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Aversive learning is thought to modulate perceptual thresholds, which can lead to overgeneralization. However, it remains undetermined
whether this modulation is domain specific or a general effect. Moreover, despite the unique role of the visual modality in human
perception, it is unclear whether this aspect of aversive learning exists in this modality. The current study was designed to examine the
effect of visual aversive outcomes on the perception of basic visual and auditory features. We tested the ability of healthy participants,
both males and females, to discriminate between neutral stimuli, before and after visual learning. In each experiment, neutral stimuli
were associated with aversive images in an experimental group and with neutral images in a control group. Participants demonstrated a
deterioration in discrimination (higher discrimination thresholds) only after aversive learning. This deterioration was measured for both
auditory (tone frequency) and visual (orientation and contrast) features. The effect was replicated in five different experiments and lasted
for at least 24 h. fMRI neural responses and pupil size were also measured during learning. We showed an increase in neural activations
in the anterior cingulate cortex, insula, and amygdala during aversive compared with neutral learning. Interestingly, the early visual
cortex showed increased brain activity during aversive compared with neutral context trials, with identical visual information. Our
findings imply the existence of a central multimodal mechanism, which modulates early perceptual properties, following exposure to
negative situations. Such a mechanism could contribute to abnormal responses that underlie anxiety states, even in new and safe
environments.
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Introduction
A major challenge facing organisms is distinguishing between
alike stimuli (discrimination), while responding similarly, when
stimuli are likely related (generalization). Both abilities are cru-
cial for survival, enabling appropriate responses to diverse situa-

tions (Guttman and Kalish, 1956; Solomon and Moore, 1975;
Rescorla, 1976; Shepard, 1987; McLaren and Mackintosh, 2002;
Bouton, 2006). In the case of a conditioned stimulus (CS), which
predicts an aversive unconditioned stimulus (US), theory and
evidence suggest a response bias. While some studies report that
aversive conditioning increases stimulus discrimination or detec-
tion (Li et al., 2008; Åhs et al., 2013), a large body of work indi-
cates that aversive learning results in a wider generalization of the
CS (Pavlov, 1927; Hearst, 1960; Watson and Rayner, 2000; Dun-
smoor et al., 2009; Lissek, 2012; Vervliet et al., 2013; Dunsmoor
and Paz, 2015). Wider generalization of a stimulus, paired with
an aversive outcome, can facilitate a fast and efficient defensive
behavior to similar stimuli. The decreased discrimination between
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Significance Statement

Using a visual aversive-learning paradigm, we found deteriorated discrimination abilities for visual and auditory stimuli that were
associated with visual aversive stimuli. We showed increased neural activations in the anterior cingulate cortex, insula, and
amygdala during aversive learning, compared with neutral learning. Importantly, similar findings were also evident in the early
visual cortex during trials with aversive/neutral context, but with identical visual information. The demonstration of this phe-
nomenon in the visual modality is important, as it provides support to the notion that aversive learning can influence perception
via a central mechanism, independent of input modality. Given the dominance of the visual system in human perception, our
findings hold relevance to daily life, as well as imply a potential etiology for anxiety disorders.
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these similar stimuli may occur already at the perceptual level
(Schechtman et al., 2010; Resnik et al., 2011; Struyf et al., 2015;
Zaman et al., 2015). Evidence supporting this mechanism arises
from a recent series of studies, in which participants learned to asso-
ciate neutral auditory tones (the CS) with aversive odors (Resnik et
al., 2011), negative sounds (Resnik et al., 2011), or monetary loss
(Laufer and Paz, 2012; Laufer et al., 2016). Following condition-
ing, participants exhibited increased auditory thresholds and
failed to discriminate new tones from the original CS.

Changes in discrimination thresholds following aversive learning
have been attributed to the activity of various brain regions,
including the amygdala, insula, and anterior cingulate cortex
(ACC; Laufer and Paz, 2012; Laufer et al., 2016). An alternate
function of these brain regions, during aversive learning, may
account for the inconsistent reports described above regarding
discrimination. For example, insular activity was correlated with
generalization (Laufer and Paz, 2012; Laufer et al., 2016), but also
showed pattern similarity (less generalization) between the con-
ditioned and aversive stimulus (Onat and Büchel, 2015). Further-
more, changes in the tuning properties of neurons in the primate
amygdala may explain how stimulus generalization and better
detection can exist side by side (Resnik and Paz, 2015).

Aversive stimuli may induce plasticity in early sensory regions
via a central mechanism, independent of the specific input
modality. Consistent with the perceptual hypothesis, studies in
rodents (Aizenberg and Geffen, 2013) and humans (Laufer et al.,
2016) provide evidence for the role of the auditory cortex in the
underlying plasticity. However, despite the prominent role of the
visual modality in human perception, the effect of visual aversive
stimuli (as US) on discrimination, particularly of neutral basic
features of visual perception (as CS), has been less studied (Dun-
smoor and LaBar, 2013; Struyf et al., 2015). If indeed visual aver-
sive learning also leads to alternations in visual discrimination, it
would further imply the existence of a central mechanism. Fur-
thermore, in humans, the visual system plays a role in the devel-
opment of anxiety states. Thus, alternations in visual perception
during aversive learning may underlie anxiety disorders, which
are often characterized by overgeneralization (Jovanovic and
Ressler, 2010; Lissek et al., 2010; Pitman et al., 2012; Lissek et al.,
2014; Dunsmoor and Paz, 2015; Dymond et al., 2015; Laufer et
al., 2016).

We tested the role of the visual system in overgeneralization
with a set of five experiments. In these experiments, participants
learned to associate auditory or visual neutral stimuli (CS) with
aversive visual images (US). The effect of this pairing on auditory

or visual discrimination thresholds was examined. In addition,
we used functional magnetic resonance imaging (fMRI) to track
brain activations during learning. We hypothesized that aversive
images would induce an increase in discrimination thresholds for
both auditory (frequency) and visual (contrast and orientation)
features. We predicted that this increase will be accompanied by
differences in brain activity measured during aversive visual
learning, including in early visual brain regions.

Materials and Methods
Participants
A total of 315 healthy students (age range, 19 –33 years; mean age, 24.12
years; SE, 0.11) from Ben-Gurion University of the Negev, Israel, were
recruited for the study (Experiment 1: 99 participants, 61 females, 38
males; Experiment 2: 63 participants, 49 females, 14 males; Experiment 3:
58 participants, 36 females, 22 males; Experiment 4: 59 participants, 34
females, 25 males; Experiment 5: 36 participants, 30 females, 6 males).
They received either a course credit or a monetary payment to compen-
sate for their time. Experimental procedures for the behavioral studies
were approved by the ethics committee of the Psychology Department at
Ben-Gurion University of the Negev and by the Helsinki Committee of
Soroka Medical Center, Beer-Sheva, Israel, for the fMRI experiments. All
participants provided written informed consent. More information re-
garding participants included in each experiment is provided in the fol-
lowing relevant sections and in Table 1.

General experimental procedure
The framework for the experimental procedure was adapted from earlier
studies (Resnik et al., 2011; Laufer and Paz, 2012). In all experiments,
each participant first performed a two-alternative forced choice (2AFC)
discrimination task to define his/her baseline perceptual thresholds [just
noticeable difference (JND)] for the neutral stimuli, as follows: 1 or 2 kHz
tones in the auditory discrimination experiment (Experiment 1), low- or
high-contrast Gabors in the contrast discrimination experiment (Exper-
iment 2), and black stripes in a vertical or horizontal orientation in the
orientation discrimination experiments (Experiments 3, 4, and 5). Fol-
lowing the discrimination task, participants completed a conditioning
(learning) session, where one of the neutral stimuli was paired with either
aversive or neutral images (CS�), and the other stimulus with blank
screens or scrambled images (CS�). Then, participants performed the
discrimination task again for the two neutral stimuli. In a following stage,
participants also performed a memory test to provide an indication for
their attention to the stimuli during the conditioning session. Finally,
participants performed a validation test (image rating) for the level of
emotional arousal they experienced while watching images from both
categories (aversive/neutral). Some of the participants in Experiments
1–3 were also recalled after 24 h and repeated the discrimination task,
enabling us to estimate the stability of the effects over time. In Experi-

Table 1. Composition of participants in each experiment (included and excluded)

Exp
no. Group Total

Included
in total

Included
females

Included
males

Excluded due
to unawareness
to conditioning

Excluded due
to image
rating

Excluded due
to low performance
in memory tests

Excluded due
to low performance
in discrimination tasks

1 Exp 34 24 16 8 5 2 1 2
Ctrl 31 24 17 7 5 0 2 0
24 h 34 19 10 9 7 7 0 1

2 Exp 38 29 24 5 6 0 2 1
Ctrl 25 19 15 4 4 0 1 1

3 Exp 33 25 16 9 4 1 1 2
Ctrl 25 22 11 11 0 3 0 0

4 Exp 30 30 15 15 0 0 0 0
Ctrl 29 29 19 10 0 0 0 0

5 Exp 18 17 14 3 0 1 0 0
Ctrl 18 17 15 2 1 0 0 0

A total of 315 participants performed the experiment, and 255 participants were included in the analysis: 172 females, 83 males (mean age, 24.06 years; SE, 0.13). Sixty participants were excluded from analysis: 37 females, 23 males (mean
age, 24.36 years; SE, 0.24). Exclusions were due to unawareness to conditioning during conditioning sessions, incoherent image rating, low performance in memory tests, or low performance in discrimination tasks (these criteria are detailed
in the text). Exp, Experiment; Ctrl, control.
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ment 4, we conducted the conditioning session inside an MRI scanner
and recorded brain activity during learning using functional imaging
(fMRI). In Experiment 5, we measured participants’ pupil sizes during
the conditioning session and the validation test, as a physiological marker
for the level of emotional arousal. A schematic representation of the
experimental procedure is presented in Figure 1a. For a more detailed
description of each task, see the relevant sections below and Table 2.

Discrimination tasks
The task was a 2AFC. In each step, two neutral stimuli were presented to
the participant in a random order, as follows: the original stimulus (the
CS� or CS�); and an additional stimulus with the same physical prop-
erty. These two stimuli differed only in the quantity of their physical
property (x and x � �x, respectively, where x is the original magnitude of
the physical property of the CS, and �x is a small difference in this
physical quantity). Participants had to decide (within a maximum dura-
tion of 10 s) which stimulus of these two options had the larger magni-
tude (x � �x). In particular, in Experiment 1 two tones were presented
(in a random order) in each trial of the discrimination task, f and f � �f,
where f is the tone frequency, and participants were asked: “Which tone
had a higher pitch: first/second?” In Experiment 2, two Gabors were
presented in each step, c and c � �c, where c is the contrast of the Gabor,
and we asked the participants: “Which stimuli had a higher contrast level:
first/second?” In Experiments 3, 4, and 5, two black stripes were pre-
sented in different orientations, a and a � �a, where a is the rotation
angle of the stripe from a baseline orientation, and the question to the par-
ticipants was as follows: “Which stripe was more rotated clockwise: first/
second?” No feedback was provided (except for a short practicing session at
the beginning of the task, where feedback was presented on the screen).

The task was an adaptive two-down one-up staircase converging pro-
cedure. The magnitude of �x (difference between the two stimuli) was
decreased after two correct answers and increased after one wrong an-
swer. The task continued until six wrong answers were obtained. The
procedure converged at the stimulus level (�x), in which the probability
of a “down” response (decrease in �x) was equal to the probability of
an “up” response (increase in �x). If x was the original magnitude, �x
converged to the magnitude difference, at which a stimulus of x � �x was
correctly discriminated from x at the 70.7% level (Levitt, 1971). Discrim-
ination thresholds (JND) for each participant are presented as a percent-
age of the original stimulus magnitude, that is, �x/x. Specific task
parameters for each experiment are detailed in the Experimental stimuli
section below and in Table 2.

Conditioning session
Two neutral stimuli (described in the General experimental procedure
section for each experiment) were presented in this stage. One of them
was assigned as CS� and the other as CS� (30 CS� trials and 30 CS�
trials randomly counterbalanced across participants in each experi-
ment). Each trial began with the presentation of a fixation point on the
screen, followed by the presentation of the CS� or CS� (randomly).
Immediately after this (zero delay and zero overlap), an image (for CS�
stimuli) or a blank screen (for CS� stimuli) was presented. In Experi-
ments 4 and 5, a scrambled image (the original image cut into square
blocks and shuffled) was presented after the CS�. The scrambled images
were used instead of the blank screens, when measuring pupil size or
brain activity, to eliminate the content of the images, while maintaining a
constant luminance between the two conditions. Images were aversive in
the experimental group and neutral in the control group. An example of
one conditioning session trial for each group in each experiment is pre-
sented in Figures 1b (Experiment 1), 2a (Experiment 2), 3a (Experiment
3), and 4a (Experiment 4). Specific parameters for each experiment are
detailed in the Experimental stimuli section below and in Table 2.

At the end of the conditioning session, participants were asked whether
they noticed the association between the neutral stimuli and the presen-
tation of the images (except for Experiment 4, in which we a priori
instructed participants to be aware of the conditioning, without telling
them which CS will be followed by the image). In the main analysis, we
analyzed only the results of participants who could explicitly report that
they had noticed the conditioning manipulation. This is consistent with

previous studies, reporting that only participants that were aware of the
conditioning [with International Affective Picture System (IAPS) images
or electrical shocks as US] showed significant differences in conditioned
reaction (e.g., skin conductance) to the CS (Tabbert et al., 2006; Dawson
et al., 2007; Klucken et al., 2009). To strengthen the validity of our exclu-
sion criteria, we also analyzed the results of Experiment 1 with the ex-
cluded participants. We calculated the differences between CS� and
CS� discrimination thresholds of all the participants in the experimental
group (including participants from the 24 h group). Using bootstrap
analysis, we sampled (randomly with replacement) from the population
of participants, which we included in the main analyses, a number of
samples that was equal to the number of excluded participants. Then, we
calculated the mean of those samples. This calculation was iterated
100,000 times to create a histogram of the means. We compared the
distribution of this histogram to the mean of the excluded participants.
The mean value for participants, who were not aware of the conditioning,
was out of the 99% range of the bootstrap distribution. Thus, we used this
exclusion criterion in all experiments in an unbiased way. Table 1 sum-
marizes data about excluded participants in each experiment.

Memory test
The memory test was conducted to provide an indication for partici-
pants’ attention during the conditioning session. In this test, participants
observed images, some of which were new and some of which were
presented in the conditioning session. For each image, participants
were required to decide whether it was new or old. Participants with a
very low performance in the memory test (�55% success), which calls
into question their attention to the stimuli during the conditioning ses-
sion, were excluded from analysis (Table 1).

Validation test
This test was performed to validate the level of emotional arousal that
participants experienced while watching the images during the condi-
tioning session. Participants watched all the images that were presented
in the conditioning session, and 10 more images selected randomly from
the second category (aversive/neutral), to allow a balanced rating proce-
dure. Participants were asked to rate each image by answering the follow-
ing question: “How intensive is the emotion you feel while watching this
image?” Rating was performed using an analog scale of 1 (not emotional
at all) to 9 (very emotional). This allowed us to compare the ratings of
each participant across the two categories of images.

In the main analysis, we only analyzed results of participants who had
a difference of least 1.5 points between their ratings of the aversive and
neutral categories, and who rated the aversive images with an average
score of �4 (scale, 1–9). These values were chosen based on our cutoff
criteria for image selection from the IAPS database (see the Experimental
stimuli section below). We tested the validity of this exclusion criteria by
also analyzing the results of Experiment 1 with the excluded participants.
We calculated the differences between CS� and CS� discrimination
thresholds of all participants in the experimental group (including par-
ticipants from the 24 h group). Then, we used bootstrap analysis, as
described in the Conditioning session section above. The mean value for
participants who did not rate the images by our criteria was out of the
99% range of the bootstrap distribution. Hence, we used this exclusion
criterion in all experiments in an unbiased way. Table 1 summarizes the
data about excluded participants in each experiment.

Experimental stimuli
Experiments were conducted in a dimly lit room. Participants sat in front
of a PC screen, while their head was positioned in a chinrest and their eyes
were located 60 cm from the screen. The conditioning session in Exper-
iment 4 was conducted inside an MRI scanner and presented on an LCD
screen located in the back of the scanner bore, behind the participant’s
head. Inside the scanner, participants viewed the stimuli through a tilted
mirror mounted above their eyes on the head coil. Stimulus generation,
presentation, and behavioral data acquisition and analysis were imple-
mented in MATLAB (MathWorks). Specific experimental parameters
for each experiment are described next and summarized in Table 2.

Experiment 1. The auditory conditioned stimuli were pure tones of
either 1 or 2 kHz (counterbalanced as CS�/CS� across participants)
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with a duration of 250 ms and onset/offset ramps of 5 ms, for a total of
260 ms. Tones were delivered through headphones (model SHL3000,
Philips). In the discrimination tasks, �f (change from original frequency)
was 10% of the original tone at the beginning and was increased/de-
creased according to a participant’s performance. In the conditioning
session, each trial began with the presentation of a fixation screen for 2 s,
then the tone was delivered. Following this, an image for CS� trials or a
blank screen for CS� trials was presented for 200 ms. Intertrial intervals
randomly ranged between 2 and 3 s.

Experiment 2. The conditioned stimuli were Gabors, presented in the
middle of the screen (size, 50 � 50 mm; 128 � 128 pixels; visual angle,
4.77°) at two different and easy to distinguish contrast levels (based on
pilot experiments). Contrast level ( C) was calculated as (Cmax � Cmin)/
(Cmax � Cmin), with Cmax and Cmin representing the highest and lowest
luminance, respectively, of each Gabor. A Gabor with high contrast of
140 and a Gabor with low contrast of 60 were used as the CS�/CS�
stimuli (counterbalanced across participants). In the discrimination
task, each trial included the presentation of the first Gabor for 2 s, then
a random pattern of white noise was presented (in the center of the
screen, within a square at the same size of the Gabor) for 0.1 s, followed by
the second Gabor for 2 s. �c between the two Gabors in each trial started
at 10% from the original contrast and was modified according to perfor-
mance. In the conditioning session, each trial began with the presenta-
tion of a fixation screen for 2 s, then the Gabor was presented for 1 s.
Following Gabor presentation, an image for CS� trials or a blank screen
for CS� trials was presented for 200 ms. Intertrial intervals randomly
ranged between 2 and 3 s.

Experiment 3. The conditioned stimuli were black stripes, presented in
the center of the screen (size, 60 � 7 mm; 153 � 18 pixels; visual angle,
5.72°), in two different orientations (counterbalanced as CS�/CS�
across participants). One of the stripes was at a 2° angle from the hori-
zontal orientation (“horizontal stripe”), and the other, in a 2° angle from
the vertical orientation (“vertical stripe”). We did not use straight hori-
zontal/vertical orientations, because this could have made the orienta-
tion changes in the discrimination tasks too easy to distinguish. In the
discrimination tasks, each trial included the presentation of the first
black stripe for 0.3 s, then a white noise was presented (in the center of
screen, within a square at the same size of the stimuli) for 1.3 s, followed
by the second black stripe for 0.3 s. �a between the stripes started at 5°
and was modified according to performance. In the conditioning session,
each trial began with the presentation of a fixation screen for 2 s, then the
stripe was presented for 1 s. Following stripe presentation, an image for
CS� trials or a blank screen for CS� trials was presented for 200 ms.
Intertrial intervals randomly ranged between 2 and 3 s.

Experiment 4. The conditioned stimuli were black stripes counterbal-
anced as CS�/CS� across participants, as in Experiment 3. Discrimina-
tion tasks were the same as in Experiment 3. During the conditioning
session of this experiment, brain activity was recorded using functional
imaging (fMRI). Here, we used 50% partial conditioning: 30 nonrein-
forced CS� trials and 30 nonreinforced CS� trials were added to the 30
CS� and 30 CS� reinforced trials. The nonreinforced trials included the
presentation of the CS� or CS� (black stripes) without pairing them to
the US. The nonreinforced trials were randomly interleaved between the
reinforced trials, so participants could not predict which stripe would be
associated with an image and which would not. In this manner, we could
measure brain activity that resulted from learning and not from the
presentation of the US (images). The conditioning session was divided
into three separate event-related runs. Each run consisted of 10 trials of
each kind (CS�, CS�, nonreinforced CS�, and nonreinforced CS�).
Each trial of the conditioning session began with the presentation of a
fixation screen for 3 s, then the stripe was presented for 2 s. Following
stripe presentation, an image for CS� trials, a scrambled image for CS�
trials (with shuffled square blocks of 8 * 8 pixels), or blank screens for
nonreinforced CS�/CS� trials were presented for 400 ms. Intertrial
intervals randomly ranged between 5 and 6 s. We used longer stimulus
presentation durations (relative to Experiments 1–3), because longer
trials were required to enable brain activity to return to its baseline values
before the beginning of each trial. Participants completed an MRI scan-
ning session, which included a 3D anatomical scan, two resting-state

runs, two amygdala localizer runs, and three event-related conditioning
session runs. Only the anatomical scan and the conditioning session
scans were used and analyzed in the current study.

Experiment 5. The conditioned stimuli were black stripes counterbal-
anced as CS�/CS� across participants, as in Experiment 3. Discrimina-
tion tasks were the same as in Experiment 3. In this experiment, pupil size
was recorded during the conditioning session and the validation test to
obtain a physiological validation for the intensity of arousal that partic-
ipants experienced during image watching. In the conditioning session,
each trial began with the presentation of a fixation screen for 3 s, then the
stripe was presented for 2 s. Following stripe presentation, an image for
CS� trials or a scrambled image for CS� trials (with shuffled square
blocks of 8*8 pixels) was presented for 400 ms. Intertrial intervals ran-
domly ranged between 4 and 5 s. We used longer stimulus presentation
durations (relative to Experiments 1–3), because longer trials were
needed to allow pupil size to return to its baseline value before the begin-
ning of each trial. To measure pupil size during the validation test, we
presented the scrambled version of each image for 3 s at the beginning of
each trial and then the original image for 6 s (Bradley et al., 2008). After
the presentation of the original image, participants were asked to rate it
(see the Validation test section above). The intertrial intervals in the
validation test were 4 s.

Images. The visual US in the conditioning sessions were images from
the IAPS database (Lang, 2008). Images were emotionally aversive for the
experimental group or neutral for the control group. A total of 100 im-
ages were used in this study. Half of them were previously validated as
emotionally aversive and got low scores at the valence index (�4 of 9;
mean score, 1.94 � 0.07) and high scores at the arousal index (�4 of 9;
mean score, 6.37 � 0.08). These images included, for example, scenes of
crimes, accidents, and injured body parts. The other half of the images
were previously validated as neutral and received average to high scores at
the valence index (�5.5; mean score, 7.18 � 0.11) and low scores at the
arousal index (�4; mean score, 4.05 � 0.11). These images included
scenes of landscapes, people, or everyday objects (Lang, 2008). We vali-
dated that an equal number of faces and body parts appeared in each
category of images. In an independent rating procedure completed at the
end of the experimental session (validation test), we further verified that
images were rated as aversive/neutral by our participants (see the Vali-
dation test section above). All images used in the experiment were pre-
sented at the center of gaze. The numbers of the selected images from the
IAPS database are as follows: aversive images numbers, 2352.2, 3000,
3010, 3015, 3016, 3019, 3030, 3051, 3053, 3059, 3060, 3061, 3062, 3063,
3064, 3068, 3069, 3071, 3080, 3100, 3101, 3102, 3103, 3110, 3120, 3130,
3131, 3140, 3150, 3168, 3170, 3195, 3212, 3213, 3225, 3250, 3261, 3266,
3301, 3350, 3400, 3550, 6415, 8230, 9040, 9325, 9405, 9410, 9420, and
9433; neutral images numbers, 1450, 1605, 1900, 2026, 2039, 2102, 2151,
2156, 2191, 2217, 2222, 2235, 2273, 2299, 2308, 2314, 2332, 2339, 2342,
2347, 2358, 2359, 2370, 2377, 2382, 2384, 2388, 2390, 2393, 2411, 2488,
2530, 2594, 2980, 5210, 5390, 5831, 5836, 7001, 7009, 7026, 7041, 7052,
7493, 7505, 7507, 7509, 7512, 7513, and 9260.

MRI setup
Participants were scanned in a 3 T Ingenia scanner (Philips) equipped
with a standard head coil, located at the Soroka Medical Center, Beer
Sheva, Israel. fMRI BOLD contrast was acquired using the gradient-echo
echoplanar imaging sequence with parallel acquisition (SENSE: factor
2.8). The specific scanning parameters were as follows: whole-brain cov-
erage, 35 slices (3 � 3 � 3 mm 3); transverse orientation; thickness, 3
mm; no gap; TR, 2000 ms; TE, 35 ms; flip angle, 90°; FOV, 256 � 256;
matrix size, 96 � 96. High-resolution anatomical volumes were acquired
with a T1-weighted 3D pulse sequence (1 � 1 � 1 mm 3; 170 slices).

fMRI data analysis
The BrainVoyager QX software package (version 2.8, Brain Innovation)
and MATLAB (MathWorks) were used for analysis. Preprocessing in-
cluded 3D motion correction, slice time correction, filtering of low
temporal frequencies (slow drift), and spatial smoothing with a Gaussian
kernel of 6 mm FWHM. We analyzed each conditioning session run
separately for each participant, using a whole-brain general linear model
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(GLM), conducted on a voxelwise level. Then we grouped together the
data of all runs and all participants to create a random-effects group analysis
GLM. The four conditioning session events were used as predictors (CS�
trials, CS� trials, nonreinforced CS� trials, and nonreinforced CS� trials).
To define brain activity differences in aversive compared with nonaversive
learning, we used a contrast of (experimental group nonreinforced CS�
trials) � (experimental group nonreinforced CS� trials � control group
nonreinforced CS� trials � control group nonreinforced CS� trials). In
addition, to validate the aversive nature of learning in the experimental
group compared with the control group, we used a contrast of (experi-
mental group CS� trials � experimental group CS� trials) � (control
group CS� trials � control group CS� trials). We used the false discov-
ery rate (FDR) procedure for correction of multiple comparisons. Signif-
icant activity was defined at q(FDR) � 0.05. Anatomical brain regions
were identified based on known anatomical and functional landmarks
according to the Talairach Brain Atlas and previous studies (Laufer and
Paz, 2012; Laufer et al., 2016).

Eye tracker and pupil size analysis
We recorded participants’ pupil size during the conditioning session and
the validation test, using a video-based desktop mounted eye tracker,
with a sampling rate of 1000 Hz (Eye Link 1000, SR Research, Ontario,
Canada). At the beginning of each recording session (before the condi-
tioning session and the validation test), the system was calibrated using a
display of 9 points presented in a random order on the screen. The same
display was also used for validation of the system. At the beginning of
each trial, a fixation point appeared at the center of the screen, and
participants had to fixate on this point and trigger the initiation of the
trial by pressing a key on the keyboard (drift correction).

Baseline pupil size was calculated for each trial, as the average pupil
size during the last 200 ms of fixation screen presentation (immediately
before the presentation of the first stimulus). To normalize pupil size
values, the average baseline was subtracted from all pupil size samples.
Empty samples due to blinking were identified, and linear interpolation
was used to estimate pupil size during these missing samples. In the
conditioning sessions, average pupil size was calculated (for both scram-
bled and original images) as the mean pupil size value in a window of 2 to
6 s after image onset (to avoid the light reflex; Bradley et al., 2008). Images
were no longer shown on the screen during that period, but the effect on
pupil size carried on after the stimuli had disappeared. In the validation
tests, average pupil size for the scrambled images was calculated as the
mean pupil size in a window of 2 to 3 s following image onset (to avoid
the light reflex), and the average size for the original images was calcu-
lated as the mean value in a window of 2 to 6 s after image onset. A
technical problem that occurred while recording data during the condition-
ing sessions of 4 participants (1 in control group and 3 in experimental

group), precluded data collection and so the available partial recordings for
these participants were not used for our calculations.

Experimental design and statistical analysis
Statistical tests for the behavioral experiments were conducted using a
two-way repeated-measures ANOVA test, with two levels of group:
experimental/control and two levels of condition: CS�/CS�. Post hoc
tests were used for examining specific contrasts with a priori hypotheses.
Paired t tests were used to evaluate within-group JND changes from
baseline thresholds. Imaging data in Experiment 4 were analyzed using a
random-effects group analysis GLM, with a FDR procedure for correc-
tion of multiple comparisons (see fMRI Data Analysis section for more
details). Pupil size changes in Experiment 5 were compared using an
unpaired t test (between-group analysis) in the conditioning session or a
two-way ANOVA test (with two levels of group: experimental/control
and two levels of image valence: aversive/neutral) in the validation test.
Numbers of participants used for analysis in each experiment are sum-
marized in Table 1. Statistical analyses were conducted using Statistica
(version 13, Dell), MATLAB (MathWorks), and the BrainVoyager QX
software package (version 2.8, Brain Innovation). Results are presented
as the mean � SE.

Results
To examine the effect of visual aversive learning on neutral stim-
uli discrimination thresholds (JNDs), we conducted a classical
conditioning session. In this session, participants learned to as-
sociate neutral stimuli (CSs) with the appearance (CS�) or ab-
sence (CS�) of an image (USs). The following two categories of
images were selected from the IAPS database (Lang, 2008): aver-
sive (for the experimental group); and neutral (for the control
group). To validate participants’ emotional responses, we asked
them to rate the intensity of their emotion, while watching each
of the conditioning session images (validation test). Rating was
performed using an analog scale of 1 (not emotional at all) to 9
(very emotional). Across all participants in all experimental
groups tested in the present study (n 	 301, after the exclusion of
14 participants who did not perform well in the discrimination
and memory tests; for details, see Materials and Methods and
Table 1), aversive images were rated as significantly more emo-
tional than neutral images (paired t test: t(300) 	 30.17, p 	 0.000;
average score for aversive images, 6.85 � 0.09; average score for
neutral images, 3.09 � 0.09). In a separate experiment (Experi-
ment 5), we used pupil size as a physiological marker of fear to

Table 2. Experimental parameters

Exp no. CS type

CS duration in
discrimination
tasks

CS duration in
conditioning
session

Fixation
duration in
conditioning
session

US duration in
conditioning
session

ITI duration
in conditioning
session

Stimulus
type
after CS�

Participants
were informed
of conditioning
before experiment

Reinforcement
rate

No. of trials
per condition

1 Sounds (frequency) 260 ms 260 ms 2 s 200 ms 2–3 s Blank screen No 100% 30 CS�
30 CS�

2 Gabors (contrast) 2 s 1 s 2 s 200 ms 2–3 s Blank screen No 100% 30 CS�
30 CS�

3 Stripes (orientation) 0.3 s 1 s 2 s 200 ms 2–3 s Blank screen No 100% 30 CS�
30 CS�

4 Stripes (orientation) 0.3 s 2 s 3 s 400 ms 5– 6 s Scrambled image Yes 50% Reinforced:
30 CS�
30 CS�
Nonreinforced:
30 CS�
30 CS�

5 Stripes (orientation) 0.3 s 2 s 3 s 400 ms 4 –5 s Scrambled image No 100% 30 CS�
30 CS�

Parameters of discrimination tasks and conditioning sessions are detailed for each experiment. Exp, Experiment.
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further validate the intensity of arousal that participants expe-
rienced while watching the neutral and aversive images (Stein-
hauer et al., 2004; Bradley et al., 2008; Tavakoli et al., 2014;
R-Tavakoli et al., 2015). As expected, we found a larger change
in pupil size for aversive images compared with neutral im-
ages (for more details, see Experiment 5 at the end of this
section).

To detect changes in discrimination thresholds (JNDs), which
result from aversive learning, we evaluated participants’ JND
values around each of the neutral stimuli. This was done using a
2AFC task (for more details, see Materials and Methods). This
discrimination task was conducted before and immediately after
the conditioning session. At the end of the conditioning session
of each experiment, participants were asked whether they noticed
the association between the CS and the presentation of the

images. We analyzed only the results of participants who could
explicitly report that they had noticed the conditioning manipu-
lation, consistent with previous findings (Tabbert et al., 2006;
Dawson et al., 2007; Klucken et al., 2009), and who rated the
aversive images as more aversive than the neutral images (see
Materials and Methods for more details regarding these exclusion
criteria and their validation). Information regarding inclusion
and exclusion of participants in each experiment is summarized
in Table 1. A general description of the experimental protocol is
presented in Figure 1a.

Effect of visual aversive conditioning on auditory
discrimination (Experiment 1)
In this first experiment, auditory neutral sounds were used as the
CS in the conditioning session. One tone of 1 or 2 kHz pure tones

Figure 1. The effect of visual aversive conditioning on auditory discrimination thresholds (Experiment 1). a, A general description of the experimental protocol. b, A schematic representation of
one trial from the conditioning session of the auditory experiment (Experiment 1). High (2 kHz) or low (1 kHz) pure tones were counterbalanced as CS� (followed by images) or CS� (followed by
blank screens). Images were aversive in the experimental group (Exp) and neutral in the control group (Ctrl). c, Discrimination thresholds for tone frequency were tested before and after conditioning
(experimental group, n 	 24; control group, n 	 24). Discrimination thresholds before conditioning were normalized to 100% (red dashed line), which was the reference for postconditioning
thresholds. A decrease in threshold (improvement) was measured in both groups for the CS� tone, and in the control group for the CS� tone. The experimental group showed a deterioration in
performance for the CS� tone (paired with aversive images), compared with its results for the CS� tone, and to the CS� tone in the control group, with a CS � group interaction effect. d, More
experimental group participants deteriorated in discrimination thresholds for the CS� tone compared with the control group. The gray bars show the percentage of participants for whom the
postconditioning threshold was lower than the preconditioning threshold (improvement), and the black bars show the fraction of participants for whom the postconditioning threshold was higher
(deterioration). e, Change in discrimination thresholds (compared with baseline) for the aversive CS� (solid line) and the CS� (dashed line) of the experimental group (n 	 19), immediately after
conditioning and 24 h later. The stability of the thresholds persisted after 24 h. *p � 0.05, see text for details regarding specific significance values.
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(CS�, counterbalanced) was paired with images, and the other
tone (CS�) was paired with blank screens (Fig. 1b). There was no
difference in the effect of aversive stimuli on JND values of the 1
kHz (n 	 11) and 2 kHz (n 	 13) tones as a CS� (unpaired t test:
t(22) 	 0.27, p 	 0.78). Analyses of JND values for each condition
in each of the two groups (experimental group, n 	 24; control
group, n 	 24) revealed that participants showed a significant
decrease in threshold (improvement in discrimination) follow-
ing conditioning to the CS� tone (unpaired with images), com-
pared with the baseline threshold measured before conditioning.
There was a decrease of �27.81 � 12.26% from baseline thresh-
old in the experimental group (paired t test: t(23) 	 2.27, p 	 0.03)
and a decrease of �41.5 � 9.37% in the control group (paired t
test: t(23) 	 4.43, p 	 0.0002). For the CS� tone in the control
group (paired with neutral images), we also found an improve-
ment in performance and a decrease of �45.39 � 8.54% from
baseline (paired t test: t(23) 	 5.31, p 	 0.00002). These findings
are in accordance with those of previous studies demonstrating
that mere repeated exposure to auditory stimuli can improve
performance (Ahissar and Hochstein, 1996; Amitay et al., 2006;
Ortiz and Wright, 2009). Further, there was no significant differ-

ence among the three cases (repeated-measures ANOVA: CS� vs
CS� for control group, F(1,46) 	 0.046, p 	 0.83; experimental
versus control group for CS�, F(1,46) 	 0.786, p 	 0.38).

In contrast, experimental group participants did not improve
in their performance for the CS� tone (paired with aversive im-
ages). An increase of 32.1 � 27.65% in their JND, compared with
the preconditioning baseline, was observed. This was significantly
higher from performance of the same participants around the
CS� tone and from the performance of control participants
around the CS� tone, with an interaction effect between the CS�
and CS� across the experimental and control groups (repeated-
measures ANOVA: CS � group interaction, F(1,46) 	 6.17, p 	 0.017,
�2 	0.12;CS�vsCS� forexperimental group, F(1,46) 	 10.88, p 	
0.002; experimental vs control group for CS�, F(1,46) 	 7.17, p 	
0.01). Thus, participants deteriorated in their performance
around tone frequencies, which were conditioned to visual aver-
sive stimuli, compared with tones, which were paired with neu-
tral stimuli (Fig. 1c). The effect was observed for the CS� tone in
45.83% of the participants in the experimental group compared
with 4.17% of the participants in the control group (Fisher’s exact
test between groups, p 	 0.0009; Fig. 1d).

Figure 2. The effect of visual aversive conditioning on contrast discrimination thresholds (Experiment 2). a, A schematic representation of one trial from the conditioning session of the contrast
discrimination experiment (Experiment 2). The paradigm was similar to the one described in Figure 1b, except for the presentation of a high- or low-contrast Gabor as the CS� or CS�.
b, Discrimination thresholds for contrast were tested before and after the conditioning session (experimental group. n 	 29; control group, n 	 19). No change in thresholds was measured in both
groups for the CS� Gabors, or in control group participants for the CS� Gabor. However, the increase in threshold (deterioration in performance) was measured in the experimental group for the
CS� Gabor (paired with aversive images), with a CS � group interaction effect. c, The majority of participants from the experimental group showed a deterioration in discrimination after
conditioning to the CS� Gabor. This percentage of participants was higher compared with the CS� Gabor in the same group and compared with participants in the control group for the CS� Gabor.
The gray bars show the percentage of participants for whom the postconditioning threshold was lower than the preconditioning threshold (improvement), and the black bars show the percentage
of participants for whom their postconditioning threshold was higher (deterioration). d, Change in discrimination thresholds (compared with baseline) for the aversive CS� (solid line) and the CS�
(dashed line) stimuli of the experimental group (n 	 20), immediately after and 24 h following conditioning. The stability of the thresholds persisted after 24 h. *p � 0.05, see text for details
regarding specific significance values.
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We next asked whether the perceptual changes are maintained
overnight, and can therefore point to perceptual learning rather
than short-term adaptation. To do so, we measured perceptual
thresholds in a new group of participants (n 	 19). In this exper-
iment, we used only one experimental group with an aversive
conditioning session. Participants were recalled after 24 h to per-
form the threshold discrimination test one more time. The results
of the original experiment were replicated with this new group
(paired t test: t(18) 	 2.65, p 	 0.02) and remained stable for at
least 24 h (paired t test: t(18) 	 2.14, p 	 0.046; Fig. 1e).

These results revealed that conditioning to aversive images in-
creased the discrimination thresholds of auditory neutral stimuli.
The finding is consistent with those of previous studies, showing the
same effect using conditioning to aversive odors and sounds (Resnik
et al., 2011). In the following experiments, we examined whether this
effect could also be found in discrimination tests of visual neutral
stimuli paired with unconditioned visual images.

Effect of visual aversive conditioning on contrast
discrimination (Experiment 2)
In this experiment, we used Gabors with two different contrast
levels (high and low), as conditioned visual stimuli (experimental

group, n 	 29; control group, n 	 19; Fig. 2a). The experimental
procedure was otherwise similar to the one described for Exper-
iment 1. There was no difference in the effect of aversive stimuli
on JND values of high-contrast (n 	 13) or low-contrast (n 	 16)
contrast Gabors as the CS� (unpaired t test, t(27) 	 0.68, p 	
0.49). In both groups, no change in contrast discrimination thresh-
old was observed for the Gabors of the CS� condition, when we
compared performance following conditioning to baseline perfor-
mance (paired t test: experimental, t(28) 	 1.03, p 	 0.31; control,
t(18) 	 0.04, p 	 0.97). No change was observed either for the
CS� Gabor of the control group (paired t test: t(18) 	 1.02, p 	
0.32). There was no significant difference between these three
results (repeated-measures ANOVA: CS� vs CS� for control
group, F(1,46) 	 0.52, p 	 0.47; experimental vs control group for
CS�, F(1,46) 	 0.22, p 	 0.64). This is in accordance with pre-
vious studies using perceptual learning tasks with discrimina-
tion of Gabor contrast, which did not find an improvement in
performance under such conditions (Adini et al., 2004). Im-
proved performance in visual perception tasks was reported in
the literature only when a more intensive training was used
compared with the procedure used in the present study (Karni
and Sagi, 1993).

Figure 3. The effect of visual aversive conditioning on orientation discrimination thresholds (Experiment 3). a, A schematic representation of one trial from the conditioning session of the
orientation discrimination experiment (Experiment 3). The paradigm was similar to the one described in Figure 1b, except for the presentation of a vertical or horizontal black stripe as the CS� or
CS�. b, Discrimination thresholds for orientation were tested before and after the conditioning session (experimental group, n 	 25; control group, n 	 22). No change in thresholds was measured
in both groups for the CS� stripes, or in the control group for the CS� stripe. However, experimental group participants deteriorated (increase in threshold) in the CS� orientation (paired with
aversive images). c, The majority of participants from the experimental group showed a deterioration in discrimination thresholds after conditioning to the CS� stripe. This percentage of
participants was higher compared with the control group for the same stripe. The gray bars show the percentage of the participants for whom the postconditioning threshold was lower than the
preconditioning threshold (improvement), and the black bars show the percentage of participants for whom the postconditioning threshold was higher (deterioration). d, Change in discrimination
thresholds (compared with baseline) for the aversive CS� (solid line) and the CS� (dashed line) of the experimental group (n 	 23), immediately after and 24 h after conditioning. The stability
of the thresholds persisted after 24 h. *p � 0.05, see text for details regarding specific significance values.
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In contrast, for the CS� Gabor of the experimental group
(paired with aversive images) participants showed an increase of
42.9 � 13.44% in discrimination threshold, compared with their
baseline JND (paired t test: t(28) 	 3.19, p 	 0.003). This increase
was significant also when compared directly to the CS� Gabor in
the same group or to the CS� Gabor in the control group, with an
interaction effect between the CS� and CS� across the experi-
mental and control groups (repeated-measures ANOVA: CS �
group interaction, F(1,46) 	 7.52, p 	 0.009, � 2 	 0.14; CS� vs
CS� for experimental group, F(1,46) 	 12.02, p 	 0.001; experi-
mental vs control group for CS�, F(1,46) 	 8.14, p 	 0.006; Fig.
2b). The majority of participants in the experimental group
exhibited the increase for the CS� (72.41%) compared with
the CS� (44.83%; Fisher’s exact test for experimental group
between Gabors, p 	 0.03), and compared with CS� in the
control group (36.84%; Fisher’s exact test for CS� Gabor be-
tween groups, p 	 0.01; Fig. 2c). Here again, most of the
participants in the experimental group (n 	 20) were recalled
the following day to perform the discrimination task again.
The effect remained stable after these 24 h (paired t test: t(19) 	
2.09, p 	 0.049; Fig. 2d).

Effect of visual aversive conditioning on orientation
discrimination (Experiment 3)
The goal of Experiment 3 was to examine whether the finding
documented in Experiment 2 is restricted to the contrast feature
or is robust to other basic features of visual perception. We there-
fore used the same paradigm as in Experiment 2, except for the
use of black stripes in two different orientations, vertical and
horizontal, as the CS�/CS� stimuli (experimental group, n 	
25; control group, n 	 22; Fig. 3a). There was no difference in the
effect of aversive stimuli on JND values, when using the horizon-

tal (n 	 13) or vertical (n 	 12) stripes as the CS� (unpaired t
test: t(23) 	 0.31, p 	 0.76). As in Experiment 2, there was no
change in angle (orientation) discrimination thresholds compared
with baseline thresholds for the CS� in both groups (paired t test:
experimental, t(24) 	 0.72, p 	 0.48; control, t(21) 	 0.82, p 	 0.42).
No change was found either for the CS� in the control group
(paired t test, t(21) 	 1.26, p 	 0.22). Additionally, there was no
significant difference between these three cases (repeated-measures
ANOVA: CS� vs CS� for control group, F(1,46) 	 0.0002, p 	 0.99;
experimental vs control group for CS�, F(1,46) 	 0.08, p 	 0.77).

In contrast, yet consistent with the previous experiments, par-
ticipants showed an increase of 65.72 � 31.47% in JND values for
the CS� that was paired with aversive images in the experimental
group (paired t test: t(24) 	 2.09, p 	 0.047). This was significantly
different when compared with the CS� condition in the same
group or when compared with the CS� condition in the control
group (but here the CS � group interaction effect was not signifi-
cant; repeated-measures ANOVA: CS � group interaction, F(1,45) 	
7.52, p 	 0.094, �2 	 0.061; CS� vs CS� for experimental group,
F(1,46) 	 6.32, p 	 0.02; experimental vs control group for CS�,
F(1,46) 	 5.37, p 	 0.02; Fig. 3b). The effect occurred in the ma-
jority of experimental group participants (52%) for the CS� con-
dition compared with performance in the control group for the
same condition (22.73%; Fisher’s exact test between groups, p 	
0.04; Fig. 3c). Experimental group participants (n 	 23) per-
formed the discrimination task again on the following day, and
discrimination thresholds remained high (paired t test: t(22) 	
2.26, p 	 0.03; Fig. 3d).

Together, the described experiments show that the increased
discrimination thresholds following conditioning to aversive vi-
sual stimuli are robust to the modality of the neutral stimulus
(auditory/visual), and at least to some of its basic features.

Figure 4. Brain activity is modulated by visual aversive learning (Experiment 4). a, A schematic representation of one trial from the conditioning session of the fMRI experiment (Experiment 4).
The paradigm was similar to the one described in Figure 3a, except for a partial conditioning of 50%: half of the trials were reinforced trials (CS� stripe paired with image or CS� stripe paired with
scrambled image), and the other half were nonreinforced trials (CS� or CS� stripes paired with blank screens). b, Discrimination thresholds for orientation were tested before and after the
conditioning session (experimental group, n 	 30; control group, n 	 29). No change in thresholds was measured in both groups for the CS� stripe, or in the control group for the CS� stripe. The
experimental group deteriorated (increase in threshold) in the CS� orientation (paired with aversive images), with a CS � group interaction effect. c, A contrast of (experimental group
nonreinforced CS� trials � experimental group nonreinforced CS� trials) � (control group nonreinforced CS� trials � control group nonreinforced CS� trials) showed higher activations in the
ACC, insula, and early visual cortex in the experimental group (Exp) compared with the control group (Ctrl). Activations are shown in statistical q(FDR) � 0.05 thresholds. d, A contrast of
(experimental group CS� trials � experimental group CS� trials) � (control group CS� trials � control group CS� trials) showed higher activations in the amygdala, insula, and vOTC in the
Exp compared with the Ctrl. Activations are shown in statistical q(FDR) � 0.05 thresholds. *p � 0.05, see text for details regarding specific significance values.
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Brain activity is modulated by visual aversive learning
(Experiment 4)
To identify the underlying brain circuits that contribute to the
observed changes in discrimination thresholds, neural activa-
tions during aversive visual learning were measured using fMRI.
These activations were compared with activity during nonaver-
sive visual learning (experimental group, n 	 30; control group,
n 	 29). All conditioning sessions of this experiment were con-
ducted in the course of a fMRI scan. The design of Experiment 4
was very similar to the one used in Experiment 3, except for the
presentation of scrambled images instead of blank screens after
the CS� stimuli, and the use of a random partial conditioning of
50%. This was accomplished by adding to the reinforced CS�
and CS� trials a similar number of nonreinforced trials (CS�
stripe or CS� stripe paired with a blank screen; Fig. 4a). This
design allowed us to measure brain activity that is driven purely
by the neutral CS, as it acquires value, without the additional re-
sponse to the presentation of the US (images).

The behavioral results of the discrimination task were consis-
tent with those obtained in the previous experiments. There was
no difference in the effect of aversive stimuli on JND values of the
horizontal (n 	 16) or vertical (n 	 14) stripes as on the CS�
(unpaired t test: t(28) 	 0.22, p 	 0.83). For the CS� condition in
both groups, there was no change in angle discrimination thresh-
olds compared with baseline (paired t test: experimental, t(29) 	
1.14, p 	 0.26; control, t(28) 	 0.08, p 	 0.94). Additionally, no
change was found for the CS� in the control group (paired t test:

t(28) 	 0.02, p 	 0.98). There was no difference among these three
cases (repeated-measures ANOVA: CS� vs CS� for control
group, F(1,58) 	 0.02, p 	 0.88; experimental vs control group for
CS�, F(1,58) 	 0.11, p 	 0.74). For the CS� of the experimental
group (paired with aversive images), participants exhibited an
increase of 70.6 � 30.45% in threshold compared with baseline
(paired t test: t(29) 	 2.32, p 	 0.03). This was significantly dif-
ferent when compared with the CS� condition in the same
group or to the CS� in the control group, with an interaction
effect between the CS� and CS� across the experimental and
control groups (repeated-measures ANOVA: CS � group inter-
action, F(1,57) 	 4.09, p 	 0.048, � 2 	 0.067; CS� vs CS� for
experimental group, F(1,57) 	 8.67, p 	 0.004; experimental vs
control group for CS�, F(1,57) 	 4.28, p 	 0.04; Fig. 4b).

We conducted a whole-brain analysis of brain activity during
the conditioning sessions, and compared the activation during
aversive learning (experimental group) and nonaversive learning
(control group). In a GLM group analysis, we first looked for
differences in activity associated with nonreinforced CS� and
nonreinforced CS� trials (i.e., CS� and CS� trials that were not
followed by images). Notice that the visual information in those
trials is essentially identical, because CS� and CS� orientations
were counterbalanced across participants. We compared the dif-
ference in activity between nonreinforced CS� and nonrein-
forced CS� trials in the experimental and control groups. That is,
we used a contrast of (experimental group nonreinforced CS�
trials � experimental group nonreinforced CS� trials) � (con-

Figure 5. Validation of emotional arousal using pupil size (Experiment 5). a, Discrimination thresholds for orientation were tested before and after the conditioning session (experimental group,
n 	 17; control group, n 	 17). No change in thresholds was measured in both groups for the CS� stripe, or in the control group for the CS� stripe. The experimental group deteriorated (increase
in threshold) in the CS� orientation (paired with aversive images), with a CS � group interaction effect. b, The majority of participants from the experimental group showed a deterioration in
discrimination thresholds after conditioning to the CS� stripe. This percentage of participants was higher compared with the control group for the same stripe. The gray bars show the percentage
of participants for whom the postconditioning threshold was lower than the preconditioning threshold (improvement), and the black bars show the percentage of participants for whom their
postconditioning threshold was higher (deterioration). c, The change in participants’ pupil size was calculated as the difference between pupil sizes, while watching each image and its scrambled
version (see panel d for more explanations). In the conditioning session (left, between-group comparison; experimental group, n 	 14; control group, n 	 16), as well as in the validation test (right,
within-group comparison; experimental group, n 	 17; control group, n 	 17), changes were larger during aversive image watching compared with neutral image watching. d, Demonstration of
the procedure used for calculating pupil size in c. The average pupil size time course (normalized by baseline subtraction) of the experimental group during the validation test is shown. The scrambled
image was presented at time 0 s (followed by the light reflex of the pupil), and the original image at 3 s, as shown. Average pupil sizes for the scrambled and original images were calculated as the mean value
in the range marked by the respective red arrows. e, An example for pupil size time course (without baseline normalization) of one experimental group participant during the validation test. *p�0.05, see text
for details regarding specific significance values.
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trol group nonreinforced CS� trials � control group nonrein-
forced CS� trials). This contrast revealed more activity in the
ACC, insula, and, interestingly, the early visual cortex (Fig. 4c).

For the validation of the aversive nature of learning in the
experimental group, we also compared differences in activity
during the reinforced CS� and CS� trials (i.e., CS� followed by
aversive or neutral images and CS� followed by scrambled
images). We used a contrast of (experimental group CS� trials �
experimental group CS� trials) � (control group CS� trials �
control group CS� trials). This contrast revealed more activity in
the amygdala, insula, and ventral occipital temporal cortex (vOTC;
Fig. 4d). The results are in line with previous findings regarding
the role of the amygdala, the insula, and the ACC in fear learning
(Büchel et al., 1998; Pine et al., 2001; Carter et al., 2006; Nitschke
et al., 2006; Dunsmoor et al., 2007; Schiller et al., 2008; Klucken et
al., 2009; Sehlmeyer et al., 2009; Laufer and Paz, 2012; Resnik and
Paz, 2015; Laufer et al., 2016). In addition, the results show that
the ACC, and, interestingly, the early visual cortex, are involved
in linking value to a previously neutral stimulus. Finally, we could
not find any significant correlations between fMRI BOLD activity of
the reported brain regions and JND values in the discrimination
tasks.

Validation of emotional arousal using pupil size
(Experiment 5):
We monitored participants’ pupil size to obtain a physiological
validation for the intensity of the arousal that participants expe-
rienced while watching the images used in Experiments 1– 4.
Measurements were conducted, using an eye tracker, during the
conditioning session and the validation test. Experiment 5 was
very similar to Experiment 3, except for the presentation of scram-
bled images instead of blank screens after the CS� stimuli, as a
reference for pupil size at similar luminance conditions. Impor-
tantly, the results of the discrimination task were replicated here
(experimental group, n 	 17; control group, n 	 17). There was
no difference in the effect of aversive stimuli on JND values of the
horizontal (n 	 9) or vertical (n 	 8) stripes as on the CS�
(unpaired t test, t(15) 	 1.32, p 	 0.21). As in the previous exper-
iments, for the CS� condition in both groups, there was no
change in angle discrimination thresholds compared with base-
line (paired t test: experimental, t(16) 	 0.08, p 	 0.93; control:
t(16) 	 0.33, p 	 0.75). No change was found for the CS� in the
control group (paired t test: t(16) 	 0.71, p 	 0.49). There was no
difference among these three cases (repeated-measures ANOVA:
CS� vs CS� for control group, F(1,46) 	 0.068, p 	 0.79; exper-
imental vs control group for CS�, F(1,46) 	 0.07, p 	 0.79). For
the CS� in the experimental group (paired with aversive images),
participants showed an increase of 83.84 � 33.13% in threshold
compared with baseline (paired t test: t(16) 	 2.53, p 	 0.02). This
was significantly different when compared with the CS� condi-
tion in the same group or to the CS� condition in the control
group, with an interaction effect between the CS� and CS� across
the experimental and control groups (repeated-measures ANOVA:
CS � group interaction, F(1,32) 	 6.33, p 	 0.02, � 2 	 0.16; CS�
vs CS� for experimental group, F(1,32) 	 10.87, p 	 0.002; exper-
imental vs control group for CS�, F(1,32) 	 6.7, p 	 0.01; Fig. 5a).
The effect occurred in the majority of experimental group partic-
ipants for the CS� (70.59%), compared with the performance in
the control group for the CS� (29.41%; Fisher’s exact test be-
tween groups, p 	 0.02; Fig. 5b).

We calculated the change in participants’ pupil size (original
image � scrambled image), while watching aversive and neutral
images. This change in pupil size was used as an indicator for

emotional arousal. In the conditioning session, each participant
was exposed to only one category of images, aversive in the ex-
perimental group (full-length recordings of pupil size, n 	 14)
and neutral in the control group (full-length recordings of pupil
size, n 	 16). We found a larger change in pupil size for aversive
images compared with neutral images (unpaired t test: t(28) 	
2.06, p 	 0.048). In the validation test, each participant was ex-
posed to images from both categories, so we could compare
changes in pupil size within participants (full-length recordings
of pupil size, n 	 17 in each group). We first verified that there
was no effect for group type (repeated-measures ANOVA: F(1,32) 	
0.017, p 	 0.89). Consistent with the results of the conditioning
session, changes in pupil size for aversive images were larger com-
pared with changes for neutral images (repeated-measures
ANOVA: F(1,32) 	 32.68, p 	 0.000002; Fig. 5c). The procedure
used to calculate changes in pupil size is demonstrated in Figure
5d. This figure presents the pupil size average normalized time
course of experimental group participants during the validation
test. An example of a non-normalized time course of one exper-
imental group participant is presented in Figure 5e.

Discussion
In the present study, we found that visual aversive conditioning in-
creases discrimination thresholds for basic features of auditory and
visual stimuli. Participants in the experimental groups deteriorated
in their discrimination performance compared with their baseline
abilities and compared with controls. Participants demonstrated the
change in thresholds in a safe context during a postlearning session,
and even 24 h later. This suggests that the change in thresholds is due
to perceptual learning and circuit plasticity. Moreover, we observed
differential brain activations during the learning process, even when
the conditioned stimulus was not followed by the aversive stimulus.
The modified activity was measured in the ACC, insula, amygdala,
and the early visual cortex. Our findings demonstrate that changes in
perceptual thresholds also occur in the visual domain, the main mo-
dality used by humans. The results further imply the existence of a
central mechanism, which may be used during learning to modulate
and alter early sensory neural representations. Below we discuss the
implications of the results.

Visual aversive learning increases discrimination thresholds
of auditory neutral stimuli
Previous studies have shown that an aversive outcome of differ-
ent modalities can induce an increase in discrimination thresh-
olds for tone frequencies (Resnik et al., 2011). This in turn can
contribute to the wider generalization observed following aversive
conditioning (Schechtman et al., 2010; Laufer and Paz, 2012). The
first experiment we describe here provides evidence that complex
visual images can induce a similar effect—an increase in thresh-
olds of tone discrimination. The importance of this extension is
double fold. First, combined with the aforementioned studies
that used odors, sounds, or monetary loss, and with other studies
using pain and sensation (Struyf et al., 2015), the replication to
the visual domain reinforces the notion that the mechanism is
not specific to any particular modality of the outcome. Rather, it
supports the assumption that this is a fundamental learning prin-
ciple related to negative valence. Second, given the dominance of
the visual system in human perception, and the fact that many
scenarios are experienced by vision, the finding holds relevance
to daily life and suggests a potential mechanism for anxiety dis-
orders (Lissek, 2012; Pitman et al., 2012; Dunsmoor and Paz,
2015; Laufer et al., 2016).
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Visual aversive learning increases discrimination thresholds
of visual neutral stimuli
Importantly, we show that aversive scenarios increase thresholds
not only in the auditory domain, but also in the visual domain
itself. This was shown with two different basic properties of visual
perception— orientation and contrast (Sagi, 2011). One recent
study demonstrated wider generalization to color (wavelength)
following pairing with shocks (Dunsmoor and LaBar, 2013). Yet,
in that study, it is harder to conclude whether there was a change
in choice bias or in perceptual thresholds, because of the contin-
uous reinforcement of the conditioned stimuli during the gener-
alization test and the use of a decision-based task. In our study,
the JNDs were measured with a “bias-free” 2AFC task (Green and
Swets, 1989), and, in a safe context, when the conditioned stimuli
were no longer reinforced. It remains an intriguing open ques-
tion how the long-term change in simple feature perception
affects the perception and generalization of complex scenarios
(Dunsmoor and Paz, 2015). Studies have identified altered con-
text generalization following fear learning (Maren et al., 2013).
Therefore, it is reasonable to assume that changes in discrimina-
tion thresholds, as described here, can directly contribute to these
processes, potentially via mechanisms such as pattern comple-
tion/separation (Donaldson and Hen, 2015). Future studies will
need to address this matter. Additionally, the current study fo-
cuses on participants who were aware of the learning procedure,
and who rated the aversive images as negative. An interesting
direction for a future study could be to investigate how partici-
pants’ awareness and image ratings affect discrimination.

Increased activity of the amygdala, insula, ACC, and early
visual cortex during aversive learning
Since the deterioration in discrimination occurs for multiple out-
come and input modalities, it is conceivable to assume that it is
controlled by a central brain mechanism and network. Such a
network should process the incoming valence and then exert its
impact on sensory processing. We identified several brain regions
that were more active during aversive learning compared with
nonaversive learning. One of these regions is the ACC, whose
activity was correlated with generalization and amygdala activity
in previous studies (Laufer and Paz, 2012; Laufer et al., 2016).
Another region is the insula, which was found to be involved in
perceptual generalization (Laufer and Paz, 2012; Onat and Büchel,
2015).

Most interestingly, we found that the early visual cortex was
more active when the same visual information predicted an aver-
sive outcome compared with a neutral outcome. This could result
from changes embedded in the level of processing of the condi-
tioned stimuli or due to attentional effects related to the antici-
pation of aversive stimuli. Given the many feedback signals from
higher cortical areas to the sensory cortex, it is possible that stim-
ulus recognition involves the allocation of attentional resources
to these areas. In other words, our results could indicate priori-
tized processing (especially as the effects require awareness).
Therefore, the activations we observed may reflect an attentional
state rather than low-level plasticity. Although this is a plausible
interpretation, we believe that a stimulus-specific effect that lasts
overnight (24 h), as we demonstrated here, is a good indication of
perceptual plasticity. The current experiments and techniques
(human imaging) do not allow dissociating local plasticity within
early sensory regions from top-down attentional effects, which
can also be a form of perceptual plasticity.

Previous studies have shown that the early visual cortex,
which is thought to play a role in representing low-level stimulus

features, can be modulated in various behavioral contexts and
experiences (Ito and Gilbert, 1999; Gilbert et al., 2000; Sawtell et
al., 2003; Salazar et al., 2004; Shuler and Bear, 2006; Serences,
2008). Accordingly, our results further challenge the classical
view of the early visual cortex as a simple feature detector. Rather,
they imply that aversive outcomes can modulate the low-level
neural representations of basic features in early sensory regions.
Consequently, stimuli that contain these basic features and might
therefore entail the aversive outcome as well, could be processed
faster, leading to a lower response time. In agreement with this
interpretation, a previous study found that the primary auditory
cortex was more active during fear conditioning and generalization
in anxiety patients compared with healthy participants (Laufer et al.,
2016).

A natural candidate region mediating this effect could be the
amygdala. In addition to its traditional role in valence processing
and anxiety, recent work revealed a correlation between its cellu-
lar or neural properties and behavioral generalization following
aversive conditioning (Shaban et al., 2006; Ciocchi et al., 2010;
Laufer and Paz, 2012; Ghosh and Chattarji, 2015). In the auditory
domain, this might be due to the specific role and the anatomical
projections that the amygdala has with the auditory system. In-
deed, plasticity that correlates with auditory generalization was
reported in the auditory thalamus and cortices (Han et al., 2008;
Aizenberg and Geffen, 2013; Aizenberg et al., 2015; Laufer et al.,
2016). It is possible that the amygdala may act during condition-
ing to shape representations in early visual cortices as well (Pes-
soa, 2010).

Overgeneralization in anxiety disorders
Finally, recent studies have provided evidence that overgeneral-
ization plays a key role in anxiety disorders (Lissek, 2012; Pitman
et al., 2012; Dunsmoor and Paz, 2015). Most of these studies
focused on choice behavior in risky and unsafe environments. In
such a scenario, it is indeed a rationale behavior to overgeneralize
(i.e., have a bias). Recent findings in anxiety patients in the audi-
tory domain (Laufer et al., 2016) and our current findings in the
visual domain, imply that activity during aversive conditioning
may modulate neural representations. These in turn can result in
a later inability to discriminate between the stimuli, even in a safe
context and even long after learning has ended. The results are
also in line with the evidence that failures to process safety signals
contribute to anxiety (Christianson et al., 2012; Jovanovic et al.,
2012). Thus, the current study strengthens the notion that per-
ception and overgeneralization play a role in anxiety. Specifically,
it suggests that exposure to aversive outcome in a complex real-
life scene can result in perceptual changes for basic features of
multiple modalities experienced in the scene. The result can be
a complex pattern of generalization, as abnormally exhibited in
anxiety disorders.
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Sehlmeyer C, Schöning S, Zwitserlood P, Pfleiderer B, Kircher T, Arolt V,
Konrad C (2009) Human fear conditioning and extinction in neuroim-
aging: a systematic review. PLoS One 4:e5865. CrossRef Medline

Serences JT (2008) Value-based modulations in human visual cortex. Neu-
ron 60:1169 –1181. CrossRef Medline

Shaban H, Humeau Y, Herry C, Cassasus G, Shigemoto R, Ciocchi S,
Barbieri S, van der Putten H, Kaupmann K, Bettler B, Lüthi A (2006)
Generalization of amygdala LTP and conditioned fear in the abs-
ence of presynaptic inhibition. Nat Neurosci 9:1028 –1035. CrossRef
Medline

Shepard RN (1987) Toward a universal law of generalization for psycholog-
ical science. Science 237:1317–1323. CrossRef Medline

Shuler MG, Bear MF (2006) Reward timing in the primary visual cortex.
Science 311:1606 –1609. CrossRef Medline

Solomon PR, Moore JW (1975) Latent inhibition and stimulus general-
ization of the classically conditioned nictitating membrane response
in rabbits (Oryctolagus cuniculus) following dorsal hippocampal ab-
lation. J Comp Physiol Psychol 89:1192–1203. CrossRef Medline

Steinhauer SR, Siegle GJ, Condray R, Pless M (2004) Sympathetic and para-

sympathetic innervation of pupillary dilation during sustained process-
ing. Int J Psychophysiol 52:77– 86. CrossRef Medline

Struyf D, Zaman J, Vervliet B, Van Diest I (2015) Perceptual discrimination
in fear generalization: mechanistic and clinical implications. Neurosci
Biobehav Rev 59:201–207. CrossRef Medline

Tabbert K, Stark R, Kirsch P, Vaitl D (2006) Dissociation of neural re-
sponses and skin conductance reactions during fear conditioning with
and without awareness of stimulus contingencies. Neuroimage 32:761–
770. CrossRef Medline

Tavakoli HR, Yanulevskaya V, Rahtu E, Heikkilä J, Sebe N (2014) Emo-
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