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Perceptual Oscillations in Gender
Classification of Faces,
Contingent on Stimulus History
Jason Bell,1 David C. Burr,2,3,6,* Kate Crookes,1,4 and Maria Concetta Morrone5
SUMMARY

Perception is a proactive ‘‘predictive’’ process, in which the brain takes advantage of past experience to make informed guesses about the world to test
against sensory data. Here we demonstrate that in the judgment of the gender
of faces, beta rhythms play an important role in communicating perceptual experience. Observers classified in forced choice as male or female, a sequence of face
stimuli, which were physically constructed to be male or female or androgynous
(equal morph). Classification of the androgynous stimuli oscillated rhythmically
between male and female, following a complex waveform comprising 13.5 and
17 Hz. Parsing the trials based on the preceding stimulus showed that responses
to androgynous stimuli preceded by male stimuli oscillated reliably at 17 Hz,
whereas those preceded by female stimuli oscillated at 13.5 Hz. These results
suggest that perceptual priors for face perception from recent perceptual memory are communicated through frequency-coded beta rhythms.
INTRODUCTION
There is now very good evidence that perceptual performance is not constant over time, but oscillates
rhythmically at various frequencies within the beta, alpha, and theta ranges. Behavioral oscillations have
been reported for many performance measures, including reaction times, accuracy, and response bias
(for reviews see (Bastos et al., 2015; Bonnefond et al., 2017; Fries, 2015)). Oscillations occur at various frequencies, usually lower for reaction times and sensitivity (typically theta range (Landau and Fries, 2012;
Huang et al., 2015; Lakatos et al., 2008; Fiebelkorn et al., 2013)) than for criterion (Ho et al., 2017; Cecere
et al., 2015; Zhang et al., 2019). In order to reveal the oscillatory behavioral performance, it is necessary
to synchronize endogenous neural oscillations in some way, usually with a trigger. Various experiments
have shown that either abrupt perceptual stimuli, such as visual attentional cues or sound bursts (Landau
and Fries, 2012; Romei et al., 2012; Huang et al., 2015; Fiebelkorn et al., 2013; Song et al., 2014), or motor
actions such as hand or eye movements (Tomassini et al., 2015, 2017; Benedetto et al., 2016, 2018, 2020;
Hogendoorn, 2016; Zhang et al., 2019; Wutz et al., 2016) can act as a trigger to synchronise oscillations,
so small gains in performance can be averaged over several trials to reveal statistically significant oscillatory
behavior.
To date, most of the evidence for perceptual oscillations comes from simple ‘‘low-level’’ stimuli such as
grating patches or tones, probably processed in primary sensory cortex. Recently, however, oscillations
have also been observed in discrimination of faces. Using the bubbles approach, Gosselin and colleagues
have reported oscillations in sensitivity around 10 Hz (Vinette et al., 2004; Blais et al., 2013; Dupuis-Roy
et al., 2019). Wang and Luo (2017) showed that during a priming task, reaction times for face discrimination
oscillate at about 5 Hz, but only for congruent trials, suggesting that priming information is communicated
via a rhythmic mechanism. This is consistent with a recent suggestion that oscillations reflect top-down
transmission of expectations and perceptual priors (Friston, 2005; Summerfield and De Lange, 2014; Summerfield and Koechlin, 2008).
It has long been known that perception depends not only on the current stimulus but also on prior information including expectations and perceptual experience (Gregory, 1968; van Helmholtz, 1867). One
recent and effective technique to study effects of past stimuli and responses on perception is serial dependence: under many conditions, the appearance of images in a sequence depends strongly on the stimulus
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presented just prior to the current one. Judgements of orientation (Fischer and Whitney, 2014), numerosity
(Cicchini et al., 2014), facial identity or gender (Liberman et al., 2014; Taubert et al., 2016), beauty, and even
perceived body size (Alexi et al., 2018, 2019) are strongly biased toward the previous image. The biases
introduced by serial dependence are not random errors but can lead to more efficient perception, tending
to reduce overall error (Cicchini et al., 2018). As the world tends to remain constant over the short term, past
events are good predictions of the future. Thus the previous stimulus acts as a predictor, or a prior, to be
combined with the current sensory data to enhance the signal.
The neuronal mechanisms of serial dependence, and more in general of priors, are largely unknown. It is
assumed that the prior is generated at mid to high levels of analysis and fed back to early sensory areas,
which in turn modify the prior (Rao and Ballard, 1999); but we do not know how this information is propagated. One strong possibility, mentioned above, is that recursive propagation and updating of the prior is
reflected in low-frequency neural oscillations (Friston et al., 2015; Vanrullen, 2017; Sherman et al., 2016).
VanRullen and Macdonald (Vanrullen and Macdonald, 2012) suggest that past perceptual history may be
stored in memory ‘‘perceptual echo,’’ a 1-s burst of neural activity, and provides evidence for this idea
from reverse correlation of EEG. This activity could serve to maintain a representation of sensory representations over time, which could influence subsequent perception. A recent study (Ho et al., 2019) reinforced
this idea, with evidence that perceptual priors about ear of origin (in an auditory task) are propagated
through alpha rhythms at about 9 Hz. Oscillations occurred only for trials preceded by a target tone to
the same ear, either on the previous trial or two trials back, suggesting that communication of perceptual
history generates neural oscillations within specific perceptual circuits.
The current study aims to test whether judgments of gender show oscillations in accuracy and bias, as has
been reported for auditory tones and simple gratings (Ho et al., 2017; Zhang et al., 2019) and to test
whether these oscillations are related to the previous stimuli and may therefore be instrumental in communicating perceptual expectations, as they are in audition.

RESULTS
Choice of Stimuli
We first ran a small experiment on a subsample of five subjects to select appropriate stimuli from our
morphed set. Our aim was to choose male and female stimuli that were scored 75% and 25%, respectively
(weak enough for there to be some error) and androgynous stimuli that were perfectly ambiguous (50%
male response). To this end we presented all 11 morphed stimuli, varying in strength between pure female
and pure male in random order to the five subjects, with 20 repetitions. From the data we constructed an
aggregate psychometric function (Figure 1A) and chose stimuli as near as possible to the desired
performance.
The responses for all individual subjects, averaged over all trials, are shown in Figure 1C. On average, the
androgynous stimuli were scored around 50% male, but the male stimuli were more often scored male than
the female were scored female: on average 85% male for male, compared with 35% for female (only 65%
correct). For this reason we confined our major analysis of bias oscillation to androgynous stimuli, as the
unmatched accuracy could lead to apparent biases. Indeed, this is what we find when we analyze bias
for male and female stimuli.
Figure 1D shows the dependence on previous stimuli. The baseline is the response to all androgynous stimuli averaged over all trials and subjects. The bars show the average response to androgynous stimuli when
preceded by male (blue) or female (red) stimuli, on the previous trial (first 2 columns) or two trials back (last
two columns). There is a weak and insignificant (p = 0.11, one-tailed binomial test) positive assimilation for
the preceding trials, with about 1.4% higher probability to respond male if the previous trial stimulus was an
image of a male face. The effects on female faces and for stimuli two trials back were clearly negligible.
Overall there were no significant serial effects on average data under the conditions of our study.

Oscillations in Bias
A primary goal of the study was to search for oscillations in bias in gender judgments. For this reason, we
presented a large number of androgynous stimuli (50% of trials). Having no clear gender, these stimuli
should be most susceptible to both rhythmic changes in criteria and temporal contextual effects. The
blue symbols of Figure 2A show the average responses (averaged over all trials and subjects) to all
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Figure 1. Stimuli and Preliminary Psychophysics
(A) Proportion of trials classified as male, as a function of morphing level, averaged over five participants. These
preliminary data served to select stimuli corresponding to 25%, 50%, and 75% male (three examples shown), to be used
for the main experiment. Error bars show G 1 SE.
(B) Illustration of experimental timeline. Participants initiated each trial by pressing the lower button (1) with their right
thumb. After a randomly variable period between 0 and 800 ms, a randomly selected stimulus was presented for 20 ms
followed by a blank screen. After waiting at least 1 s, the participant responded ‘‘male’’ or ‘‘female,’’ by pressing buttons 2
or 3 with their index or middle finger, respectively.
(C) Responses of all 16 participants to the three stimulus classes, male (blue), androgynous (black), and female (red).
Dashed lines show averages.
(D) Probability of responding ‘‘male’’ to an androgynous face after viewing a male (blue bars) or female (red bars) one or
two trials back. The baseline is the response of all trials, 55%.

androgynous stimuli as a function of time after thumb press, which initiated the trials. There is a clear oscillation in the response bias, evident on inspection of Figure 2A. The oscillation is brought out clearly in the
frequency domain of Figure 2B, which shows distinct amplitude peaks at 13.5 and 17 Hz. The gray shading
shows the 95% confidence interval for amplitude of the surrogate data (see Methods). The lower trace (Figure 2C) shows the significance of the oscillations, calculated by a very stringent test, where we compared
the amplitude of the real data to the maximal amplitude of the surrogate data at any frequency within the
range 4–18 Hz (see Methods). The two peaks at 13.5 and 17 Hz are both significant (p < 0.05, corrected).
Figure 2D shows the 2D vector of the individual participants, at 13.5 and 17 Hz. It is clear that the results
of the aggregate participant are quite representative of all participants. The average amplitude and phases
are 0.023 G 0.011 and 52 G 38o for 13.8 Hz and 0.022 G 0.011 and 72 G 35o for 17.25 Hz. The HotellingT2 test (p = 0.025 and p = 0.01 for 13.8 and 17.25 Hz, respectively) demonstrate that the consistency across
subjects is significant, and the vectors do not distribute randomly around zero.

Dependence on Previous Stimuli
We then examined how oscillations depended on the previous stimuli. Although the average data showed
no significant serial dependence, it is possible that oscillations are dependent on the perceptual history,
implicating them in the transmission of perceptual expectations. Figure 3A shows the amplitude and significance of average oscillations for the aggregate observer for androgynous stimuli preceded by male
stimuli (a quarter of the total trials). There is a clear, single-peaked oscillation at 17 Hz, statistically significant against the surrogate maximum over the range (p < 0.005). The peak at 13.5 Hz, which was very strong
when all the data were pooled (Figure 2), was completely absent for trials preceded by male stimuli. For
trials preceded by female faces (Figure 3B, again 25% of total trials), the situation is complementary. There
is a clear oscillation in amplitude at 13.5 Hz, which again is statistically significant against the maximum
permuted amplitude. There is no peak near 17 Hz. Interestingly, the amplitudes of these peaks are about
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Figure 2. Oscillations in Bias in Gender Perception
(A) Average response ‘‘male’’ to androgynous stimuli as a function of time after button-press (blue symbols and
connecting lines, bin size 10 ms, running average on 20 ms). The red curve is the sum of the two best fitting frequencies
from Fourier transform, added in correct amplitude and phase.
(B) Fourier transform of the waveform, showing two distinct peaks at 13.5 and 17 Hz. The gray region shows the results of
the permutation analysis (95% confidence interval). The labels and responses were shuffled, and the analysis repeated
10,000 times.
(C) Statistical significance, as a function of frequency, calculated from permutations, expressed as the proportion of times
the maximum permutation (of any frequency) was of higher amplitude than the original data at that frequency.
(D) b1 and b2 2D plot of individual participants at 13.5 Hz (light blue) and 17 Hz (magenta). The open pentagons show the
group means.

twice those of Figure 2, despite the reduced number of trials, to be expected if the oscillations in Figure 2
were present in only half the trials.
Thus the two oscillations observed in judgments of androgynous faces (Figure 2), at the distinct frequencies
of 13.5 and 17 Hz, have two separate generators. The 17 Hz oscillation occurs when the previous stimulus
was a male and the 13.5 Hz oscillation when the previous stimulus was female.

Oscillations in Accuracy
We next explored oscillations in accuracy, necessarily restricting analysis to the male and female stimuli,
where accuracy could be scored. The blue symbols of Figure 4A show the average accuracy to all male
and female stimuli, pooled over all subjects, as a function of time after button-press. Inspection suggests
an oscillation, at a lower frequency than for bias. The amplitude in the frequency domain of Figure 4B shows
peaks around 5.5 and 10.5 Hz. However, the only frequency to remain significant after correction is at
10.5 Hz as shown in Figure 4D.
Figure 4C show the complementary analysis, performed separately for each subject at 5.5 and 10.5 Hz. The
average amplitude and phases are 0.023 G 0.009 (correct responses) and 126 G 32o for 5.5 Hz and
0.015 G 0.009 and 132 G 53o for 10.5 Hz. Both the 5.5 Hz and 10.5 Hz peaks are significant on the Hotelling
T2 test (p < 0.005 and p < 0.05 for the 5.5 and the 10.5 Hz, respectively), as can be appreciated by the clustering of phases of these frequencies across the 16 subjects. This result suggests that the 5.5 Hz peak that
reaches significance against permutation (but without correction) in the aggregate subject may be real,
given that the phase is highly congruent across subjects.
We did not attempt to perform any serial dependence analysis on sensitivity for two reasons. Firstly, there is
little data, as the only stimuli where sensitivity can be scored are the male and female stimuli, and these
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Figure 3. Dependence of Oscillations on Previous Stimuli
(A) Fourier transform of ‘‘male’’ responses to androgynous stimuli preceded by a male stimulus. There is a clear single
peak at 17 Hz.
(B) Fourier transform of ‘‘male’’ responses to androgynous stimuli preceded by a female stimulus. There is a clear single
peak at 13.5 Hz. The gray region shows the 95% confidence limits of the permutation analysis.
(C and D) Statistical significance of responses preceded by female (C) or male (D), calculated by the same method as in
Figure 2.

need to be preceded by male or female stimuli (12.5% of trials each for congruent and incongruent stimuli).
Secondly it makes little sense to analyze serial dependence of sensitivity, as the order of stimuli was
completely randomized, so the previous trial carried no information about the current trial. For example,
if the previous trial was female, it may bias the current response toward female, which will result in a greater
chance of a hit if the trial is female, but an equally greater chance of a miss if the trial is (with equal probability) male. Under this particular experimental design, serial dependence cannot affect sensitivity.

Accuracy and Bias
To study bias and its contingency on previous stimuli, we restricted the analysis to the androgynous stimuli
(Figures 2 and 3), as that is the cleanest situation: they should be most susceptible to bias, free to move in
both directions, and accuracy cannot influence the result, as there is no correct classification of androgynous stimuli with our paradigm. However, for completeness, we repeated the bias analysis on male and female faces, both pooling over both classes of stimuli, and separately.
The results are shown in Figure 5. The time course data (pooling results for male and female) show a principle oscillation at 4.75 Hz, illustrated by the blue curve (Figure 5A). The frequency analysis of this data (Figure 5B) show four distinct peaks, at 4.75, 11, 15, and 17 Hz. Only the peak near 5 Hz reaches significance by
the strict criteria of maximal comparison that we have adopted to date (blue line), which is to be expected if
multiple peaks do exist (competing with each other in the maximum-amplitude test). However, with a less
stringent criterion (comparison with surrogate data at only that frequency) all four peaks emerge as significant. That is to say, these data in response bias of male and female stimuli show oscillations at frequencies
close to previously observed in bias (of androgynous stimuli) and in accuracy (of male/female stimuli).
Figures 5C and 5D suggest why this may have occurred. They show results separately for female (C) and
male stimuli (D). When considered separately, bias becomes equivalent to accuracy: higher accuracy in
male will result in a bias toward male and vice versa for female. Indeed, the oscillations previously seen
in accuracy, near 5 and 10 Hz, are very clearly evident in biases to female stimuli, where the response at
11 Hz survives the very stringent statistical test. They are also evident in the responses to male stimuli,
but weaker, and barely meeting the less stringent significance criterion. The Male and Female oscillations
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Figure 4. Oscillations in Accuracy
(A) Average accuracy for identifying male and female stimuli, pooled over all subjects, as a function of time after buttonpress (blue symbols and lines, bin size 10 ms, running average of 20 ms). The red line shows the 10.5 Hz significant
oscillation in appropriate amplitude and phase.
(B) Fourier transform of the waveform, showing two distinct peaks at 5.5 and 10.5 Hz. The gray region shows the 95%
confidence limits of the permutation analysis.
(C) Statistical significance, as a function of frequency, calculated from permutations, expressed as the proportion of times
the maximum permutation (of any frequency) was of higher amplitude than the original data at that frequency. Only the
10.5 Hz oscillation remained significant with this stringent test.
(D) b1 and b2 2D plot of the 5.5 and 10.5 Hz components for individual observers, shown by green and orange squares. The
light green and red pentagons show the group means.

are clearly not the same amplitude, with the male oscillations barely reaching the weak level of significance
(uncorrected), so the oscillations to female will dominate the combined data, and accuracy will masquerade
as bias. In theory, the male/female oscillations should have opposite phase, but the male oscillations are
too weak and noisy to verify this assertion.

DISCUSSION
In this study we demonstrate clear oscillations in the judgements of gender of faces, separately for accuracy
and bias. Accuracy oscillated at two frequencies, about 5 and 10 Hz, consistent with previous studies (Wang
and Luo, 2017; Vinette et al., 2004; Blais et al., 2013). Bias (of androgynous stimuli) also oscillated at two
distinctly higher frequencies within the beta: 13.5 and 17 Hz. Further analysis showed that the 13.5 Hz oscillation occurred only for stimuli preceded by female faces and the 17 Hz oscillation only for stimuli preceded
by male faces, strongly implicating these oscillations in the transmission of information about perceptual
history.
This result nicely reinforces our previous report that judgments of criteria for both the auditory and visual
systems oscillate at frequencies quite different from lower-frequency oscillations in sensitivity (Ho et al.,
2017). As with this study, oscillations in criteria depended strongly on the previous stimulus, occurring
only if the previous stimulus had been in the same ear as the current one (Ho et al., 2019).
It is now well established that to improve efficiency, observers take advantage of past information to anticipate forthcoming sensory input. The fact that oscillations were highly dependent on past stimuli suggests
that this predictive perception may be implemented rhythmically through oscillations, along the lines of the
‘‘perceptual echo’’ suggested by Vanrullen and Macdonald (2012). Furthermore, they suggest the use of a
frequency code in transmitting the information: when the preceding stimulus was male the oscillation was
clearly 17 Hz and when female at 13.5 Hz. Interestingly, the oscillations were more reliable for the male

6

iScience 23, 101573, October 23, 2020

iScience
Article

iScience

ll

Article

OPEN ACCESS

Figure 5. Oscillations for Male and Female Stimuli
(A) Average bias toward male in the responses to male and female stimuli, pooled over all subjects, as a function of time
after button-press (blue symbols and lines, bin size 10 ms, running average on 20 ms). The red line shows the 4.75 Hz
principal oscillation in appropriate amplitude and phase.
(B) Fourier transform of the waveform of combined male and female data, showing four distinct peaks at 4.75, 11, 15, and
17 Hz. The gray region shows the 95% confidence limits of the permutation analysis. Asterix (*) refers to significance
against max response of any frequency p < 0.05.
(C) Same as B, considering only responses to female stimuli.
(D) Same as B, considering only responses to male stimuli.

contingent selection. Perhaps this is because the male stimulus was easier to classify, with a higher percent
correct across subjects. This is consistent with the idea that the more salient the perception, the stronger
will be the reverberant trace in memory that may be responsible for the oscillating prior.
It is interesting that although the gender-contingent oscillations in criteria were very clear and highly significant, there were no significant effects on average measures of bias in this experiment. It is not clear why
there was no bias in the average psychophysical judgments, as has often been observed previously (Taubert
et al., 2016; Liberman et al., 2014), but there are several possible explanations. There was a quite large pause
between successive stimuli in this study, on average about 2 s, which may have minimized the perceptual
effect, but nevertheless left an oscillatory trace. Other factors are also possible, such as simultaneous adaptation and serial dependence, canceling each other out, and also non perceptual effects, such as a tendency
of observers to alternate responses. But whatever the reason, our results suggest that oscillations may be a
far more sensitive signature of temporal contextual effects than biases in mean responses.
Besides the clear stimulus-dependent oscillations in sensitivity, we observed clear oscillations in accuracy,
at two distinct frequencies, 5 and 10 Hz. Behavioral oscillations have previously been observed for priming
of face identity, at 5 Hz (Wang and Luo, 2017), and also in sensitivity for face discrimination (Blais et al., 2013;
Vinette et al., 2004). Wang and Luo used a match-to-sample ‘‘priming’’ task and measured reaction times as
a function of distance between prime and probe. RTs oscillated rhythmically with time from prime to probe,
at about 5 Hz, when the prime was congruent with the probe. As reaction times is a measure of performance
that correlates with accuracy, the 5 Hz oscillation they report is quite consistent with our results. The stronger and more significant oscillation near 10 Hz may or may not be a harmonic of the 5 Hz oscillation, which
continues to reverberate for a longer time. Interestingly, oscillations at these two frequencies also emerged
when looking at the bias in judging male and female stimuli. However, this most likely reflects a leakage
from accuracy to apparent bias, as the sensitivity to male and female stimuli was not exactly balanced. It
was for this reason that we presented many androgynous stimuli and used them as the main measure of
oscillations in bias and their dependency on previous gender.
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The most interesting observation in this study was that oscillations in gender discrimination depended on
the previous stimulus. These oscillations may reflect the communication of prior information, as was
observed for audition. After viewing a particular stimulus, male or female, the tendency to see an androgynous face as male or female oscillated at a low beta frequency, 13.5 or 17 Hz. Two things are different between this and the previous study on audition (Ho et al., 2017). Firstly, the oscillations are at far higher frequencies, in the low-beta range, whereas those for audition were at 9 Hz, low alpha. Secondly, although for
audition the oscillation frequencies for stimuli preceded by right or left ear had been the same (but of
opposite phase), here they are quite distinct for the two possible response alternatives (male or female).
We can only speculate on why predictive oscillatory behavior should be different for the two studies. One possibility is that in the auditory study, participants made a simple judgment of ear of origin, which would correspond
to the perceived spatial position of the tone. This categorical task is intrinsically bimodal: it is either left ear (and
space) or right ear and space. This is a fairly simple task, probably involving fairly low-level processes. Face recognition and discrimination, on the other hand, is a highly complex, multidimensional problem, involving many
identifiable features, including gender, age, race etc, besides actual identity. Perhaps to signal expectations
in this space, a single frequency is not sufficient, and some form of ‘‘frequency-tagging’’ occurs. Interestingly,
there is literature pointing toward a role of beta oscillations in processing local features (Smith et al., 2006; Romei
et al., 2011; Liu and Luo, 2019). It is plausible that different frequencies of beta oscillations could account for the
response following female or male stimuli and more generally for complex stimuli. Local configurations of nose,
mouth, eyes etc. may well act as cues for masculine or feminine interpretations of the stimuli, reflecting the
different beta frequency peaks observed here. However, this remains speculation at present, and more work
is required, also with other visual tasks, to understand how the frequency acts.
In conclusion, the results of this study suggest that perceptual priors for face perception, accumulated from
recent perceptual memory, are communicated through frequency-coded beta rhythms. Priors for male
faces show oscillatory effects at 17 Hz and female faces at 13.5 Hz. It is yet to be tested whether priors
of other important aspects such as age, race, attractiveness etc are also transmitted in an oscillatory fashion
and, if so, at what frequencies.

Limitations of Study
This study uses psychophysical techniques, examining perceptual biases in gender judgment. It is assumed
that oscillatory behavior is synchronized by the simple action of button pressing. Although there are several
advantages in the psychophysical approach, such as the certainty that oscillations are associated with
perceptual changes, other more direct electrophysiological measures, such as electroencephalogram
(EEG), magnetoencephalogram (MEG), and fMRI could—and should—be used to probe more directly neural activity. Another possible limitation is not counterbalancing the fingers used to respond male and female, but to exclude the possibility that the male bias could partly be an ‘‘index finger’’ bias, as previous
studies have suggested (Zhang et al., 2019).

Resource Availability
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Transparent Methods
Participants
Sixteen healthy participants took part in the experiment, all with normal or corrected-tonormal vision. Three participants were male and two left-handed. The mean age of the
participants was 26 ± 2.8 (St dev). All participants provided written, informed consent, and
the study was approved by the Human Research Ethics Committees of the University of WA.

Stimuli and Apparatus
Face stimuli (Figure 1) were generated in FaceGen Modeller 3.5.3 and saved as high
resolution 2D grey scale image (6.6° x 6.6°). The faces were Caucasian, mid 20s, with gender
neutral colouring, shape, and typical asymmetry. For each randomly generated face identity
we produced a face representing threshold male, threshold female and perceptual
androgynous. We generated these three faces for 25 different identities. In order to balance
the number of sexually dysmorphic and androgynous faces we produced an additional 25
androgynous faces. Specific gender settings were calculated based on pilot data shown in
Figure 1A. Here, five participants completed a simple gender discrimination task. The
resultant Psychometric function was used to calculate the settings to produce male and female
faces discriminated with 75% accuracy and an androgynous face corresponding to the PSE.
Stimuli were presented to a Viewsonic CRT monitor, resolution 1024 x 768 at
100 Hz, with a mean grey screen luminance of 50 cd/m2. Stimulus presentation was
controlled using Matlab (2011b) and a CRS Visage. Responses were recorded using a Cedrus
530 response box. In order to reduce auditory distractions, participants wore a set of Bose
Quiet Comfort 3, noise cancelling headphones throughout the testing session.
Experimental procedure

The experimental procedure was adapted from Benedetto, Spinelli & Morrone (2016) and
Zhang et al. (2019). Participants sat in a darkened room, 140 cm from the monitor. The task
on all trials was a simple gender discrimination. Each trial was self-initiated by the observer
pressing a button with their thumb (see Figure 1B). Following a random length pre-stimulus
delay between 0 and 800 ms (10 ms bins, drawn from a rectangular distribution), a face
appeared for 20 ms before the screen reverted back to a blank mid-grey screen. Observers
used their index or middle fingers to respond male or female, respectively. Consistent with
previous work (Zhang et al., 2019), participants were given two additional instructions: 1) not
to respond within 1s of the stimulus offset, and 2) not to initiate the next trial within 1.5s of
their response, to induce a regular and slow response protocol. However, as we were
interested in contingent responses, we did not in practice eliminate any trials, as that would
disrupt the continency. Participants completed 176 trials per run (approximately 20 minutes)
and performed seven runs overall, giving 1232 responses per participant.
Behavioural oscillations
Aggregate data analysis. Response bias was evaluated only for androgynous face stimuli,
accuracy only for Male/Female stimuli, both over the interval 0 – 700 ms. Data of the last
100 ms were excluded from analysis, as there was a sharp drop in reaction times during this
period, possibly related to “hazard time” phenomena and many were shorter than 1500 ms.
The main approach was to estimate oscillations in sensitivity and response bias of single
trials performed on the “aggregate participant” obtained by pooling the data of all 16
participants (for similar approaches, see (Benedetto et al., 2018, Tomassini et al., 2017)). We
supplemented this robust analysis by analysing on individual participants the frequencies that
were found to be significant at the aggregate level, running again the GLM on the individual
data set.

Single Trial analysis. We analysed the time course of the response in the frequency domain.
To avoid the spurious frequencies introduced by binning (especially in the contingent
conditions with few and irregularly spaced trials) we adopted a single-trial analysis, using a
general linear model (GML) rather than curve-fitting of sinewaves to discrete binary data.
However, the two approaches are mathematically equivalent provided that fit converges.
For the GML, the response (either accuracy or bias) yi (i = 1, 2… n, where n is the total
number of trials) to a target presented at time ti (the interval from noise onset to target onset
in seconds) can be modelled as the linear combination of harmonics at each tested frequency
𝜔𝜔 :

𝑌𝑌�𝑛𝑛 = 𝛽𝛽0 + 𝛽𝛽1 sin(𝜔𝜔𝑡𝑡𝑛𝑛 ) + 𝛽𝛽2 cos(𝜔𝜔𝑡𝑡𝑛𝑛 ),

(1)

where Ŷn is the predicted responses and 𝛽𝛽0, 𝛽𝛽1 and 𝛽𝛽2 are fixed-effect regression parameters
estimated with the linear least-squares method implemented in MATLAB as the fitlm
function from the Statistics and Machine Learning toolbox. When the response was
associated with two different stimulus categories (in our case male and female, figures 4 &
5), we introduced a third independent regressor specifying the stimulus:
𝑌𝑌�𝑛𝑛 = 𝛽𝛽0 + 𝛽𝛽1 sin(𝜔𝜔𝑡𝑡𝑛𝑛 ) + 𝛽𝛽2 cos(𝜔𝜔𝑡𝑡𝑛𝑛 ) ) + 𝛽𝛽3 S(𝑡𝑡𝑛𝑛 ),

(2)

where S is the stimulus (Male or Female) of each trial and takes the value 0 or +1 for Male
and Female stimulus respectively. We examined sensitivity based on correct and incorrect
responses with yi = 1 for correct and yi = 0 for incorrect. To analyse response bias, yi took the
value 1 when participants made a Male response and 0 when it was a Female response. To
measure the group coherence in phase and amplitude at a particular frequency, we averaged
the sine and cosine regression parameters across all participants, i.e., 𝛽𝛽1̅ =
1

𝑛𝑛

1

𝑛𝑛

∑𝑛𝑛𝑖𝑖 𝛽𝛽1 and 𝛽𝛽2̅ =

∑𝑛𝑛𝑖𝑖 𝛽𝛽2, where n = 16 and i = 1, 2… n, and obtained an amplitude spectrum (Fig. 2B) by

taking the vectorial average of the individual estimates given by the square root of their sum
squared for every frequency:
2
����
����2
𝐴𝐴 = � 𝛽𝛽
1 + 𝛽𝛽2

(3)

We computed the mean phase, 𝜃𝜃, by taking the arctangent of the averaged sine regression
parameter divided by the averaged cosine regression parameter:
����
𝛽𝛽

1
𝜃𝜃 = tan−1 𝛽𝛽����
2

(4)

To estimate the variability across trials, we randomly selected trials (with replacement)
10,000 times and constructed a bootstrap distribution of amplitudes and phases using Eq. 1-3.
The main technique for establishing statistical significance was a bootstrap technique with
“surrogate data”, created by randomly shuffling the responses, leaving the timestamps
unperturbed. For each condition, we repeated the shuffling 10,000 times, yielding an average
frequency amplitude response whose 95% confidence interval is shown by the grey shaded
area in Figs 2-5. For the statistical testing, the amplitude of the unperturbed data at each
frequency was compared with the maximum amplitude of each surrogate data interaction,
which could be at any frequency in the range 4-18 Hz. Significance was given by sign-test,
the proportion of times the maximal response to surrogate data was higher than the real
response at that frequency.
For illustrative purposes only, we plot in Figures 2A, 4A and 5A the bias and
sensitivity over time obtained by sorting all trials by SOA and grouping the data into 69 10ms bins, from 0.0 to 0.7 s post button-press. The mean number of trials per bin was 142. For
each bin, we computed percent correct and bias.

When analysing androgynous bias separately for preceding male and female stimuli,
the number of usable trials were considerably reduced and only the aggregate analysis was
possible.

Individual participant analysis
To ensure that the effects were not driven by only a few subjects for overall bias and
sensitivity, the data for each participant were fitted using the same model described in Eq. 1
(for androgynous) or 2 (for Male and Female) and the resulting distribution of β1 and β2
across subjects at specific frequencies were tested for significance. Errors of the mean were
evaluated using 2D propagation of error (Kirchner, 2001), assuming a normal 2D distribution
of the individual vectors around the mean. Significance was assessed by applying tests for
circularity of the phase values, or by the Hottling-t Test or by a simple one-tailed t-test on the
vectorial mean across participants against zero.

