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Abstract

Remarkable trial-by-trial variability is apparent in cortical responses to repeating stimulus presentations. This neural variability
across trials is relatively high before stimulus presentation and then reduced (i.e., quenched) �0.2 s after stimulus presentation.
Individual subjects exhibit different magnitudes of variability quenching, and previous work from our lab has revealed that indi-
viduals with larger variability quenching exhibit lower (i.e., better) perceptual thresholds in a contrast discrimination task. Here,
we examined whether similar findings were also apparent in a motion detection task, which is processed by distinct neural popu-
lations in the visual system. We recorded EEG data from 35 adult subjects as they detected the direction of coherent motion in
random dot kinematograms. The results demonstrated that individual magnitudes of variability quenching were significantly cor-
related with coherent motion thresholds, particularly when presenting stimuli with low dot densities, where coherent motion was
more difficult to detect. These findings provide consistent support for the hypothesis that larger magnitudes of neural variability
quenching are associated with better perceptual abilities in multiple visual domain tasks.

NEW & NOTEWORTHY The current study demonstrates that better visual perception abilities in a motion discrimination task are
associated with larger quenching of neural variability. In line with previous studies and signal detection theory principles, these
findings support the hypothesis that cortical sensory neurons increase reproducibility to enhance detection and discrimination of
sensory stimuli.
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INTRODUCTION

Although our perception of the world around us seems
stable, remarkable trial-by-trial variability is apparent in
cortical neural activity even across trials containing an
identical stimulus. A variety of studies have demonstrated
that neural variability across trials is large before the pre-
sentation of a stimulus and then reduced (quenched)
�200ms after stimulus presentation. This stimulus-
induced quenching of neural variability is apparent in in-
tracellular and extracellular recordings of individual neu-
rons (1, 2), as well as in cortical population activity
recorded by electroencephalography (EEG), magnetoen-
cephalography (MEG), and functional magnetic reso-
nance imaging (fMRI) (3–10). This variability quenching is

tightly coupled with a reduction in neural oscillations in
the alpha-beta frequency band (11), thereby creating more
reproducible cortical responses across trials (10).

The magnitude of variability quenching following stimu-
lus presentation differs across individuals in a consistent
manner such that some subjects exhibit larger variability
quenching than others (4). Previous work from our labora-
tory has demonstrated that individuals with larger magni-
tudes of variability quenching exhibit lower (i.e., better)
perceptual thresholds when performing a contrast discrimi-
nation task (5). This finding is in line with principles of signal
detection theory whereby reducing variability increases the
ability to detect a signal (12). If the magnitude of variability
quenching indeed has a beneficial impact on perceptual per-
formance, it should be evident in other perceptual tasks.

Correspondence: E. Daniel (edand@post.bgu.ac.il).
Submitted 15 June 2020 / Revised 23 December 2020 / Accepted 3 February 2021

www.jn.org 0022-3077/21 Copyright © 2021 the American Physiological Society 1111

J Neurophysiol 125: 1111–1120, 2021.
First published February 3, 2021; doi:10.1152/jn.00355.2020

Downloaded from journals.physiology.org/journal/jn (002.053.130.201) on May 1, 2022.

https://orcid.org/0000-0001-6033-1926
mailto:edand@post.bgu.ac.il
https://crossmark.crossref.org/dialog/?doi=10.1152/jn.00355.2020&domain=pdf&date_stamp=2021-2-3
http://www.jn.org
https://doi.org/10.1152/jn.00355.2020


With this in mind, we decided to examine the relationship
between variability quenching and the perception of coher-
ent motion using randomdot kinematograms.

Contrast discrimination and coherent motion detection
are two tasks that rely on distinct neural populations within
the visual system. Perception of visual motion relies on
direction-selective neurons that are located primarily in pri-
mary visual cortex (V1) and the middle temporal (MT/V5)
area (13). Neurons in area MT have larger receptive fields
than neurons in V1, and this distinction makes MT neurons
specifically important for the perception of coherent motion
when using random dot kinematograms. Kinematograms
contain moving dots positioned in multiple locations of the
visual field, and detection of the direction of their coherent
motion requires integration across relatively large spatial
fields (14, 15). Furthermore, microstimulating neurons in
area MT are sufficient for altering the perception of coherent
motion in monkeys (16). These studies and others have dem-
onstrated that motion perception requires the integration of
V1 inputs into areaMT (17).

Unlike coherent motion perception, contrast detection
and discrimination do not require the integration of V1
inputs into a higher area of the visual system. Rather, con-
trast sensitivity is captured by the responses of V1 neurons
such that increasing stimulus contrast generates an increase
in neural firing rates (18). Furthermore, contrast discrimina-
tion does not rely on the responses of MT/V5 neurons, which
are not modulated by contrast levels (19, 20). Although MT
lesions dramatically impair the perception of coherent
motion, they do not affect contrast discrimination thresh-
olds (21).

To assess the relationship between neural variability mag-
nitudes and coherent motion perception, we recorded EEG
data from 35 adult subjects as they performed a motion
detection task using random dot kinematograms. The stim-
uli contained varying degrees of coherent motion, which
enabled us to estimate a psychometric function and thresh-
old for coherent motion detection in individual subjects (21–
24). To manipulate task difficulty, participants performed
the task at three different dot densities. Since coherent
motion is easier to detect in kinematograms with higher dot
densities (25), this manipulation enabled us to further exam-
ine whether individual magnitudes of variability quenching
were associated with the subjects’ perceptual thresholds at
varying degrees of task difficulty.

MATERIALS AND METHODS

Subjects

Thirty-five subjects (51% females, 24.8±2 yr old, range: 21–
30 yr old) successfully completed the study andwere included
in all analyses. All subjects were right-handed, had normal or
corrected-to-normal vision, and no known history of learning
disabilities or attention disorders. The experiment was con-
ducted in accordance with the Declaration of Helsinki and
approved by the ethics committee of Ben Gurion University
of the Negev. Each subject gave written informed consent and
received either payment (28$US) or research credit as part of
their undergraduate program. An additional 20 subjects par-
ticipated in the study but were excluded from the analysis

due to insufficient number of trials after cleaning (13 subjects
with <250 trials), unreasonable threshold estimation (three
subjects with motion coherence thresholds>0.5), flawed re-
cording (two subjects), inability to learn the task (one subject),
and strabismus (one subject).

Experimental Design

Subjects were seated in a dark soundproof room, with
their head positioned on a chin rest, 80cm from a CRTmoni-
tor (refresh rate: 60Hz, resolution: 1280 � 1024 pixels).
Stimuli were generated using MATLAB (MathWorks Inc.)
and Psychtoolbox (26–28). The experiment consisted of a sin-
gle 2-h recording session and included two parts: a coherent
motion detection task (Fig. 1) and passive observation of a
flickering checkerboard. Only data from the first task are
included in the current study.

Coherent Motion Task

We used a random dot kinematogram (21, 24), composed
of a circular area with white dots (diameter= 12�, dot
diameter=0.7�) that were presented on a black background.
Dots moved at a speed of 5�/s in random directions, with a
subset of the dots moving coherently to the left or right.
Each dot had a limited lifetime of 0.25 s after which it disap-
peared and reappeared in a new random location. We pre-
sented the stimulus at three different dot densities (0.6, 1.8,
or 5.4 dots/deg2, corresponding to 68, 204, or 611 dots). Dot
density was consistent within each block (i.e., set of 100 tri-
als), and subjects completed three blocks (300 trials) with
each dot density. A white fixation cross was presented at the
center of the screen throughout the experiment.

Each trial consisted of a stimulus (0.67 s), waiting period
(0.6 s), response cue, and a random intertrial interval (ITI;
0.9/1/1.1/1.2 s). Participants were instructed to focus their
gaze on the fixation cross throughout the experiment and
wait for the fixation cross to change color from white to gray
(i.e., response cue) before reporting the direction of coherent
motion by pressing the corresponding arrow key on the
keyboard.

The coherence level presented on individual trials was
selected using the Psi method (29, 30), a Bayesian adaptive
method for optimal estimation of the threshold and slope of
the psychometric function. This technique uses the data
from completed trials to update a posterior probability distri-
bution used to select the coherence level of the next trial (31,
32). This enables selection of coherence levels that maximize
the expected information gain (minimize entropy) for esti-
mating the threshold and slope (33).

Before starting the experiment, subjects practiced the task
with 80% coherence and a random dot density. They
received feedback on each trial (fixation cross turned green
for correct and red for incorrect). The practice session ended
when the subject performed 10 correct responses in a row.

EEG and Eye-Tracking Data Acquisition

EEG data were recorded using a 64-channel Bio-Semi sys-
tem (Biosemi, Inc) at 1024Hz, referenced to the mastoid elec-
trodes. Electrooculography was recorded using two electrodes
placed on the outer canthi of the left and right eyes, and one
electrode placed below the right eye. The position of the right
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eye was simultaneously recorded with an eye tracker at
1000Hz (EyeLink 1000; SR Research Ltd).

EEG Preprocessing

EEG data were analyzed in MATLAB (MathWorks, Inc.)
using the EEG toolbox (34) and EYE-EEG toolbox (35).
Continuous EEG data were down-sampled to 512Hz
and filtered using 1Hz high-pass and 40Hz low-pass
Hamming windowed finite impulse response (FIR) filters.
Continuous data were cut into epochs, from 0.5 s before to
1.8 s after stimulus onset. Epochs (i.e., trials) with absolute
signal amplitude>70 mV in any of the frontal electrodes
(Fp1, Fp2, AF3, AF4, AF7, AF8), or power >25 db in the 20–
40 Hz frequency range, were automatically identified and
removed—these criteria typically remove trials with eye
blinks and teeth clenching artifacts. Additional trials with
eye blinks located between �0.25 s to þ 1 s of stimulus
onset were identified using the eye tracker and removed.
In addition, trials containing horizontal or vertical eye
movements that were larger than 15% of the screen size
(3.2� vertical, 4.0� horizontal) were removed. Subjects
with less than 250 clean trials were excluded from the
analyses. The remaining 35 subjects had an average of 609
(±184) clean trials per subject. Unless otherwise stated, we
averaged data over six occipital/parietal electrodes (P6,
P8, PO8, P5, P7, and PO7) that best captured the responses
to the stimuli, as performed previously in our contrast dis-
crimination study (5) and other neural variability studies
using visual stimuli (3, 4, 11).

Neural Variability Analyses

Trial-by-trial variability was computed for each time point
in every electrode. Importantly, this step was performed on
the raw data of individual trials, without normalizing the
EEG signal in any way (i.e., without baseline correction,
which is often performed in ERP analyses and is not relevant
here). Absolute trial-by-trial variability in the prestimulus
(Varpre) and poststimulus (Varpost) periods were computed
by averaging the trial-by-trial variability across the relevant
time-points (�0.25 s to stimulus onset and 0.3 to 0.7 s after
stimulus onset, respectively). Relative change in trial-by-trial
variability (i.e., variability quenching) was then estimated by
dividing the variability in the poststimulus period by the

variability in the prestimulus period and adjusting to percent
change units, as follows:

Neural Variability Quenching ¼ Varpost
Varpre

� 1
� �

� 100

Psychometric Function Estimation

The coherent motion detection threshold and psychomet-
ric function slope were estimated for each subject using
a maximum likelihood method as implemented in the
Palamedes Toolbox (33). Data aggregated for each subject
from all blocks were fitted as follows:

w x; a; b; c; kð Þ ¼ c þ 1 � c � kð Þ�F x; a; bð Þ
where w represents the performance level (i.e., proportion cor-
rect), x refers to the stimulus coherence level and c and 1�k
correspond to the lower and upper asymptote of the psycho-
metric function, respectively. The lower asymptote corre-
sponded to the guess rate (c) that was set to 0.5 (i.e., chance
level given the two-alternative forced choice task), and the
upper asymptote was assumed to be governed by an atten-
tion-lapse rate (k) of 0.02 (i.e., upper asymptote was assumed
to be 0.98 performance level). The sigmoidal function used
was a Gumbel (logarithmicWeibull) function, defined as:

F x;a;bð Þ ¼ 1� e�10b x�að Þ

where x refers to the stimulus coherence level, a to the per-
ceptual threshold, and b the slope of the psychometric func-
tion. The coherent motion threshold (set to 74% correct) and
psychometric function slope were extracted for each subject
separately while including coherence levels that were
sampled at least three times.

Goodness-of-Fit

To quantify the quality of fit between the estimated psy-
chometric function ( ŷ) and the observed data (y), we calcu-
lated the root mean square error (RMSE) for each individual
subject, as defined by:

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

i¼1
ŷi � yið Þ2
N

s

where N is the number of coherence levels. The RMSE of all
subjects fell within ±2.5 SD of the mean RMSE across

Time
Respond
(Unlimited)

ITI
0.9-1.2 s 0.67 s

Stimulus Wait
0.6 s

Figure 1. Design of the coherent motion task.
The stimulus consisted of a circular area with
white dots. A proportion of the dots moved
coherently to the right or left and the remain-
ing dots moved in random directions. Subjects
were requested to wait for the fixation cross to
turn gray before reporting the direction of
coherent motion by pressing one of two keys.
Each trial was followed by a jittered intertrial
interval (ITI).
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subjects, demonstrating a reasonable fit for all subjects with
no extreme outliers.

Electrode Offset Variability

To assess the quality of individual EEG recordings and
ensure that potential individual differences in data quality
did not affect our findings, we examined electrode offset in
individual subjects. Electrode offset is ameasure that quanti-
fies the amplitude of slow changes in voltage potential over
time, which is indicative of the quality of the EEG recording
when using active electrode systems where impedance is not
measured (36). We computed the trial-by-trial variability of
electrode offsets in each of the six electrodes used in the
main analyses and then averaged across electrodes in each
subject. We then examined whether individual differences
in the variability of electrode offset could explain individual
differences in neural variability quenching by computing
the Pearson correlation across the twomeasures.

Eye-Gaze Variability

Even small eye movements are known to generate consid-
erable changes in voltage potential when recording EEG (37).
To ensure that individual differences in eye movements did
not affect our results, we calculated the Euclidian distance
in pixels between the gaze position as reported by the eye
tracker and the fixation cross at each time-point (gaze posi-
tion was sampled at 1,000Hz). We then computed the vari-
ability of this measure in the poststimulus time window (i.e.,
0.3–0.7 s after stimulus onset) of each trial and averaged
across trials per subject. This measure of eye-gaze variability,
in units of squared pixels, was computed for each subject
and used to quantify eye movements (i.e., larger variability =
more eyemovements). We then computed the Pearson corre-
lation between this measure and individual magnitudes of
EEG variability quenching to test whether the measures
were related.

Statistical Tests

Relationships between pairs of measures such as absolute
trial-by-trial variability, neural variability quenching, motion
coherence threshold, electrode offset, and goodness-of-fit
were estimated using Pearson’s correlations. The significance
of these correlations was estimated using a permutation/ran-
domization test. This procedure included shuffling the labels
of vectors before calculating the correlation between them (i.
e., shuffling the data of individual subjects). This procedure
was performed 10,000 times, with each iteration yielding a
correlation coefficient that was based on a different random-
ization. The resulting correlation coefficients represented a
null distribution of random results given the distribution of
the initial measures across the subjects in the study. For the
true correlation coefficient to be considered significant, it had
to be higher than the 95th percentile or lower than the 5th
percentile of this null distribution.

To assess the consistency of findings across our current
and previous studies regarding the relationship between per-
ceptual thresholds and variability quenching, we computed
the Bayes factor, using JASP (38). The Bayes factor quantifies
the evidence for the null hypothesis compared with an alter-
native hypothesis given a prior. Here, we tested whether

there was evidence for a significant correlation between
motion coherence thresholds and variability quenching in
our data, given the correlation between coherence discrimina-
tion thresholds and variability quenching that was reported
by Arazi et al. (5) (i.e., the prior). Conventionally, a Bayes fac-
tor that is >3 offers strong support for the alternative hypoth-
esis, and one lower than 1/3 provides strong support for the
null hypothesis (39). Comparisons of individual measures
such as coherent motion thresholds across different dot den-
sities were performed using pairwise t tests.

Data Availability

Raw data will be made available upon reasonable request
from the authors.

RESULTS
Subjects exhibited typical event-related potential (ERP)

responses to the presentation of the random dot kinemato-
grams (Fig. 2A). On average, trial-by-trial variability was
reduced/quenched by 31%, relative to prestimulus variability
(Fig. 2B). Variability quenching reached full strength �200
ms after stimulus presentation and was strongest in electro-
des covering occipital and parietal cortices (Fig. 2D). P100
responses were also strongest at occipital-parietal sensors
(Fig. 2C).

Variability Quenching and Dot Density

Trial-by-trial variability was quenched from �0.2 s to �1 s
after stimulus presentation (Fig. 2B). The magnitude of vari-
ability quenching was similar across different dot densities
(Fig. 3). Furthermore, individual magnitudes of variability
quenching were highly correlated across dot densities (Fig.
3B), demonstrating that the magnitude of variability quench-
ing was a stable trait of individual subjects, as also reported in
previous studies (4, 5). Strong and significant correlations
were apparent between individual magnitudes of variability
quenching at different dot densities (low vs. medium: r=0.94,
P < 0.001; low vs. high: r=0.90, P < 0.001; and medium vs.
high: r=0.90, P< 0.001). Note that the number ofmoving ele-
ments in the high dot density stimulus (611 moving dots) was
an order of magnitude larger than the number of elements in
the low density stimulus (68 moving dots). This difference in
the stimulus density had a significant effect on perceptual
thresholds (see next section) but not on themagnitude of vari-
ability quenching.

Motion Coherence Thresholds

We fit a sigmoidal psychometric function to the behavioral
data of each subject (Fig. 4A) and extracted the function’s
slope and threshold (i.e., coherence percentage necessary to
achieve 74% discrimination accuracy). This procedure was
performed separately for stimuli containing low, medium,
and high dot densities. Subjects with unreasonable thresh-
olds (>50%) in each dot density were excluded from this
analysis (i.e.,N = 34, 32, and 31 in the low, medium, and high
densities, respectively). We noted significant differences in
motion coherence thresholds across stimuli with different
dot densities (Fig. 4B). Specifically, higher (i.e., poorer)
thresholds were apparent when presenting subjects with
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stimuli containing low dot densities in comparison with me-
dium (t = 4.31, P < 0.001) or high (t = 4.87, P < 0.001) dot
densities. Thresholds did not differ significantly between the
medium and high dot densities (t = 1.05, P = 0.302).

Variability Quenching Magnitudes and Coherent Motion
Thresholds

Coherent motion thresholds that were computed across
all trials (regardless of dot density) were positively correlated
with individual magnitudes of neural variability quenching
(r=0.38, P = 0.019; Fig. 5A) such that subjects with lower
thresholds (i.e., better perceptual ability) had larger magni-
tudes of variability quenching (i.e., larger decreases in vari-
ability). We also note that there was a negative correlation
between the slope of the psychometric function and the
magnitude of neural variability quenching, yet this correla-
tion was not statistically significant (r = �0.12, P = 0.29; Fig.
5B). Note that the significance of these correlations was
tested with a randomization/permutation test.

We also examined the correlations between individual
magnitudes of variability quenching and coherent motion

thresholds at each of the three stimulus dot densities sepa-
rately (Fig. 5, C–E). This analysis revealed that the relation-
ship was significant only when analyzing trials with low dot
density (r=0.37, P = 0.03), such that the correlations became
sequentially weaker when analyzing trials with medium
(r=0.22, P = 0.13) and high (r=0.13, P = 0.19) dot densities.

Consistency across Studies

In a previous study, we found that individual magnitudes
of variability quenching were significantly correlated with
contrast discrimination thresholds (5). To determine the
robustness of this relationship, which appeared in both the
previous and current studies using distinct designs and tasks,
we computed a Bayes factor. This analysis examines the
strength of evidence for accepting the hypothesis whereby
there is a significant correlation in the current study, given
the evidence found in the previous study (i.e., the prior).
Using the correlation value reported in the contrast discrimi-
nation study as the prior, the Bayes factor revealed that
there was strong evidence for the existence of a consistent
relationship between individual variability quenching

Figure 3. Trial-by-trial variability quenching is
a stable individual trait, consistent across dot
densities. A: trial-by-trial variability in units of
percent change relative to the prestimulus
period (�0.25s to stimulus onset) in trials
with low (68 dots), medium (204 dots), and
high (611 dots) dot densities. B: scatter plot
demonstrating the relationship between indi-
vidual magnitudes of variability quenching
across pairs of dot densities (light gray = low
vs. medium; gray = low vs. high; dark gray =
medium vs. high dot density). Each point rep-
resents a single subject (N = 35).

Figure 2. Cortical responses to the coher-
ent motion stimulus. A: mean ERP across
subjects (black line, N = 35) and standard
deviation across subjects (shaded blue).
Gray shaded area: time of stimulus pre-
sentation. B: trial-by-trial variability in units
of percent change relative to the presti-
mulus period (�0.25s to stimulus onset).
Mean across subjects (black line) and
standard deviation across subjects
(shaded blue). Gray shaded area: time of
stimulus presentation. Dashed black verti-
cal lines: limits of time window used to cal-
culate individual magnitudes of variability
quenching. C: topographic map of early
visual responses at P100, demonstrating
that the largest visual responses (darker
red) were apparent in occipital-parietal
electrodes. D: topographic map of vari-
ability quenching demonstrating that
larger quenching (darker blue) was also
apparent in the same occipital-parietal
electrodes. ERP, event-related potential.
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and perceptual thresholds in the current study (Bayes factor=
6.65).

Absolute Variability Magnitudes and Coherent Motion
Thresholds

Previous work from our laboratory has demonstrated that
variability quenching measures explain perceptual abilities
better than absolute neural variability measures (4, 5). To

reexamine this issue in the current study, we estimated abso-
lute trial-by-trial variability in the prestimulus and poststi-
mulus time periods (see METHODS). We then tested whether
individual magnitudes of absolute variability were corre-
lated with individual coherent motion thresholds. We found
that both individual magnitudes of prestimulus variability
(r = �0.19, P = 0.28) and poststimulus variability (r = �0.13,
P = 0.46) were not significantly correlated with coherent
motion thresholds.

Figure 4.Motion coherence thresholds. A: psychometric
function of subject 2. Each point represents the percent
of correct answers (y) at a given coherence level (x).
Gray line represents the maximum likelihood Gumbel
(logarithmic Weibull) function that was fit to the pre-
sented data points. B: perceptual thresholds for each
dot density. Each point represents the threshold of a
specific subject. Dashed lines connect the threshold val-
ues of a single subject across the three dot densities.
NS, not significant ��P< 0.001.

Figure 5. Variability quenching magnitudes and coherent motion perception. Scatter plots demonstrate the relationship between individual magnitudes
of variability quenching and coherent motion thresholds (A) (N = 35) or the slope of the psychometric function (B). Insets demonstrate the randomization
statistical test by presenting the null distribution of correlation coefficients when randomly shuffling subject identities 10,000 times. The actual correlation
value is represented by the vertical black line. Separating the analysis according to dot densities revealed that individual magnitudes of variability quench-
ing were specifically correlated with motion coherence thresholds that were based on trials with low dot densities (C) and more weakly correlated with
motion coherence thresholds that were based on medium (D) and high (E) dot densities. Each point represents a single subject. Gray: least-square line.
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Control Analyses

To ensure that our results were not generated by alterna-
tive nonneural sources of EEG variability, we performed sev-
eral control analyses. First, we examined differences in the
quality of the EEG recordings across individual subjects.
When recording EEG with active electrode systems like
Biosemi, the quality of the recording is often measured by
low-frequency changes that are apparent in electrode offsets
(see METHODS). Unstable recordings are characterized by
changes in electrode offsets over time and across trials.
Therefore, we computed the variability of electrode offsets
across trials in individual subjects and computed their corre-
lation with individual magnitudes of variability quenching.
The two measures were not significantly correlated (r =
�0.26, P = 0.14), suggesting that individual magnitudes of
trial-by-trial variability were not generated by differences in
the stability of individual recordings.

In another analysis, we examined the amount of eye move-
ments performed by individual subjects, given that eye move-
ments are expected to generate EEG artifacts leading to larger
variability (37). We computed the gaze position variability as a
measure of the amount of eye movements performed by each
subject (see METHODS). We found that this measure was not
correlated with individual magnitudes of variability quench-
ing (r=0.11, P = 0.53), demonstrating that the reported differ-
ences in neural variability quenching were not generated by
individual differences in eyemovements.

Furthermore, the number of rejected trials was not
correlated with individual magnitudes of neural variability
quenching (r = �0.02, P = 0.91), demonstrating that the
amount of data available for individual subjects did not have
an impact on the estimated trial-by-trial variability. The num-
ber of rejected trials was also not significantly correlated with
individual perceptual thresholds (r =�0.02, P = 0.88), demon-
strating that the amount of data available for individual sub-
jects did not create a bias in their threshold estimations.

Finally, we performed a partial correlation analysis where
we tested the relationship between the individual magni-
tudes of variability quenching and perceptual thresholds
while controlling for all alternative variables described
above. The partial correlation remained almost as strong as
in the original analysis (Fig. 5A), and borderline significant
(r=0.34, P = 0.058), demonstrating that the correlation
between trial-by-trial variability quenching and perceptual
thresholds was barely affected by differences in the quality
of EEG recording, eye movements, or number of rejected
trials.

DISCUSSION
Our results demonstrate that individual subjects exhibit

distinct magnitudes of variability quenching, which are sig-
nificantly, albeit weakly, correlated with their coherent
motion thresholds. Subjects with stronger variability quench-
ing tended to have lower (better) perceptual thresholds in the
motion detection task. This relationship was specifically evi-
dent when using stimuli with low dot densities (Fig. 5) where
motion coherence was more difficult to identify (Fig. 4). This
suggests that the magnitude of variability quenching may be
particularly important for detecting ambiguous stimuli.

These findings suggest that a consistent association is
apparent between individual magnitudes of variability
quenching and individual perceptual abilities in the visual
domain. The current study demonstrated this association in
a motion discrimination task, whereas a previous study from
our laboratory reported similar associations in a contrast dis-
crimination task (5). Indeed, performing a Bayes factor anal-
ysis revealed that there was strong evidence across studies
for accepting the significance of this relationship. Hence,
converging evidence from two independent studies with dif-
ferent designs and tasks confirms that individual magni-
tudes of variability quenching are related to perceptual
performance.

When considering these results, it is important to note
that the tasks used in the two studies described above rely
on different neural populations within the visual system.
Although motion-sensitive neural populations exist in both
V1 and area MT (13), the ability to detect coherent motion in
random dot kinematograms is specifically dependent on MT
neurons that have large receptive fields and are able to inte-
grate global motion information (14, 15). Conversely, per-
formance in a contrast discrimination task is based on the
accurate responses of V1 neurons without the need for spa-
tial integration (18). Indeed, MT neurons are not sensitive to
contrast (19, 20) and MT lesions impair the perception of
coherent motion but do not affect contrast discrimination
thresholds (21).

Since both tasks rely on initial computations performed
by motion/contrast-sensitive neurons in V1 and since EEG
recordings cannot distinguish between the activity of V1 and
MT neurons, it is possible that the variability quenching
reported in both studies was generated by overlapping neu-
ral populations in V1. Nevertheless, we demonstrate that the
relationship between neural variability quenching and per-
ceptual performance appears consistently in different visual
tasks that require different neural computations and are de-
pendent on different visual system areas. Additional studies
assessing this relationship using perceptual tasks in other
sensory modalities are highly warranted for determining the
generalizability of this phenomenon across sensory domains
and perceptual tasks.

Neural Variability and Perception

The principles of signal detection theory suggest that
detection of a stimulus depends on two key factors: the
strength of the stimulus and the magnitude of the noise/
variability masking the stimulus (12). One form of noise is
spatial noise that can be added to a visual stimulus,
thereby degrading the stimulus and making it more diffi-
cult to identify. Gradually increasing the amount of spatial
noise enables behavioral estimation of the internal noise
of a neural system by using the equivalent noise technique
(40). Indeed, individuals with larger internal neural noise
estimates exhibit poorer perceptual performance with
higher thresholds (41, 42).

Another form of noise/variability is apparent in trial-by-
trial variability, which reduces the reproducibility of neural
responses across trials. Several studies have demonstrated
that perception is more accurate when neural activity is less
variable (i.e., more reproducible). For example, trials where a
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threshold level visual stimulus was detected exhibit lower
trial-by-trial variability than trials where the stimulus was
not detected (43). Similarly, older individuals with larger
trial-by-trial auditory response variability are less accurate at
sound localization (44). Furthermore, trial-by-trial variabili-
ty is actively reduced when allocating spatial attention to a
visual stimulus (3, 45, 46, 47), potentially explaining the ac-
curacy and speed benefits of attention.

Although trial-by-trial variability is clearly quenched after
the presentation of a stimulus (1), individual subjects quench
neural variability to different extents. Indeed, individual dif-
ferences are consistently apparent when examining EEG
recordings of the same subjects performed a year apart and
when individuals perform different tasks with different stim-
uli (4). This suggests that the magnitude of variability
quenching is an individual trait that is mostly determined by
individual neurophysiology. The current and former (5)
studies from our laboratory extend previous findings by con-
sistently demonstrating that these individual differences are
associated with the subjects’ perceptual abilities such that
individuals with larger variability quenching exhibit better
perceptual thresholds.

Note that there was no group difference in variability
quenching across the low and high dot-density conditions
despite a group difference in perceptual thresholds (Fig. 3).
This is in line with the suggestion that variability quenching
is an individual neurophysiological trait that barely changes
with task difficulty (Fig. 3B). Nevertheless, individuals who
quenched neural variability to a larger degree exhibited
lower perceptual thresholds particularly in situations where
the strength of the stimulus was weak (i.e., lower dot density,
Fig. 5) and the detection of coherent motion was more diffi-
cult as indicated by higher perceptual thresholds (Fig. 4) (48,
49). Hence, we suggest that the behavioral significance of
individual differences in variability quenching is particularly
evident in the detection of weak stimuli.

Absolute Neural Variability and Variability Quenching

Individual subjects differ in the absolute magnitudes of
trial-by-trial variability that they exhibit as well as in the
magnitude of variability quenching following stimulus pre-
sentation. Some studies have suggested that larger absolute
variability is apparent in younger subjects and those with
better cognitive abilities (50, 51). However, in our previous
study, we reported that individual magnitudes of absolute
variability were not correlated with contrast discrimination
thresholds in healthy adults. Instead, only individual magni-
tudes of variability quenching were significantly correlated
with discrimination thresholds (5). Here, we demonstrate
similar findings with respect to coherent-motion thresholds.
Individual magnitudes of variability quenching were corre-
lated with coherent-motion thresholds and not measures of
absolute variability in pre- or poststimulus periods. Hence,
our results highlight the importance of relative rather than
absolute variability measures for explaining, at least in part,
individual differences in perceptual abilities.

Measurement Noise

Trial-by-trial neural variability may be affected by mea-
surement noise thatmay differ across subjects. One potential

source of measurement noise in EEG recordings is the qual-
ity of the EEG recording. When using active electrode sys-
tems, the quality of individual recordings can be estimated
by measuring very low-frequency changes that are apparent
in electrode offset differences across trials (see METHODS).
Individual differences in electrode offset variability across
trials, however, were not correlated with variability quench-
ing magnitudes. This indicated that our results were not
driven by potential differences in EEG recording quality
across subjects. Another potential source of variability is dif-
ferences in the amount of eye movements across subjects
(37). Therefore, we computed eye-gaze variability of individ-
ual subjects, which quantified the amount of eye movements
(i.e., inverse of fixation stability). This measure was also not
correlated with variability quenching magnitudes, demon-
strating that our results were not driven by potential
between-subject differences in eyemovements.

Conclusions

Individual differences in the magnitudes of neural vari-
ability quenching are associated with individual perceptual
abilities in the visual domain as demonstrated in both con-
trast discrimination and motion coherence tasks. Additional
studies demonstrate that larger variability is apparent in the
elderly, where perceptual abilities are poorer (44), and that
attention reduces variability across trials while improving
perceptual performance (3, 45). In line with signal detection
theory principles, these findings add additional support to
the hypothesis that cortical sensory networks increase corti-
cal reproducibility to enhance detection and discrimination
of sensory stimuli.
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