could obtain, through the contrast face > baseline, a right FFA-
395  cluster in a location close to the published location of the right FFA according to Grill-Spector et
396  al., 2002. Analyses were run within the homogenous set of 8 subjects whose FFA was defined via
397 the contrast face > house, and, to increase the statistical power, analyses were also run with the 3
398  additional subjects with the cluster found via the contrast face > baseline.

399
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400 Results

401  Experiment 1: Fast saccades toward faces have limited selectivity

402  We asked subjects to saccade, as fast as they could, toward faces in natural scenes containing a
403  face as well as a distractor sharing, to different degrees, physical properties with faces.

404  The comparison of the percentage of saccades oriented toward the face versus the distractor
405 revealed that, when the distractor was a configuration-scrambled face (i.e., a face whose internal
406  parts had been scrambled randomly, see Figure 1 A), subjects made as many saccades toward the
407  configuration-scrambled face as toward the target face (Figure 1B), despite the instruction to
408  saccade toward the normal face (% saccades in the quadrant with the normal face: 40.31% +
409  1.72%, with a configuration-scrambled face: 42.93% =+ 2%, paired t test: T(;y=-1.18, p=0.27). In
410 trials with an inverted face, a phase-scrambled face or a house, subjects made more saccades
411  toward the face than toward the distractor (inverted face distractors: % saccades in the quadrant
412 with the face: 49.28% + 2.1%, with an inverted face: 34.63% + 1.67%, T(7= 6.6, p =3 * 10"-4;
413  house distractors: % saccades in the quadrant with the face: 68.35% + 3.35%, house distractors:
414 14.9% £ 0.7%, T(7y= 13.89, p = 2 * 10"-6; phase-scrambled distractors: with the face: 65.92% +
415  3.53%, with a phase-scrambled face: 16.06% =+ 1%, T(;= 11.9, p = 6 * 10"-6). The min SRT, a
416  statistical estimate of the latency at which the first saccades to the (target) face start to be more
417  numerous than toward the distractor (Material and Methods), were, on average, 140 +22 ms, 149
418 +7ms, 136+ 11 ms, 138 + 15 ms (in the configuration-scrambled, inverted face, phase-scrambled,
419  house distractor conditions, resp.). Note that minimum SRTs in this experiment were longer than
420 in Crouzetetal., 2010, presumably since subjects expected the distractors to be similar to the target

421  and therefore potentially adopted a more cautious strategy.
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422

423 Since saccades to faces have been found to be more accurate and faster when the faces were
424  displayed in the left visual field rather than in the right visual field (Crouzet et al., 2010), we
425  conducted a separate analysis of the saccades when the face and the distractor were both in the left
426  hemifield versus both in the right hemifield. In trials with an inverted face distractor, a higher
427  number of saccades toward the face relative to the distractor was observed for left-hemifield
428  presentation of the face and distractor (% saccades within the quadrant with the face: 51% =+ 1%,
429  with an inverted face: 38.6% + 1%, Ty = 5.24, p = 0.001). In contrast, for right-hemifield
430  presentation of the face and distractor, subjects made saccades as often toward the inverted face as
431  toward the upright target face (% saccades within the quadrant with the face: 41%, with an inverted
432 face: 36%, paired t test: T(7y= 0.84, p = 0.42) (Figure 1C), suggesting lower face selectivity for
433 right-hemifield presentations. For the other categories, we did not expect such an asymmetry
434  because configuration-scrambled faces act as perfect distractors while houses and phase-scrambled
435  faces do not act as effective distractors.

436

437  Insummary, Experiment 1 provided evidence that fast face detection has limited shape selectivity,
438  with configuration-scrambled faces frequently being mistaken for targets. This finding is
439  compatible with the notion of fast face detection being based on detectors that encode only face
440  parts, not holistic faces. Supporting this hypothesis, inverted faces, whose parts are affected
441  somewhat by inversion, were not as effective distractors as the configuration-scrambled faces.
442  Another interesting finding from Experiment 1 was a hemispheric asymmetry of fast face

443  detection, with an advantage for face detection in the left visual hemifield. We next conducted
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444  another experiment to more finely assess the spatial precision as well as lateralization effects of

445  the earliest saccades oriented toward faces.

446  Experiment 2: Faces are saccaded to faster and more precisely when they are in the

447  left hemifield

448  In Experiment 2, subjects were asked to detect faces in “annulized” natural images consisting of a
449  natural scene windowed by an annulus, which contained a face image (2° of visual angle high).
450  The saccades started as early as 100-120 ms post stimulus onset (Figure 2C). Figure 2B shows that
451  saccades were aggregated in an area centered on the faces and extending up to about 15-20 polar
452  degrees on both sides. We therefore labeled as “correct” the saccades that landed in an area
453  centered on the faces and extended up to 15 degrees both sides and computed the minSRT
454  (Material and Methods). The correct saccades represented 59.6 £ 4% of the total number of
455  saccades and landed at 1.07° + 0.05° visual angle from the center of the face, with an average
456  latency of 182.3 ms (average of the moment of onset of the first saccades). The minimum SRT
457  (Material and Methods) was shorter for left presentations than for right presentations (minimal
458  SRT, on average, left-presentation: 160 + 4 ms, right presentation: 177 & 4 ms, paired t-test, T(is)
459  =-3.2,p=0.008) (Figure 2C). Furthermore, saccades landed closer to the face in left-presentation
460 trials relatively to right-presentation trials (left presentation: 3.54 °+0.28 °, right presentation: 4.06
461  °+0.25° paired t-test: Tis) =-2.8, p=0.013).

462

463
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464 Experiment 3: EEG data reveal face-specific responses 40 to 110 ms post-stimulus

465 onset for left-hemifield presentations

466 To probe the neural bases of fast face localization, we conducted a high-density
467  electroencephalography (EEG) study and assessed the earliest latency of face-selective neural
468  signals. We presented faces in the periphery while asking subjects to look at a central fixation spot
469  and perform an upright/inverted face classification task on peripherally presented faces. They were
470  presented on one side of the screen only, with presentation side alternating between subjects. Akin
471  to previous studies of higher-level face processing (Kanwisher et al., 1998 ; Rossion et al., 2000),
472  and motivated by the observation of an advantage for upright vs. inverted faces in fast face
473  detection (Experiment 1), we adopted a stringent test to establish face selectivity of neural
474  responses, requiring significantly different neural responses to upright vs. inverted faces. This
475  contrast avoids confounds arising from low-level stimulus differences between faces and
476  comparison objects (e.g., when comparing responses to faces versus houses, which can be
477  differentiated by other low-level features such as different luminance distributions). To engage
478  attention to the faces, as in (Rossion & Caharel, 2011), we engaged subjects in a face categorization
479  task (upright vs. inverted).

480  Reaction times in the upright/inverted face categorization tasks were computed on the trials kept
481  for the EEG analysis, i.e., on the correct trials. Across the 10 subjects whose eye movements were
482  recorded, 11.7 £ 2.8 % of the trials on average were aborted due to eye movements. Subjects were
483  faster responding to upright faces than inverted faces (paired t-test, mean average reaction time for
484  correct trials, left-presentation group, upright faces: 538 + 28.3 ms, inverted faces: 586 + 35 ms,
485 T =-3.6, p=0.0069; right-presentation group, upright faces: 603 + 48 ms, inverted faces: 651 +

486  48.5 ms, T(y) =-4.4, p=0.0016 ; note that these reaction times were substantially longer than the

23


https://doi.org/10.1101/2020.03.14.987735
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.14.987735; this version posted March 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

487  0-100ms time window of interest). Reaction times were not significantly different between the
488  left- and right-presentation groups (unpaired t-test: T(15) =-1.05, p = 0.3). Accuracy was very high,
489  and similar between the groups (unpaired t-test, mean accuracy, left-presentation group: 93.3 +
490 1%, right-presentation group: 91.3 + 2.5%, Tsy= 0.72, p = 0.47). The average number of trials
491  kept for the EEG analysis was similar in the left- and in the right-presentation groups (unpaired t-
492 test, left-presentation group: 705 + 43 trials, right-presentation group: 625 + 27 trials, T(ig)= 1.6,
493  p>0.1).

494

495 A clustering analysis was done using Fieldtrip (Oostenveld et al., 2011) between 0-150 ms
496 relatively to stimulus onset over the most posterior channels, which capture (early) visual-evoked
497  responses and notably V1 activity (Foxe & Simpson, 2002). In the left-presentation group, a
498  significant cluster (p = 0.035) differentiating the signal in the upright and inverted conditions
499  between 40 and 110 ms was found (Figure 3A). The cluster was lateralized in the right hemisphere
500 (Figure 3B). In the right-presentation group, the cluster started later, extending from 98 to 140 ms
501  (p=0.04) (Figure 3C). The cluster was initially lateralized in the left hemisphere (Figure 3D). A
502  control analysis was run to verify that the early clusters with a significantly higher signal amplitude
503  for upright vs. inverted faces were not driven by subjects without eye recordings, who could have
504  moved their eyes despite the instruction not to do so. Specifically, we computed the mean signal
505  amplitude for each condition (upright and inverted configurations) within the subjects whose eye
506 movements were recorded. We predicted that for participants whose eye movements were
507  recorded and who maintained fixation throughout each trial (Material and Methods), thus with no
508  possible contamination of the ERP by eye movements, we should observe a significant difference

509  between the upright vs. inverted conditions in the ERP. In this analysis, we combined the
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510  participants with left-hemifield and right-hemifield presentation in order to increase statistical
511  power. This analysis revealed that the differences were indeed observed within those subjects
512 (group of subjects with eye movements recorded, within the appropriate cluster according to the
513  presentation side, upright condition: 1.16 + 0.36, inverted condition: 0.87 +0.32, T(19)=3.9,p =
514 0.0029). This confirms that the early face selectivity could not be explained by differential
515  movements toward upright versus inverted faces.

516

517 Experiment 4: fMRI data provide evidence for face-specific responses in V1/V2

518  To identify the sources of the early face-selective neural signal, we conducted an fMRI study.
519  Subjects were engaged in a central letter detection task during a rapid serial visual presentation
520  (RSVP) of symbols and letters, while small faces and houses (2°) were displayed in the periphery
521  (7°). In the central letter detection task, subjects had, on average, a high d-prime that stayed stable
522 across blocks, thus suggesting that they stayed engaged over the whole duration of the experiment
523 (across the four blocks, mean, d’ = 3.3, mean criterion c: -0.8; repeated-measures ANOVA over
524  criterion ¢ with the single factor Block, F, 12)= 2.05 p = 0.12). Debriefing at the end of the

525  experiment revealed that none of the subjects noticed either faces or houses items.

526  Vl-response to the face stimuli from different categories

527  We used upright faces (U), inverted faces (I), scrambled upright (US) and scrambled inverted (IS)
528  faces in order to probe for face selectivity in V1. Similarly to the EEG Experiment (Experiment
529  3), we used inverted faces to assess face selectivity. We also used scrambled faces as a control.
530  The scrambling procedure (from Stojanoski & Cusack, 2014, described in the Methods section)

531  preserved the faces’ basic visual properties, to which the earliest stages of the visual processing
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532  are sensitive, while making faces unrecognizable as faces. We reasoned as follows: if there is some
533  selectivity to faces in V1, the BOLD signal in response to U faces should be higher than for the
534  other three categories. The contrast {US vs. IS} enabled us to check that a differential BOLD
535  signal between U versus I items does not arise from an inversion effect but is truly a response
536  specific to upright faces.

537

538  Retinotopic localizer scans with flickering checkerboards known to evoke strong responses in V1
539  (Engel et al., 1997) were used to define the regions of V1 activated during the functional runs by
540  our visual stimulation in periphery (4 items pasted at 7° eccentricity, see Figure 4A). The four
541  ROIs were in the lower and upper bank of the left and right calcarine sulcus, corresponding to the
542  upper and lower presentation of the checkerboards respectively (Material and Methods, mean
543  coordinates of the ROIs: activated by top left presentations: (12 + 1 -78 = 1 -5 £1), bottom left:
544 (12+£1.1-92+121+2),topright: (-10+1-81 + 1.3 -8 £ 1.2), bottom right: (-8 +1-97+1 16 +
545  2)). The ROI subtended approximately 15 voxels (mean size of the ROI: 13.9 £ 0.68, activated by
546  top left presentations: 13.07 £ 0.67, bottom left presentations: 12.08 + 0.53, top right presentations:
547  14.2 £ 0.94, bottom right presentations: 16.15 £ 2.5, repeated-measures ANOVA over the ROIs
548  size, factor ROI location: F(i,12)=0.13, p = 0.25).

549

550  We first considered the percent signal change collapsed across the four ROIs. Responses in V1/V2
551  to upright and inverted faces were similar, regardless of scrambling status: the unscrambled faces
552 (mean % signal change, U: 0.34 + 0.04, I: 0.33 £+ 0.04, paired t-test, T(12)= 1.6, p = 0.13), and the
553  scrambled faces (mean % signal change, US: 0.33 + 0.04, IS: 0.33 + 0.04, paired t-test, T(12) = -

554 0.0026, p = 0.99). A repeated-measures ANOVA on percent signal change showed that the
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555  amplitude of the percent signal change in the V1 ROIs was similar between the scrambled and the
556  unscrambled pairs (main effect, factor Orientation (upright/inverted): F, 12)= 0.028, p = 0.87,
557  factor Scrambling (scrambled/unscrambled): F(;, 12)= 0.69, p = 0.42, interaction Orientation x
558  Scrambling: F(i, 12=0.87 ,p=0.37).

559

560  Next, based on the lateralization effects found in behavior and EEG, we analyzed the BOLD
561  contrast responses by hemifield (mean size of the two ROIs from left presentations: 12.69 + 0.61,
562  of the two ROIs from right presentations: 15.19 + 1.9, paired t-test, T2y = -1.7, p = 0.1).
563  Interestingly, in the right hemisphere ROIs (activated by left hemifield presentations), the percent
564  signal change in response to upright faces was significantly higher than to inverted faces for
565  unscrambled faces (mean % signal change, U: 0.35 + 0.036, I: 0.34 £ 0.04, paired t-test, T(j2)=
566  3.19, p=0.0077 (Figure 4C), with 10 out of 13 subjects with a higher percent signal change for
567  the upright face trials) (Figure 4D, left). In contrast, for scrambled faces, responses to upright
568  versus inverted stimuli was similar (mean % signal change, US: 0.33 + 0.036, IS: 0.34 + 0.039,
569  paired t-test, T(12)=-0.8, p = 0.43, with 6 out of 13 subjects with a higher percent signal change
570  for the upright scrambled face trials (Figure 4D, right)). There also was no significant difference
571  between the response to I and IS (T(12)=0.63, p = 0.53), nor between the response to I and US, as
572 predicted (T(12) = 0.17, p = 0.86). By contrast, when the analysis was restricted to the left
573  hemisphere ROIs (activated by right hemifield presentations), no significant difference between
574  the percent signal change to upright versus inverted faces was found in V1/V2, neither for the
575  unscrambled faces (mean % signal change, U: 0.32 = 0.041, I: 0.32 £ 0.043, paired t-test, T(12)=
576  -0.75, p = 0.46), nor for the scrambled faces (mean % signal change, US: 0.33 + 0.045, IS: 0.32

577 £ 0.044, paired t-test, T(12) = 0.55, p = 0.58) (Figure 4E). We performed a repeated-measures
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578  ANOVA on percent signal change, with factors Orientation and Scrambling to check whether there
579  was a difference in the BOLD-signal for U vs. I faces that was specific to the unscrambled faces.
580  This ANOVA, when performed for left-hemifield presentation, confirmed that the response to
581  upright versus inverted faces was different between the scrambled and the unscrambled conditions
582  (main effect, factor Orientation (upright/inverted): Fq 12y = 0.6, p = 0.43, factor Scrambling
583  (scrambled/unscrambled): F(;, 12)= 0.97, p = 0.34, interaction Orientation x Scrambling: F 12)=
584 436, p = 0.05). By contrast, for right-hemifield presentation, the response to upright versus
585 inverted faces was similar between the scrambled and the unscrambled conditions (main effect,
586  factor Orientation (upright/inverted): Fu, 12y = 1.18, p = 0.29, factor Scrambling
587  (scrambled/unscrambled): F, 12)= 0.014 p = 0.9, interaction Orientation x Scrambling: F(;, 12)=
588 0.75, p =0.41). This difference between the left versus right presentation paralleled the findings
589  in behavior (Experiments 1 and 2) and EEG (Experiment 3).

590

591  To avoid saccades, we flashed the stimuli very briefly (67 ms), a time too short for eye movements
592  to the stimuli of interest since express saccades, the fastest oriented-saccades in humans, peak at
593 100 ms (Fischer & Ramsperger, 1984). Furthermore, the debriefing showed that subjects were
594  unaware of the presence of faces in the trials. It is therefore unlikely that the difference in the
595  percent signal change between trials with upright and inverted faces (left hemifield presentations,
596  unscrambled faces) reflected differential patterns in eye movements. Additionally, if eye
597  movements toward peripheral items drove this effect, we would expect that the higher the effect
598  size in the BOLD signal was, the worse the accuracy should have been in the central task. Yet, no
599  correlation was found between the effect size in the BOLD signal (computed as the contrast in

600  percent signal change to I vs. U, analysis restricted to left hemifield presentations) and behavior,
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601  both when considering the d’-measure (Pearson correlation, r = 0.34, p = 0.25), or when
602  considering the criterion (Pearson correlation, r = 0.32, p = 0.28).

603

604  The FFA is known to exhibit a larger BOLD signal in response to faces than to houses (Liu et al.,
605  2002). Therefore, we performed a control analysis in the FFA ROIs in order to check whether the
606  differential response in V1/V2 ROIs to upright vs. inverted faces presentations could be due to a
607  differential response to upright versus inverted faces in the FFA, that would feed back to early
608  visual areas. The right FFA could be identified in 8 participants through the contrast face > house
609  (mean coordinates: (43 + 1.41 -49 + 2.44 -20 + 2.07), mean size: 103.3 £ 22.81 voxels).
610 Interestingly, while, in the localizer scans, the FFA ROIs were identified via the higher BOLD-
611  signal for face presentations relatively to house presentations, in the functional scans that included
612  the flashed peripheral presentation of small faces and houses (Material and Methods for details),
613  no significant difference was observed in the percent signal change between face and house
614  presentation trials (mean percent signal change in face trials: 0.27 + 0.025, in house trials: 0.27 +
615  0.034, paired t-test, T(7y= 0.13, p = 0.89). There was no significant difference either between the
616  percent signal change in face trials split by the hemifield of presentation of the unscrambled faces,
617  to which the FFA is usually responsive (mean percent signal change, unscrambled faces on the
618  left: 0.26 + 0.027 on the right: 0.28 + 0.02, paired t-test, Ty = -0.84 p = 0.42). To test the
619  robustness of these null effects, we ran the same analysis while adding three more participants (n
620 =11 outof 13) for which an FFA-cluster could be identified when using the contrast face > baseline
621  (across the 11 participants, mean Talairach coordinates: (40.9 + 1.58 -52.7 £ 3.41 -19.45 £ 1.77),
622  mean size: 93.9 = 17.21 voxels). Adding those three participants did not change the results — no

623  significant difference was found in trials with faces versus houses (mean percent signal change, in

29


https://doi.org/10.1101/2020.03.14.987735
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.14.987735; this version posted March 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

624  face trials: 0.27 + 0.018, in house trials: 0.28 + 0.028, paired t-test, T(19) =-0.38, p =0.7), and no
625  difference between trials with faces on the left versus on the right hemifield (mean percent signal
626  change, unscrambled faces on the left: 0.27 + 0.02 on the right: 0.28 + 0.013, paired t-test, T(19) =
627  -0.68 p=0.5). Thus, in our experiment, the small, peripherally presented faces did not elicit face-
628  specific activation in the FFA.

629

630 Discussion

631  In the present study, motivated by the remarkably short latency and high localization accuracy of
632  fast saccades to faces, we investigated the hypothesis that the early visual cortex contains selective
633  neural representations for complex objects of high ecological importance, specifically faces.
634  Experiment 1 showed that, compatible with a location in lower visual areas, the specificity of fast
635 saccades to faces is moderate, with “configuration-scrambled” and inverted faces interfering
636  substantially with the localization of upright faces. Experiments 1 and 2 also revealed a key
637  signature of fast saccades to faces, namely an asymmetry between the two hemifields that is
638  characterized by a higher selectivity for upright vs. inverted faces for left hemifield presentations
639  (Experiment 1), spatially more accurate and faster saccades for this hemifield (Experiment 2).
640 Second, an EEG experiment (Experiment 3) revealed that event-related potentials (ERPs)
641  differentiated between upright and inverted faces in the left hemifield from 40 ms post-stimulus
642  onset, i.e., in the latency of the first estimated responses in V1 as measured on the scalp (Foxe et
643  al, 2008). For faces displayed in the right visual hemifield, the earliest significant difference in
644  the ERPs between upright and inverted faces started later, at 98 ms post-stimulus onset. This

645  asymmetry between the hemifields in the EEG results therefore matched the asymmetry found in
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646  the behavioral experiments. It is worth noting that the EEG difference in latency of the early face-
647  selective response between the left-presentation and right-presentation groups was larger than the
648  difference in minimum saccadic reaction times in Experiment 2. However, participants in that
649  experiment were not only slower for right hemifield presentations but also less accurate. This
650  speed-accuracy tradeoff suggests that behavioral latency differences did not fully compensate
651  neuronal latency differences in Experiment 2. Third, an fMRI experiment (Experiment 4) revealed
652  that in V1/V2, upright faces elicited a higher percent signal change in the BOLD signal than
653  inverted faces. Again, this face-specific response was found specifically for faces displayed in the
654  left visual hemifield, but not for faces displayed in the right visual hemifield. Thus, we found a
655  high degree of agreement between the behavioral, EEG, and fMRI results suggestive of face-
656  selective neuronal populations in early visual cortex.

657

658  Our results come in the wake of recent reports suggestive of face selectivity in early vision. EEG
659 classification results indicate that EEG potentials recorded over occipital locations can predict the
660 location of faces as early as 50ms post-stimulus onset (Martin et al., 2014). In an MEG study, the
661  authors reported, for left (but notably not right) presentations, larger responses to face-like vs.
662  house-like patterns in early visual areas with short latencies (Shigihara & Zeki, 2014), but the
663  comparison of responses across different channel groupings for different stimuli in that study left
664  open the specificity of the observed effect. A recent ECoG study (Matsuzaki et al., 2015) reported
665  response differences between upright and inverted faces within 40-90ms following stimulus onset
666  over early visual areas V1 and V2. However, most of the electrodes (80%) were placed in locations
667  corresponding to the upper visual field, therefore resulting in different physical stimulation in the

668  upright face trials versus the inverted face trials. Thus, the differential response might have been
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669 elicited by a difference in the physical stimulation. In Uyar et al., 2015, the authors reported a
670  differential response to faces vs. houses in early visual areas. However, it is problematic to use the
671  face vs. house contrast as a marker for face selectivity in V1 since a differential response to faces
672  versus houses can be driven by low-level differences between the two stimulus classes, given the
673  known selectivity of V1 neurons for low-level features (e.g. luminance, spatial frequency). For
674  this reason, to provide a more selective probe for face selectivity, our study used inverted faces,
675  which have been used as a specific control for face processing in a large number of studies (Haxby
676 etal., 1999 ; Itier & Taylor, 2002 ; Kanwisher et al., 1998). As a further test, we created scrambled
677  faces that are unrecognizable as faces yet preserve the original faces’ low-level properties; we
678  found that unscrambled inverted faces and scrambled faces in their upright and inverted version
679 elicited a similar percent BOLD signal change in early visual areas ROIs, lower than the signal
680 elicited by unscrambled upright faces. This strongly confirms that the response in the early visual
681  cortex that we found is a response specific to faces as an abstract category, that cannot be accounted
682  for by low-level properties of faces.

683

684  The left / right asymmetry that we found across the experiments parallels the well-known left
685  hemifield advantage found for face recognition and categorization (Gilbert & Bakan, 1973,
686  Rhodes, 1985, Sergent & Bindra, 1981) and the right hemisphere advantage for neural
687  representation of faces (Yovel et al., 2008). It has been postulated that asymmetries in visual
688  processing between the left and right hemisphere relate to the level of processing (local vs. global),
689  spatial frequency content of stimuli, or the visual pathway (magno- vs. parvocellular) (for a review,
690  see (Hellige, 1996)). While the mechanisms responsible for the face processing asymmetry are

691  beyond the scope of this paper, it might be of significant interest for future studies to directly
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692  investigate the relationship between the low-level face processing asymmetry with the asymmetry
693  of high-level face processing (e.g., in the FFA).

694

695 A new view of hierarchical processing in the visual system

696  Our study suggests the intriguing hypothesis that there might be neural representations selective
697  for certain complex object classes (such as faces) at the lowest levels of the visual hierarchy. This
698  finding challenges the standard simple-to-complex hierarchical description of the visual system
699  according to which complex object categories are processed at high levels of the visual hierarchy.
700 It is unlikely that the selectivity in early visual areas for upright faces identified in our study
701  (Experiment 4) is the result of feedback activity from areas belonging to the core network for face
702  perception, such as the FFA or the OFA (occipital face area) (Haxby et al., 2000). First, in our
703  study, the usual contrast of Faces vs. Houses, to which the FFA is normally responsive (Liu et al.,
704 2002), did not reveal any significant difference of the percent BOLD signal. This might be due to
705  the fact that the faces were presented in the periphery while the FFA is mostly responsive to central
706  face presentations (Levy et al., 2001). Second, the debriefing conducted at the end of Experiment
707 4 indicated that subjects did not notice the presence of faces or houses. Those subjective reports
708  suggest that the masking was efficient, thus preventing feedback-driven face-specific activity in
709  V1/V2 (Fahrenfort et al., 2007). Taken together, the early latency of the face-specific response
710  found in the EEG signals and the localization of the face-specific response in V1/V2 suggest that
711  face-specific responses emerge during a first forward sweep of processing and truly reflect a
712 selectivity to faces in early vision rather than the propagation in feedback of the activity from
713 higher-level areas.

714
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715  Given its position at a low level of the visual processing hierarchy, we would not expect that the
716  degree of face selectivity in V1/V2 would be comparable to the high degree of face selectivity in
717  the FFA, which has been shown to be involved in the discrimination of different faces identities
718  (for a review, see Kanwisher et al., 2006). In fact, the observation that the fast saccades were
719  attracted toward the configuration-scrambled faces (Experiment 1) suggests that face
720  representations in V1/V2 are not selective for the configuration of the faces, in line with findings
721  about face representations in higher areas of occipital cortex that are not selective for the face-part
722 configurations (the Occipital Face Area, OFA) (Pitcher et al., 2007; Liu et al 2010), in contrast to
723 face representations further downstream in fusiform cortex (Andrews et al., 2010; Liu et al., 2010).
724

725  The face-specific neural response that we observed in V1/V2, starting at 40 ms post-stimulus onset,
726  constitutes a likely underpinning for the fast saccadic detection of faces. Such a model of
727  “shortcuts” in hierarchical visual processing, with early visual representations directly providing
728 input to decision circuits for fast motor responses is compatible with recent theories of
729  thalamocortical processing (Sherman, 2016) in which corticofugal projections from layer 5 in early
730  visual areas could carry task-relevant signals directly to the superior colliculus. It will be very
731  interesting in future work to explore the plasticity of this circuit, to see whether it is possible to
732 learn fast saccades for new object classes in addition to faces by effecting object-specific plasticity

733 in early visual areas.

734
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922 Figure Legends

923  Figure 1. Experiment 1: Fast saccades toward faces have limited selectivity. A. Stimuli and
924  paradigm. At each trial, one face and a distractor (from left to right: a configuration-scrambled
925 face, an inverted face, a phase-scrambled face, a house) were displayed at 2 positions, here Left
926  up and Right bottom among 4 positions (Left up, Right up, Left bottom, Right bottom). B. Percent
927  of first saccades landing in the quadrant with the face, with the distractor, or toward one of the
928  empty quadrants. Results for configuration-scrambled faces are shown in green, for inverted faces
929  in red, for phase-scrambled faces in gray (left), for houses in gray (right)). In the configuration-
930  scrambled face condition, saccades were oriented as often toward the configuration-scrambled face
931 as toward the target (the upright face). When the distractor was an inverted face, saccades were
932  directed more often toward the target than toward the inverted face distractor. In the control
933  conditions where distractors were houses and phase-scrambled faces, the percent of saccades
934  oriented toward the distractor was similar to the percentage of saccades toward an empty quadrant.
935  C. Percent of first saccades in the inverted face condition when the target and the distractor were
936 either both in the left hemifield, or both in the right hemifield. When they were in the left hemifield,
937  saccades were more often directed toward the target than toward the distractor. When they were
938 in the right hemifield, saccades were as often oriented toward the distractor as toward the target.

939  (***p<0.001, ** p <0.005,* p <0.05). Data are presented as mean = SEM.

940

941  Figure 2. Experiment 2: Faces are saccaded to faster when they are in the left hemifield. A.
942  Example stimulus. The face target could be pasted anywhere within an annulized natural scene. B.

943  Spatial precision of target saccades in Experiment 2. The plot shows the percentage of saccades
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944  landing within an angular window centered on the face, averaged across participants, as a function
945  of the size of the window (degrees of polar angle). The slope rises steeply up to 15 degrees, as
946  progressively more face target-directed saccades are included, then becomes shallower with
947  constant slope, presumably since further increases in window size include progressively more
948  saccades targeted at distractors. The total size of the window is twice the value indicated in abscissa
949  since it extends to both sides. This graph thus reveals that most of the saccades aggregated in an
950  area centered on the face and expanding at + 15 degrees of polar angle. C. Distribution of saccadic
951  reaction times for correct and incorrect saccades, for left-presentation and right-presentation of the
952  faces, averaged across participants. The distribution of correct saccades diverges from the
953  distribution of incorrect saccades earlier for left than for right presentation. This shows that

954  saccades start to be selective earlier for left than for right presentations.

955

956  Figure 3. Experiment 3: EEG data reveal significant face-specific responses starting at 40 ms
957  post-stimulus onset for left-stimulus presentations. Event-related potentials (ERPs) computed
958  within the cluster found in the time window [0-150] ms. Left-presentation group. A. Mean ERPs
959 elicited by upright versus inverted faces, computed across the channels belonging to the cluster.
960  The cluster ranges between [40-110] ms post-stimulus. The time window over which the clustering
961 analysis was run is indicated by dashed lines, the window of significance is in yellow. B. Time
962  course of the cluster, electrodes significant during the whole time window (10 ms bins) are
963 indicated by stars: the cluster is initially lateralized in the right hemisphere. Right-presentation
964  group. C. Mean ERPs elicited by upright versus inverted faces, computed across the channels
965  belonging to the cluster. The cluster ranges between [98-140] ms post-stimulus D. Time course

966  of the cluster, electrodes significant during the whole time window (10 ms bins) are indicated by
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967  stars: the cluster is initially lateralized in the left hemisphere. It becomes more spread-out starting
968  around 110-120 ms poststimulus onset.

969

970  Figure 4. Experiment 4: fMRI data provide evidence for face-specific responses in V1/V2.
971  A. Example stimuli. Left: example of a face trial, one face is pasted in its 4 different versions
972  (inverted, upright, scrambled, and inverted scrambled on the top left, top right, bottom left and
973  bottom right respectively) in the middle of gray circles. Right: example of a house-trial, built in
974  the same way as the face-trial. B. Experimental design. Participants performed a central letter
975  detection task in a rapid visual serial stream. In this stream, a natural image with faces (or houses)
976  at 7° eccentricity was displayed at an unpredictable moment. Subjects were not told about the
977  presence of faces/houses. C. Percent signal change within V1/V2 ROIs averaged within stimulus
978  category across the ROIs activated by left visual presentations (top left and bottom left). There is
979  asignificantly higher percent signal change in trials with upright (unscrambled) faces relatively to
980 trials with inverted (unscrambled) faces, but no significant difference for the comparison upright
981  (scrambled) faces versus inverted (scrambled faces). D. Left. Representation of the difference
982  between the percent signal change evoked by the upright (unscrambled) faces and by the inverted
983  (unscrambled) faces, for left-hemifield presentations. Right. Representation of the difference
984  between the percent signal change evoked by the upright (scrambled) faces and by the inverted
985  (scrambled) faces, for left-hemifield presentations. Each dot corresponds to one participant. The
986  average value of those points is represented by a gray, filled, square. E. Percent signal change
987  averaged within stimulus category across the ROIs activated by right visual presentations (top right
988  and bottom right). The percent signal change elicited by upright and inverted faces in this visual

989  hemifield is not significantly different, both for unscrambled and scrambled faces.
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