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A B S T R A C T

Hysteresis is a well-known phenomenon in physics that relates changes in a system with its prior history. It is also
part of human visual experience (perceptual hysteresis), and two different neural mechanisms might explain it:
persistence (a cause of positive hysteresis), which forces to keep a current percept for longer, and adaptation (a
cause of negative hysteresis), which in turn favors the switch to a competing percept early on. In this study, we
explore the neural correlates underlying these mechanisms and the hypothesis of their competitive balance, by
combining behavioral assessment with fMRI. We used machine learning on the behavioral data to distinguish
between positive and negative hysteresis, and discovered a neural correlate of persistence at a core region of the
ventral attention network, the anterior insula. Our results add to the understanding of perceptual multistability
and reveal a possible mechanistic explanation for the regulation of different forms of perceptual hysteresis.
1. Introduction

The response of non-linear dynamic systems may depend not only on
the current input but also on their history. When the transition between
two states of a system is affected by recent history, we observe hysteresis
(Mayergoyz, 2003). The concept arose originally from physical sciences
but has raised interest among researchers in other fields, such as elec-
tronics (Mandal et al., 2014; Torre and Masoller, 2010), cardiology
(Lorent and Davidenko, 1990; Zaniboni, 2018) and cognitive neurosci-
ence (Kleinschmidt et al., 2002; Pisarchik et al., 2014; Williams et al.,
1986; Wilson, 1977).

Perceptual hysteresis reflects not only the fact that perceptual sta-
bility thresholds depend on the context, but also on the effects of the
previous perceptual experience, carrying the recent history of a percept
into the present (Frackowiak et al., 2004). In the field of visual percep-
tion, it has been explored in a number of behavioral studies with para-
digms of letter recognition (Kleinschmidt et al., 2002), binocular rivalry
(Buckthought et al., 2008; Wilson, 1977), apparent motion (Hock et al.,
1993), motion direction detection (Williams et al., 1986), and emotion
lear Sciences Applied to Health,
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recognition (Sacharin et al., 2012; Liaci et al., 2018).
Classically, hysteresis has been linked to a mechanism of lag or

persistence of a state, despite input parameter changes to values favoring
the alternative one. In other words, the transition to the opposing percept
occurs later than in a control situation (where there is no influence of
recent history). However, it has become necessary to refer to this phe-
nomenon as positive hysteresis, given evidence for the inverse phe-
nomenon - negative hysteresis: the transition to the opposing percept
occurs sooner than the control condition, revealing a link to a mechanism
of habituation or adaptation (Assad et al., 1989; Lorent and Davidenko,
1990; Babu and Wanare, 2011; Laval, 2011; Mandal et al., 2014; Pisar-
chik et al., 2014; Liaci et al., 2018; Schwiedrzik et al., 2014; Torre and
Masoller, 2010; Lopresti-Goodman et al., 2013).

In the domain of motion perception, (Williams et al., 1986) found that
when perception alternated between seeing completely random motion
and upward coherent flow, the switch point depended on the recent
perceptual history. This behavioral result was identified by the authors as
hysteresis in the perception of motion direction and was interpreted as
resulting from cooperative interactions between neurons with similar
University of Coimbra Polo 3, 3000-548, Coimbra, Portugal.
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directional tuning and inhibitory interactions between neurons with
different tuning. Afterward, in a number of studies using apparent mo-
tion, Hock and colleagues (Hock and Sch€oner, 2010; Hock et al., 1997;
Hock et al., 1993) have demonstrated that even when controlling for
certain factors such as anticipation, inferences about task structure, or
response perseverance, perceptual hysteresis is still found. This raises the
need to identify the underlying neural correlates of this phenomenon.
Perceptual hysteresis might provide a powerful tool to understand our
perceptual representations and how competition between decision
mechanisms evolve as a function of previous experience, which is
particularly relevant for the understanding of perceptual stability.

Perceptual stability is usually studied under conditions of multi-
stability, where multiple perceptual solutions are possible under the
same sensory input. In the motion domain, this is related to the aperture
problem: when a moving straight line is viewed through an aperture so
that its endpoints are not visible, only the component of the motion
perpendicular to the line orientation is perceived (Wallach, 1935;
Wuerger et al., 1996). The resolution of the ambiguity inherent to this
problem requires the understanding of the mechanisms responsible for
computing a global percept from many isolated local cues. Even though
there are many published studies exploring these mechanisms (Anstis
and Kim, 2011; Castelo-Branco et al., 2002; Huguet et al., 2014; Wang
et al., 2013; Sousa et al., 2018; Duarte et al., 2017), it is still not clear
what is the influence of perceptual history on perceptual switches during
continuous stimulus observation (Pearson and Brascamp, 2008; Sterzer
et al., 2009; Brascamp et al., 2018). A classic example of an ambiguous
visual stimulus, resulting from the aperture problem, is when twomoving
gratings are superimposed to become a plaid (Adelson and Movshon,
1982; Wallach, 1935). The perception of the plaid stimulus switches back
and forth between two interpretations: it can be perceived either as a
single surface moving rigidly (coherent motion) or as two surfaces sliding
over each other (incoherent motion).

Here, we aimed to investigate the neural mechanisms underlying
hysteresis during the continuous interpretation of a moving plaid. We
hypothesize two mechanisms of perceptual history: one which forces the
perceptual switch sooner than the control, and other which delays the
perceptual switch (Lopresti-Goodman et al., 2013; Schwiedrzik et al.,
2014; Fritsche et al., 2017; Liaci et al., 2018). The interaction between
these two mechanisms can result in one of four effects: positive hysteresis
(the current percept is kept for longer), negative hysteresis (early switch
to the alternative percept), null or undefined. Moreover, we hypothesize
that we can only infer the neural mechanism behind perceptual hyster-
esis when comparing with a non-history case.

Recently, it was shown that previous experience could induce oppo-
site biases in perception and decision (Fritsche et al., 2017), further
emphasizing the need to elucidate the neural mechanisms that underlie
these perceptual biases. In an independent study, we have shown that
adaptation can contribute to regulating percept duration during visual
bistability, with distinct weights, depending on the type of percept (Sousa
et al., 2018). In the current study, we aimed to understand how such
adaptation competes with persistence to influence perceptual experience,
and the neural correlates underlying hysteresis. There is an ongoing
debate on this issue, with some authors providing models that try to
explain persistence and adaptation with a single mechanism (Gepshtein
and Kubovy, 2005), while others suggest the opposite (Wilson, 2017;
Wilson, 2007). Importantly, a recent neurophysiological study has shown
that persistence and adaptation map into distinct neural networks
(Schwiedrzik et al., 2014), probably ascribed to interactions between
early and higher-order processing stages, as postulated previously by
some authors (Gigante et al., 2009; Sterzer and Rees, 2008). Our
competition hypothesis, here added to the debate, arises from previous
evidence of lower positive hysteresis for longer adaptation periods
(Buckthought et al., 2008) and of altered brain activity due to hysteresis
in adaptation responsive regions (Kleinschmidt et al., 2002).

This behavioral and neuroimaging study also allowed us to test the
contribution of high and low-level mechanisms to visual motion
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bistability. It follows the hypothesis that perceptual persistence depends
on high-level neural mechanisms, while adaptation arises from more
automatic and low-level mechanisms (Schwiedrzik et al., 2014;
Kleinschmidt et al., 2002). Concerning low-level regions, we focused on
the human motion complex (hMTþ), the key visual area involved in
motion perceptual decision, which plays a major role in neural adapta-
tion (Huk and Heeger, 2002; Sousa et al., 2018), while also investigating
the role of other brain regions involved in global motion perception.
Concerning high-level regions, we focused on the anterior insula. It has
been widely shown that this region is involved in perceptual
decision-making, ambiguous choice, and evidence accumulation (Rebola
et al., 2012; Lamichhane et al., 2016; Duarte et al., 2017). Such a critical
role is consistent with the notion that it contributes to the choice of
relevant perceptual content, as a core of salience and ventral attentional
networks (Corbetta and Shulman, 2002; Uddin, 2014). Interestingly, its
role in perception-driven processing within the ventral attentional
network has been suggested to be right-lateralized, unlike its role within
the salience network (Eckert et al. 2009; Uddin 2014; Zhang et al. 2018).
However, lateralization effects remain controversial.

Our results show evidence for a continuous competition between
perceptual history mechanisms. For each trajectory, we were able to
classify, using machine learning on the behavioral data, which of the
mechanisms (persistence or adaptation) was dominant. An involvement
of the insula and bilateral IPS was found when persistence dominated,
supporting the hypothesis of differential network recruitment/interac-
tion for the two mechanisms. Such effect is consistent with a role for the
ventral attentional network. This study adds to the understanding of
perceptual multistability and gives a better insight into the underlying
causes of the perceptual hysteresis phenomenon.

2. Methods

2.1. Participants

Twenty-five healthy participants were recruited for this experiment
(13 male, mean age 28.4 � 3.2 years). All had normal or corrected-to-
normal vision and no history of neurological or psychiatric diseases.
All participants except one were right-handed, as confirmed by a hand-
edness questionnaire adapted from (Oldfield, 1971): mean laterality
index of 87.7 � 10.5. All gave informed written consent before partici-
pating, in accordance with the declaration of Helsinki, and the study
followed the safety guidelines for magnetic resonance imaging research
on humans. The work was approved by the Ethics Committee of the
Faculty of Medicine of the University of Coimbra.
2.2. Experimental setup

The acquisition session comprised one structural magnetic resonance
imaging (MRI) sequence and eight functional MRI (fMRI) sequences (four
control runs, and four testing runs – Fig. 1A). The control runs allowed us
to establish a relation, without the contribution of perceptual history,
between controlled stimulus variables and the perceptual report, while
the testing runs assessed perceptual history mechanisms and their
contribution to hysteresis. The stimulus was created in MATLAB R2016b
(The Mathworks, Inc., Natick, MA-USA), along with the Psychophysics
Toolbox version 3 (Pelli, 1997; Brainard, 1997), and was presented on an
LCD screen (70 � 39.5 cm, 1920 � 1080 pixel resolution, 60 Hz refresh
rate) which the participants viewed through a mirror mounted above
their eyes at an effective distance of 156 cm. Participants’ reports were
recorded using a fiber-optical MR-compatible response box (Cedrus
Lumina LSC-400B). To confirm whether participants maintained central
fixation during the acquisition session, individually calibrated eye-
tracking data (sample frequency of 500 Hz) were recorded inside the
scanner using Eyelink 1000 software (SR Research, Ottawa, Ontario,
Canada).



Fig. 1. Experimental protocol design. A) Diagram of the scanning session. B) Protocol scheme of each trial of the control runs. C) Protocol scheme of each trial of the
testing runs. The stimulus properties were manipulated, in the testing runs, by gradually changing the level of coherence from 0% to 100 % or from 100% to 0%. In the
control runs, the various levels were displayed randomly.

Table 1
Plaid stimulus properties.

Angle of gratings relative to horizontal (�) 65
Duty cycle (%) 25
Aperture diameter (� visual angle) 9
Screen background color (RGB) (0, 0, 0)
Plaid background color (RGB) (50, 50, 50)
Gratings color (RGB) (130, 130, 130)
Spatial frequency (cycle/� visual angle) 0.625
Motion speed (� visual angle/s) 1.6
Number of dots 800
Dots color (RGB) (20, 20, 20)
Dots size (� visual angle) 0.05
Dots horizontal speed (� visual angle/s) 2.4
Dots vertical speed (� visual angle/s) 4
Fixation cross width (� visual angle) 0.67
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2.2.1. Stimulus
We used a moving plaid (superposition of two moving gratings –

Fig. 2A), which can be perceived moving coherently (Fig. 2B) or inco-
herently (Fig. 2C), and as such, the stimulus is intrinsically ambiguous.

The observer’s tendency to perceive coherence has been manipulated
systematically through many parameters (Movshon et al., 1985; Adelson
and Movshon, 1982). Here, to force the perception of one of the two
possible motion interpretations, we added dots to the plaid to disam-
biguate motion (Fig. 2D). Depending on the relative percentage of dots
(superimposed on the bars) that move vertically or horizontally, we were
able to induce a given level of coherence, hence a perceptual interpre-
tation to the participant (see the control and testing runs description
below for more details). With 100% of the dots moving vertically (down),
the coherent percept is induced, while with 100% of the dots moving
horizontally (half to the left and half to the right), the incoherent percept
is induced.

A complete description of the stimulus properties is provided in
Table 1, matching our previous study (Sousa et al., 2018).

2.2.2. Control runs
The control runs consisted of 6-s blocks of the static plaid interleaved

with blocks of the moving plaid (Fig. 1B). In each motion block, the plaid
was overlaid with moving dots. Depending on the coherence level
desired, the number of dots moving horizontally or vertically was
Fig. 2. Stimuli used in the experiment. Panels A, B, and C illustrate a plaid stimulus
stimulus is created, which can be perceived moving coherently (B) as a single surfa
illustrate the direction of perceived motion. D) Type of Plaid stimulus used in the e
stimulus was perceived as a plaid moving coherently or incoherently.
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changed. Each level (from 0 to 100% in intervals of 10% - totaling 11
levels) was presented once per run, in random order. The participants
were instructed to look at the central fixation cross and report, by
pressing and holding one of two buttons, the current percept of motion
(coherent or incoherent) while the plaid was moving.

This continuous report allowed us to establish the relationship be-
tween the parametric manipulations of the stimulus (level of coherence)
and the observer’s perception, without the contribution of recent
. By superimposing two gratings (A), moving orthogonally to the lines, a bistable
ce or incoherently (C) as two separate surfaces sliding over each other. Arrows
xperiment. Depending on the moving dots’ direction, the otherwise ambiguous
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perceptual history. The average report curve of the four runs is used as a
robust control for the perceptual trajectories during the testing runs.

2.2.3. Testing runs
The testing runs consisted of twomotion conditions - one in which the

plaid gradually transitions from Coherent to Incoherent and the other
from Incoherent to Coherent - interleaved with a static condition
(Fig. 1C). During the motion blocks, which last for 31.5 s, the level of
coherence was gradually changed (steps of 5%) from 0 to 100% (in the
Incoherent to Coherent condition) and from 100% to 0% (in the Coherent
to Incoherent condition). Participants were instructed to look at the
central fixation cross and continuously report the current percept by
pressing and continuously holding one of the two buttons of the response
box. In each run, we had four blocks of each of the conditions.

2.3. fMRI data acquisition

Scanning was performed on a 3T Siemens Magnetom Tim Trio scan-
ner at the Institute of Nuclear Sciences Applied to Health (ICNAS),
Portugal, using a 12-channel head coil. The scanning session started with
the acquisition of one 3D anatomical magnetization-prepared rapid
acquisition gradient echo (MPRAGE) pulse sequence (TR ¼ 2530 ms,
echo time (TE) ¼ 3.42 ms, flip angle ¼ 7�, 176 slices, voxel size ¼ 1.0 �
1.0 � 1.0 mm, field of view (FOV) ¼ 256 � 256 mm). Afterward, eight
functional runs were acquired using a T2*-weighted gradient echo-planar
imaging (EPI) sequence. These consisted of 100 volumes in the control
runs and 266 volumes in the subsequent runs (TR ¼ 1500 ms, TE ¼ 30
ms, flip angle¼ 75�, 27 interleaved slices without gap, voxel size¼ 3.5�
3.5 � 3.5 mm, FOV ¼ 235 � 235 mm). In total, the scanning session
lasted 45 min.

2.4. fMRI data processing

Data processing was performed using BrainVoyager v20.6 (Brain
Innovation, The Netherlands), automated using custom MATLAB scripts.
Pre-processing included slice-scan time correction, 3D head-motion
correction, temporal high-pass filtering (GLM-Fourier, 2 cycles), and
spatial smoothing with a Gaussian filter of FWHM ¼ 6 mm. Data were
normalized to Talairach space (Talairach and Tournoux, 1988). Activa-
tion maps were created using a General Linear Model (GLM), with pre-
dictors for each experimental condition and confound predictors from six
detrended head motion parameters (3 translation, 3 rotation) and spikes
(Satterthwaite et al., 2013).

2.5. Behavioral data analysis

The perceptual reports were acquired via button presses (continuous
hold for a given perceptual state) with a temporal resolution of 60 Hz,
enabling the detection of changes at the level of single stimulus frames.
These were then used to label the perceptual state corresponding to each
block of 1.5 s (which matches the volume duration and the step of
coherence change). We calculated the percentage of “Coherent” reports
over the total number of reports for each volume (which corresponded to
a certain coherence level of the stimulus), allowing us to trace a
perceptual report curve for the three motion conditions (Control – no
history, transition from Coherent to Incoherent, and from Incoherent to
Coherent).

The reports of the control runs were averaged for each subject. This
allowed us to trace a subject-specific control curve which accurately
revealed how the coherence level of the plaid related to the perceived
motion in the absence of perceptual history.

The reports of the testing runs were analyzed per run. Given the na-
ture of bistable dynamical systems, we did not expect that the competi-
tion between persistence and adaptation mechanisms would have the
same outcome every time, which is also the case for other bistability
examples such as binocular rivalry and Necker Cube perception. Hence,
4

we avoided averaging runs in this case, which would occlude the dy-
namics of perceptual rivalry.

2.5.1. Perceptual history effects: hypotheses
We hypothesized four distinct effects on the perceptual reports of

each trajectory due to recent perceptual history, as illustrated in Fig. 3.
When the transition to the opposing percept occurs later, as compared
with the control curve, the effect is positive hysteresis, reflecting a domi-
nant persistence mechanism; if the transition occurs earlier, the effect is
negative hysteresis, reflecting a dominant adaptation mechanism; if no
visible difference between the testing and the control curve exists, the
effect is Null, i.e., the two mechanisms cancel each other; if the effect on
the testing curve is not clear, i.e., the transition to the opposing percept
seems, for example, to occur earlier (when compared to the control
curve) but then this effect is modified (sometimes resembling the
opposite effect), the effect is labeled Undefined.

2.5.2. Perceptual history effects: classification
Based on the hypotheses defined above, we classified the collected

behavioral data in four groups: positive and negative hysteresis, null, and
undefined. This classification was initially based on visual inspection.
Then, an automatic classification algorithm was implemented to test the
groups’ validity.

A mathematical model, which allowed the creation of simulated
keypress response curves, was defined to train the classifier. The main
equation of the model, which returns the probability of perceiving
coherent motion, PcohðtÞ, is:

PcohðtÞ¼ 1
1þ e�30½xðtÞ�ðdþwðtÞþεÞ� (1)

where xðtÞ is the fraction of dots moving down, d the control curve in-
flection (transition) point, ε white random noise, and wðtÞ the weight of
the recent perceptual history, which varies according to the chosen effect
to simulate. As Supplementary Material, we provide a complete
description of the model and a schematic representation of the automatic
classification pipeline (Figure S1).

For each perceptual trajectory (Coherent to Incoherent and Inco-
herent to Coherent), 300 simulated curves per class were generated. Two
features were extracted from the perceptual report curves: the first
feature is the difference between the area under curve (AUC) of the
control and test curves, centered on the control transition value (5-point
window), divided by the total area under both curves; the second feature
is the difference between the perceptual switches of control and test
curves. The features were then normalized between 0 and 1, by sub-
tracting the minimum value of the feature and dividing by its maximum.

The features extracted from the simulated dataset were then used to
train a Bayes naive classifier (MATLAB implementation using fitcnb
function with default parameters, from the Statistics and Machine
LearningToolbox), basedon10-fold cross-validation.Afterward, the same
features were extracted from the test dataset, composed of real reports
data, and normalized using the same method, but with the train dataset
parameters. The classifier returneda predicted label for all 100 trials of the
test dataset. We repeated the whole classification process 10 times to ac-
count for the noise added to the simulation. We then extracted the most
frequent predicted label for each testing sample, fromwhichwe computed
a confusion matrix. The final classification accuracy was calculated as the
average of the four one-against-all balanced accuracies for each class.
2.6. fMRI data analysis

2.6.1. Control runs
The control runs consisted of very short blocks of moving and static

plaids. We considered all motion conditions and used these runs as a
functional localizer of the network involved in visual motion perceptual
decision.



Fig. 3. Graphical representation of the perceptual history effects considered. Each plot represents the hypothesized effects of perceptual history on the reports of
a trajectory (we show single incoherent-coherent trajectories only, for simplicity), visible from the differential shift and shape of the testing curves (in blue) when
compared to the control curve (in yellow). The control curves represent the relation between the coherence level and the probability of coherent perception in the
absence of history.
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A random-effects (RFX) GLM analysis was performed considering all
control runs and contrasting Motion vs. Static conditions. The resulting
activation map (Bonferroni-corrected at p ¼ 0.05) allowed us to explore
and define the regions involved in interpreting the moving plaid pattern
of motion, including our two main regions of interest - hMTþ and insula
(given the controversy on lateralization we analyzed the left and right
insula separately).

2.6.2. Testing runs
For the analysis of the testing runs, we integrated information of the

perceptual reports taking into account that the effect of previous expe-
rience is most evident before the perceptual switch to the opposing
percept.

For each run, we used the perceptual transition volume to define what
we designated by effect block. This block is composed of this volume and
the four volumes before it. If the perceptual switch occurred very early,
we excluded the first volume of the condition block and considered the
5

following five as effect block. We created predictors for this effect block by
convolving a standard Hemodynamic Response Function (HRF) with the
box-car time-course of the effect block condition. Then, an ROI-GLM
analysis was performed, from which we extracted the beta values of
the effect block from the regions defined, for each run and each partici-
pant, when contrasted with the baseline condition.

Considering the most evident perceptual history effect in each tra-
jectory, we compared the beta values between the positive and negative
hysteresis, irrespective of the experimental condition (Coherent to
Incoherent or the opposite). We applied a two-way ANOVA, with a factor
for the perceptual history effect and another for the brain regions, as
implemented in MATLAB. Following unpaired t-tests, comparing the two
effects in each brain region, were performed and corrected for the six
regions using Bonferroni’s method.

Additionally, as a confirmatory analysis, we subsampled the dataset
only considering runs where the two effects were found. This allowed for
a new two-way ANOVA, followed by paired t-tests between the two
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effects in each region. These results were also corrected using Bonfer-
roni’s method.
2.7. Code availability

The code for all analyses performed is available at our lab’s GitHub
page https://github.com/CIBIT-ICNAS/public_vphysteresis.

3. Results

3.1. Behavioral results

3.1.1. Perceptual reports
Participants were instructed to report the perceived type of motion

continuously (by holding a button constantly for each perceptual state)
while the plaid was moving. This allowed us to calculate the percentage
of coherent reports at each volume and plot it against the variable of
interest, the coherence level. In Fig. 4, we show four examples of the
perceptual report time-courses.

From these curves, one can infer the effect of perceptual history for
each trajectory. Positive hysteresis is evident for the blue curves in both
examples (later transition to the opposite percept when comparing with
the control curve) while negative hysteresis is evident for the red curve in
panel A (earlier transition to the opposite percept), but not in panel B. In
this case, the effect is null (no difference to the control curve).

The example in panel A illustrates a novel asymmetric perceptual
hysteresis profile, where different neural mechanisms dominate for each
trajectory. In fact, the persistence mechanism was mainly evident in the
Incoherent to Coherent trajectory (leading to positive hysteresis), while
adaptation was in the opposite trajectory (leading to negative hysteresis),
as explained in the next section 3.1.2.
Fig. 4. Perceptual report time-course examples from two different participants
coherence level, and the vertical axis displays the percentage of coherent reports by t
variables when the effect of history is not present. The reports for the Incoherent to C
side plots. On the right-side plots, in orange, we display the reports for the Coheren
standard error of the mean.
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3.1.2. Classification of perceptual history effects
Behavioral data were classified into four groups according to the

perceptual history effect. Based on the visual classification of each curve
(trajectory), comparing with the hypotheses of Fig. 3, we found 50 cases
of negative hysteresis (47 in the coherent to incoherent transition and 3
in the opposite one), 60 cases of positive hysteresis (48 in the incoherent
to coherent transition and 12 in the opposite one), 40 cases of no evident
perceptual history effect (20 in the coherent to incoherent transition and
20 in the opposite one) and 50 cases in which the perceptual history
effect was undefined (29 in the incoherent to coherent transition and 21
in the opposite one). Moreover, positive and negative hysteresis cases
were trajectory-dependent, with the strongly adapting coherent-starting
trajectory leading to negative hysteresis and the weakly adapting
incoherent-starting trajectory leading to positive hysteresis (chi-square
statistic with Yates correction, 57.117, p < 0.001).

The automatic classification process validated the groups’ distribu-
tion, discriminating between effects with a balanced accuracy of 81.4%
and 80.1% for the Coherent to Incoherent and Incoherent to Coherent
transitions, respectively (Fig. 5). As shown in the confusion matrices, the
Undefined and Null effects present the highest number of cases in which
the automatic classification and the visual inspection criteria did not
match.
3.2. Neurophysiological results: fMRI data analysis

3.2.1. The neural network involved in visual motion perceptual decision
The control runs were used as a localizer for our regions of interest -

insula and hMTþ - as well as for additional regions that are part of the
network involved in perceptual decision making. Fig. 6 displays the
group activation map, when contrasting motion vs. static conditions: we
identified visual areas related to motion processing (hMTþ and V3A), the
(A and B). The horizontal axis displays the variable which we manipulated, the
he participant. The control curves, in yellow, show the relation between the two
oherent trajectory (from 0 to 100% of coherence) are shown in blue on the left-
t to Incoherent trajectory (from 100 to 0% of coherence). Error bars display the

https://github.com/CIBIT-ICNAS/public_vphysteresis


Fig. 5. Classification of perceptual history effects. Classification confusion matrices for both experimental trajectories (left matrix - Coherent to Incoherent, right
matrix - Incoherent to Coherent). The number of cases equally classified by visual inspection and the automatic classifier is shown in the matrices’ main diagonal, for
each of the four effects: Negative hysteresis (NH), Positive hysteresis (PH), Null (N) and Undefined (Un). The colorbar represents the number of cases.

Fig. 6. RFX-GLM activation map of the control runs. The map contrasts motion vs. static conditions, Bonferroni corrected at p ¼ 0.05. The contrast reveals the
network of regions involved in the visual motion perceptual decision task, including our regions of interest: insula and hMTþ.
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superior parietal lobe (SPL), the intraparietal sulcus (IPS), the frontal eye
fields (FEF), the premotor cortex (PMC), the supplementary motor area
(SMA), and the insula. The Talairach coordinates of these brain regions
are summarized in Table S2.

3.2.2. Perceptual adaptation versus persistence
We analyzed the fMRI testing runs to assess the activation level of the

network regions when the perceptual history effect is most evident (effect
block). For this analysis, we considered all regions bilaterally, while
taking into account prior evidence for lateralization of the insula, and
excluded the button press-related motor regions (FEF, PMC, and SMA). In
sum, we have six regions (left and right insula, bilateral hMTþ, SPL, IPS,
and V3A) and two perceptual history effects.
7

A two-way ANOVA revealed that there was a significant main effect of
the perceptual history effect (our main hypothesis) on brain activation,
F(1,648) ¼ 21.1, p < 0.001, and also a significant main effect of brain
region, F(5,648) ¼ 25.3, p < 0.001. Importantly, Bonferroni’s multiple
comparisons tests showed that brain activation was significantly higher
for persistence than for adaptation for the right insula (p¼ 0.035, 95% CI
of the difference ¼ �0.275 to �0.006, correcting for the six brain re-
gions) (Fig. 7). The ANOVA table andmultiple comparison test results are
provided as Supplementary Material (Table S4 and S5, respectively).

The ANOVA on the subsampled dataset confirmed the statistical
significance of both main effects (brain region: F ¼ 16.8, p ¼ 0.713;
perceptual history effect: F ¼ 14.7, p < 0.001), and the following paired
testing showed statistically significant differences for the right Insula (p



Fig. 7. Differences in ROI activity between perceptual persistence and
adaptation mechanisms. Comparison between the ROI beta values of the effect
block predictor of the adaptation (A) and persistence (P) groups. The bars
represent the average beta value together with the standard error of the mean.
Statistical testing was performed using a two-way ANOVA followed by Bonfer-
roni’s multiple comparison tests (*p � 0.05).
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¼ 0.002, 95% CI of the difference ¼ �0.256 to �0.082), left Insula (p ¼
0.044, 95% CI of the difference ¼ �0.208 to �0.035), and bilateral IPS
(p ¼ 0.018, 95% CI of the difference ¼ �0.230 to �0.051). The ANOVA
table and full paired test results are provided as Supplementary Material
(Table S6 and S7, respectively).

4. Discussion

In this study, we explored the neural mechanisms underlying
perceptual hysteresis, testing the hypothesis of a critical balance between
persistence and adaptation, the key mechanisms underlying positive and
negative hysteresis, respectively. To address this question, we used a
bistable motion perception paradigm. We asked whether there is hys-
teresis in the perceptual transition between opposing percepts of a
moving plaid (coherent vs. incoherent) and studied the neural correlates
underlying this phenomenon, combining behavioral and fMRI data. Data
were acquired while participants reported their perceptual interpretation
of a moving plaid, gradually changing its pattern of motion from coherent
to incoherent and from incoherent to coherent.

The behavioral results show how recent experience influences the
current perception of each stimulation trajectory. When compared to the
absence of history, the perceptual switch might occur later (positive
hysteresis, evidence for persistence) or earlier (negative hysteresis, evi-
dence for adaptation). We also found cases where previous experience
did not seem to exert an obvious or unique influence on perceptual
interpretation (null and undefined effects).

Perceptual hysteresis has been initially associated with a persistence
mechanism only, but currently, there is evidence that it may also be related
to adaptation, causing negative hysteresis (Liaci et al., 2018). It has been
debated whether positive and negative hysteresis arise from a single
mechanism with different outputs (Gepshtein and Kubovy, 2005) or from
two dedicated mechanisms (Wilson, 2007; Wilson, 2017; Lopresti-Good-
man et al., 2013). Nevertheless, themost recent studies about the influence
of history on perceptual decision support the hypothesis of two opposing
mechanisms with distinct effects (Schwiedrzik et al., 2014; Fritsche et al.,
2017; Liaci et al., 2018). Moreover, there is evidence for competition be-
tween both mechanisms. (Kleinschmidt et al., 2002) have reported a
hysteresis-related phenomenon, which effectively reversed the
adaptation-associated deactivation of the ventral lateral occipital cortex.
Later, (Buckthought et al., 2008) showed that a stronger adaptation could
reduce the positive hysteresis effects. Our results agree with this competi-
tion hypothesis since all perceptual history effects found reveal the possible
outcomes of such a competition between persistence and adaptation
mechanisms: a dominanceof persistenceor adaptation (positive ornegative
hysteresis), a no clear winner (undefined effect), or a draw (null effect).
8

Our data add to the debate over the nature of positive and negative
perceptual hysteresis. Perceptual hysteresis has been commonly applied
as a synonym of perceptual persistence (Buckthought et al., 2008; Hock
et al., 1993; Schwiedrzik et al., 2014). However, a control task is needed
to understand whether the perceptual switch occurs earlier or later than
without history. We argue that we can only infer the neural mechanism
behind perceptual hysteresis when comparing with a case in the absence
of history. This is particularly relevant to asymmetric perceptual curves.
As a major novelty of our study, we showed evidence for different
dominant mechanisms influencing each trajectory, which can then lead
to these asymmetric hysteresis profiles.

In a recent behavioral study (Liaci et al., 2018), the authors per-
formed a detailed analysis of the hysteresis phenomenon with two
different paradigms. They found evidence for positive and negative
hysteresis, but the control curve was always between both testing curves
(the mechanism affecting both trajectories was the same). Strikingly, we
found cases in which the control curve was not between the two testing
curves (see examples of Fig. 4), which illustrate the hypothesis of a novel
hysteresis profile resulting from the combination of mechanisms
affecting each trajectory. Our data are consistent with the notion that
positive hysteresis is the result of a stronger persistence mechanism
overall, while negative hysteresis results from a stronger adaptation
mechanism (Liaci et al., 2018).

The competition between perceptual history mechanisms did not
have the same outcome every time, as expected, given the inherent na-
ture of bistable dynamical systems. The automatic classification step of
the behavioral reports allowed us to validate the visual classification
based on graphical outputs. By comparing the results of both types of
classification, automatic and manual, we show that each trajectory was
labeled reliably. The results showed that positive hysteresis occurred
mainly in the perceptual transition from incoherent to coherent motion,
while negative hysteresis occurred mainly in the perceptual transition
from coherent to incoherent motion, which is consistent with the notion
that adaptation is stronger for coherent motion (Sousa et al., 2018) -
persistence dominates when the level of adaptation is lower.

Neuroimaging data allowed us to identify the neural correlates of
perceptual hysteresis and to confirm that hMTþ and the insula are involved
in regulating the perceptual history effect. Firstly, our results show a
significantlyhigheractivityof the insuladuringpersistencewhencompared
to adaptation. Importantly,weverified that this difference inactivationwas
not due to the distinct average coherence level of the plaid found for the two
mechanisms (Figure S2). The anterior insula is a core region of the ventral
attention network (Eckert et al., 2009; Uddin, 2014; Zhang et al., 2018).
Moreover, as part of the salience network, it is found to be associated with
evidence accumulation and perceptual decision-making (Sterzer and
Kleinschmidt, 2010; Rebola et al., 2012; Duarte et al., 2017). The fact that it
is a hub of the salience network, linking bottom-up processes to the brain’s
attentional and working memory resources (Menon and Uddin, 2010),
provides a substrate for the persistence mechanism identified here.

Secondly, the insula activity difference between mechanisms was
more strongly present in the right hemisphere (although a significant
effect for the left insula was also found in the confirmatory analysis). The
salience and ventral attention networks play an important role here
(Corbetta and Shulman, 2002; Sheremata et al., 2010; Sheremata and
Silver, 2015), indicating that perception-driven attention, and its link to
short memory substrates, provide the basis for neural and behavioral
perceptual persistence. An earlier study, with a paradigm based on an
intermittent presentation of rectangular dot lattices, addressed adapta-
tion and hysteresis while regarding the latter as a synonym of persistence
(Schwiedrzik et al., 2014). This study did not investigate the balance
between mechanisms (the paradigm does not allow to critically test
competition between hysteresis mechanisms) but suggested that fronto-
parietal regions have a key role in perceptual stabilization. Our results
are consistent with this hypothesis and add to the debate over the role of
high-level regions in perceptual decision and hysteresis (Kleinschmidt
et al., 2002).
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We note, as a limitation, that the intrinsically high variability of the
perceptual dynamics, even at the single-subject level, posed a challenge
for statistical analyses, while managing the balance between Type I and
Type II errors. We avoided averaging different effects, which would be
suboptimal for an effective analysis of such a dynamical system - this is
generally the case for other examples of bistability as well. Still, a
confirmatory analysis was performed, based only on the available paired
samples, that revealed additional significant differences for the left
anterior insula and bilateral IPS between the two mechanisms. Although
a larger effect still stands for the right anterior insula, the left insula and
the IPS also seem to play a role, as corroborated by the absence of
interaction between perceptual mechanism and brain region factors.

Finally, we have previously shown that coherent and incoherent
patterns of motion lead to distinct perceptual adaptation strengths and
that this mechanism originates at an early level (hMTþ) even when the
net activity remains unchanged (Sousa et al., 2018). The observation of
neural adaptation was related to both percepts of motion, but it was
stronger in the case of coherent perception, which supports, as stated
above, the evidence for a winning adaptation mechanism on the transi-
tion from coherent to incoherent perception.

In summary, our results show evidence for continuous competition
between perceptual history mechanisms. For each trajectory, we were
able to classify which mechanism was dominant and conclude that a
stronger involvement of the insula was found when persistence domi-
nated, supporting the hypothesis of differential network recruitment/
interaction for the two mechanisms. The results of this study show
important implications for understanding multistable perception and
give a better insight into the underlying causes of perceptual hysteresis.
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