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A B S T R A C T

The generalization of conditioned fear responses has been shown to decrease as a function of perceptual simi-
larity. However, generalization may also extend beyond the perceptual discrimination threshold, ostensibly due to
contributions from processes other than perception. Currently the neural mechanisms that mediate perceptual and
non-perceptual aspects of fear generalization are unclear.

To investigate this question, we conducted a Pavlovian fear conditioning and generalization experiment, col-
lecting functional magnetic resonance imaging (fMRI), skin conductance and explicit shock likelihood ratings, in
37 healthy subjects. Face stimuli were initially paired (CSþ) or not paired (CS–) with an electrical shock. During
the generalization phase, responses were measured to the CSþ, CS– and a range of CS þ -to–CS– morphs
(generalization stimuli), selected for each participant based on that participant's discrimination ability.

Across multiple measurements, we found that fear generalization responses were limited to stimuli that could
not be distinguished from the CS þ stimulus, thus following a gradient closely linked to perceptual discrimina-
bility. These measurements, which were correlated with one another, included skin conductance responses,
behavioral ratings, and fMRI responses of anterior insula and superior frontal gyrus. In contrast, responses in areas
of the default network, including the posterior cingulate gyrus, angular gyrus and hippocampus, showed a
negative generalization function extending to stimuli that were more likely to be distinguished from the CSþ. In
addition, the generalization gradients of the anterior insula and the behavioral ratings showed some evidence for
extension beyond perceptual limits. Taken together, these results suggest that distinct brain areas are involved in
perceptual and non-perceptual components of fear generalization.
1. Introduction

Fear generalization is a fear response to a stimulus that is similar – but
not identical – to a previously encountered fear-inducing stimulus.
Generalization responses are known to decrease in magnitude as
perceptual similarity decreases between the stimuli and the original fear-
inducing stimulus (Ghirlanda and Enquist, 2003; Guttman and Kalish,
1956). In prior work, fear generalization has often been implicitly
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assumed to reflect an affective process, in which fear responses extend to
stimuli that are perceptually similar to (but distinguishable from) the
original, aversive one, in a manner that is independent of perceptual
discrimination. However, the role of perceptual discriminability in fear
generalization in humans has not been systematically controlled or
examined in prior studies (Struyf et al., 2015).

Fear generalization has been typically measured using a Pavlovian
fear conditioning paradigm, beginning with a conditioning phase in
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which one experimental stimulus (the CSþ) is paired with an aversive
stimulus (e.g. electrical shock), compared to a control stimulus (the CS–)
that is not paired with the aversive stimulus. This conditioning phase is
followed by a generalization phase, during which stimuli of varying
similarity to the CSþ (generalization stimuli) are presented, while fear
responses to these stimuli are measured.

Within this framework, generalization of fear responses extending
beyond the perceptual threshold (to stimuli that are easily distinguish-
able from the CSþ) is thought to reflect a non-perceptual process (e.g.,
representing contributions of fear learning and memory mechanisms)
rather than purely perception. Accordingly, the over-generalization of
fear that has been observed in patients with anxiety disorders has been
interpreted as a pathogenic mechanism for these disorders related to
overactive fear-producing processes (Greenberg et al., 2013a; Lissek
et al., 2014a). However, the mechanisms that underlie the wider
generalization gradients found in anxiety disorders remain unknown. In
fact, it remains unclear whether perceptual processes or other brain
functions are responsible for the responses observed in distinct brain
networks during fear generalization (Dunsmoor and Paz, 2015; Green-
berg et al., 2013a; Lissek et al., 2014a).

Prior neuroimaging studies of fear generalization have tested the
effect of fearful faces (Dunsmoor et al., 2011), circles (Lissek et al.,
2014a), rectangles (Greenberg et al., 2013a), or neutral faces (Onat and
Büchel, 2015) as stimuli, with evenly spaced gradations in physical
similarity between the CS þ stimulus and generalization stimuli. In
these studies, at least two distinct patterns of responses have been
identified: 1) responses to the CSþ and generalization stimuli that are
greater than responses to the CS– in the anterior insula and connected
areas of prefrontal cortex and 2) responses to the CSþ and generaliza-
tion stimuli that are lower than responses to the CS– in regions of the
default network, including the posterior cingulate cortex and
hippocampus.

In these studies, conditioned fear responses generalized to the first or
second generalization stimuli (i.e., the stimulus that was closest and
second-closest in similarity to the CSþ) (Dunsmoor et al., 2011; Green-
berg et al., 2013a; Lissek et al., 2014a). However, because the perceptual
discriminability of the generalization stimuli used in these studies was
not measured, the fear generalization gradients in those studies cannot be
directly compared to perceptual limits. Thus it remains unclear whether
fear generalization (as measured by brain, autonomic or behavioral re-
sponses) is limited by perceptual boundaries, or extends beyond them
(Struyf et al., 2015). Quantifying fear generalization in terms of
perceptual properties, i.e., in units that are directly comparable across
different subjects and populations, should permit better isolation of
fear-memory related and other processes that could be affected in disease
states.

Here, we measured the extent to which brain areas with condi-
tioned fear responses show generalization of those responses at a
perceptually-limited level, by controlling the discriminability of the
stimuli for each subject. The discrimination threshold, based on the
Just Noticeable Difference along the CSþ – CS– continuum, was
measured and used to create individualized generalization stimuli that
could or could not be distinguished from the CS þ for each subject
(i.e., above and below the discrimination threshold). These stimuli
were presented in a fear conditioning and generalization experimental
paradigm (Holt et al., 2014) during fMRI acquisition. In addition, we
determined whether the generalization gradients observed in brain
responses were linked to the autonomic and behavioral manifestations
of fear generalization.

2. Material and methods

2.1. Participants

Thirty-eight subjects (17 female; mean (�SD) age: 28.51� 5.81)
participated in this study; none had a history of psychiatric or
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neurological illness. Written informed consent was obtained from all
subjects prior to experimental procedures, which had been approved by
the Partners Health Care Institutional Review Board. All subjects had
normal or corrected-to-normal vision, as assessed using the standard
Snellen chart (Snellen, 1862). All data from one subject were excluded
from analysis due to poor data quality resulting from technical difficulties
during scanning. An additional eight subjects were excluded from the
skin conductance analyses based on a priori quality control criteria (see
below).

2.2. Stimuli

Four distinct images of human faces, and faces created by morphing
between them (in 100 steps), were generated using FaceGen 3.4 (Sin-
gular Inversions, Canada), as described previously (Holt et al., 2014). All
four faces (A, B, C and D) were male, Caucasian, had neutral facial ex-
pressions, and were easily differentiable from each other (Fig. 1A).

For each subject, a pair of face images (either A-B or C-D) was
selected. One face was assigned to be later associated with a mild elec-
trical shock delivered to the second and third finger of the right hand (the
CSþ); the other face was used as the stimulus that was unassociated with
the shock (the CS–). Subjects were not explicitly informed of these as-
signments, only that they should “try to pay attention to any patterns
they notice” in the stimulus pairings. The assignment of face pair (and the
CSþ and CS– assignment within the pair) was counterbalanced across
subjects.

To define perceptual thresholds, we measured the Just Noticeable
Difference (JND) for each subject, for the subject's assigned face pair
(Holt et al., 2014). Measurements of JND provide a standard way to
define psychophysical thresholds, also known as a “difference limen”, a
“differential threshold”, or “least perceptual differences”, formulated
originally well over a century ago by Weber, subsequently revised by
Fechner (1860)

Here, the JNDs were measured by testing the accuracy of dis-
tinguishing the morphs from the CSþ, using a 2-alternative forced choice
(2-AFC) discrimination task (Fig. 1B). This 2-AFC task consisted of three
runs of 50 trials each. At the beginning of each trial, the CS þ stimulus
was shown for 500 ms. After a 500 ms inter-trial interval, subjects were
presented with the CSþ and a morph stimulus side by side and asked to
select which stimulus they had previously seen by pressing the left or
right key. The morph stimuli used in this task were 6, 12, 24, 48, and 100
physical steps from the CSþ. The position of the CSþ and the morph
stimulus were pseudo-randomized across trials and the subjects had
unlimited time to respond. Responses were followed by a 1 s inter-trial
interval. A Weibull function was fitted to the responses: y ¼ 1-ê(-(x/a)̂
b), in which y was the proportion of correct responses, x was the morph
level, and a, and b were parameters for scale and shape, respectively. The
JND corresponded to the morph level at which the subject achieved 75%
accuracy on the 2-AFC task (Fig. 1C) (Clementz et al., 2007; Parkes et al.,
2001; Skrandies and Fahle, 1994). Five generalization stimuli were then
chosen for that subject based on this JND value, selected from the orig-
inal 100 morphed images. These image morphs corresponded to .125,
.25, 0.5, 1.0 and 1.5 of the JND for each subject. An example of this
morph continuum is shown in Fig. 1D. It is known that perceptual
thresholds (and thus JND values) can change with progressive exposure
to stimuli over extended periods of time, due to a number of factors
including perceptual learning (Schechtman et al., 2010; Resnik et al.,
2011). To test whether such variation affected our measurements, we
measured JNDs before and after scanning.

2.3. Experimental paradigm and procedure

While in the scanner, two measurements were acquired from each
subject: 1) skin conductance responses, and 2) blood oxygen level-
dependent (BOLD) signal, during both the fear conditioning and gener-
alization phases. In addition, after the scanning session, subjects viewed



Fig. 1. The experimental design, illustrated in one subject and stimulus set. A) Two face pairs used in the experiment. B) A schematic of the 2-alternative forced choice
(2-AFC) discrimination task used to measure the Just Noticeable Difference (JND) for each subject. C) An example of model fitting and estimation of the JND based on
75% accuracy in the 2-AFC discrimination task. D) An example of the stimulus set for one subject. The morph corresponding to the JND was the 24th face morph of the
100 equal steps between Face C and D. The selection of the morph stimuli presented in the main fear generalization experiments were based on this value, individually
selected for each subject. Percentage values indicate the difference from the CS þ stimulus.
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each stimulus they had seen during the scan (the CSþ, CS– and the five
generalization stimuli) and rated the likelihood (0–100%) that each
stimulus had been followed by a shock during the scan.

2.3.1. Fear conditioning
This phase consisted of one run (294 s) during which the CSþ and

CS– stimuli were each presented 8 times (6 s each), in pseudorandom
order with inter-trial intervals of 9–15 s. The CSþ was followed by the
unconditioned stimulus (i.e., an electric shock) in 62.5% of the trials,
whereas the CS– was never followed by a shock. Subjects were told that
each face stimulus may or may not be followed by an electrical shock, and
that they will be asked questions about what they had observed following
the experiment.

2.3.2. Fear generalization
The generalization phase immediately followed the conditioning

phase. It was divided into two runs (642 s in total), during which subjects
were presented with the CSþ, CS– and five JND levels (0.125–1.5 JND).
During this phase, each stimulus was presented 5 times (6 s each), with
9–15 s inter-trial intervals. For each subject, stimuli were presented in
one of two different pseudo-random orders, so that no more than two of
the same stimuli were presented consecutively. The choice of order was
counterbalanced across subjects. Unlike the conditioning phase, during
generalization, the CSþ was always followed by an electrical shock
(100% reinforcement), to minimize extinction. Instructions for the
generalization phase were identical to the fear conditioning instructions
above.

2.3.3. Electrical stimulation
Mild electrical shocks (0.5 s in duration) were delivered via a cable

attached to the second and third finger of the subject's right hand using a
finger stimulator (Coulbourne Instruments, Allentown, PA, USA). Before
the scan, the intensity of the electric shock was set by each subject at a
level that was “highly annoying but not painful” (Holt et al., 2009, 2014;
Milad et al., 2005).
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2.4. Skin conductance

Data acquisition and preprocessing: In order to record skin conductance
responses (SCRs), two MRI-compatible electrodes were placed on the
palm of each subject's left hand at the beginning of the scan session. Skin
conductance was measured using a Biopac MP150 acquisition system
(BIOPAC Systems, Inc, Goleta, CA) equipped with an EDA100C MRI
amplifier. The conductance was collected at a gain of 5 μS/V, using a 1 Hz
low pass filter during acquisition, then digitized at 200Hz. The data was
further filtered with a 3 Hz finite impulse response low pass filter, using
the AcqKnowledge software package (BIOPAC Systems, Inc, Goleta, CA).
Two time windows of the stimulus-related SCR were analyzed: 1) 3–6 s
after stimulus onset during the conditioning phase, and 2) 6–9 s after
stimulus onset during the generalization phase. Typically, peak skin
conductance responses occur within 3–5s following the event (Dawson
et al., 2007; Levinson and Edelberg, 1985). A pre-shock time windowwas
selected for the fear conditioning phase, because responses to the elec-
trical shock would have overlappedwith most of the delayed responses to
the CSþ. Selection of these two time windows was based on a prior
dataset, which revealed that, during conditioning, sufficiently large peak
responses occur during stimulus presentation, whereas during general-
ization, the peak response occurs during the inter-trial interval following
stimulus presentation (Holt et al., 2014). For each trial, we calculated the
difference between the peak skin conductance value during the time
window and the mean skin conductance level for the 2 s before the
stimulus onset. The skin conductance measurements for all events were
non-normally distributed (one-sample Kolmogorov-Smirnov test,
p< .05). Although the ANOVA F-test is fairly robust to non-normality
(Harwell et al., 1992), we chose to transform the data (square-root
transformation), consistent with standard procedures in SCR analysis.
The transformation resulted in distributions that were closer to normal,
and these transformed data were used in all subsequent analyses, as in
prior studies (LaBar et al., 1995; Milad et al., 2006).

Skin conductance data from four (of 37 total) subjects were excluded
from further analyses due to the presence of scanner-induced artifacts. In
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addition, subjects were excluded if they were non-responsive based on a
priori criteria. A subject was considered a responder if at least 2 of the 16
trials of the fear conditioning phase showed a response greater than
0.05mS (Holt et al., 2014; Turner et al., 2005). Four subjects were found
to be non-responders and therefore excluded from the subsequent SCR
analyses. Thus, the final sample included in the SCR analyses was
composed of 29 subjects.

2.5. Functional MR imaging

MRI data acquisition and preprocessing: Magnetic resonance images
(MRI) were acquired using a 3 T Tim Trio Siemens scanner with a 32-
channel coil (Erlangen, Germany). T2*-weighted echo-planar images
were collected during the fear conditioning and generalization phases
(3 mm isotropic, matrix¼ 64� 64, 45 slices, TR¼ 3000 ms, TE¼ 30 ms,
flip angle ¼ 90�). In addition, a T1-weighted 3D scan was collected using
an MPRAGE sequence (spatial resolution 1 mm isotropic,
matrix ¼ 256 � 256, 176 slices, TR ¼ 2530 ms, TE ¼ 1.64, 3.5, 5.36, and
7.22 ms, flip angle ¼ 7�). Functional MRI data were preprocessed using
FreeSurfer version 5.3 (http://surfer.nmr.mgh.harvard.edu) (Fischl,
2012). All functional images were first realigned to correct for head
motion, and then corrected for slice-timing differences. Next, the
T1-weighted image was used to spatially transform the functional images
into a common space (i.e., to fsaverage on the cortical surface and
MNI305 in the subcortical volume). Finally, the fMRI data were spatially
smoothed using a 3D Gaussian kernel (5mm FWHM). Correction for
temporal drift was incorporated within first-level modeling. Hemody-
namic responses were estimated by fitting a convolution of a boxcar re-
gressor with a ɣ function (delta¼ 2.25s, tau¼ 1.25s) to the fMRI data.
Vertex and voxel-wise statistical tests were conducted by computing
contrasts based on a univariate general linear model (GLM). All analyses
used head motion parameters as regressors.

Absolute head motion did not exceed 2mm for any run across all
subjects. Across the whole sample, the maximum frame-wise displace-
ment (Power et al., 2012) was 0.95 mm during the conditioning phase
and 1.20 mm during the generalization phase; the average frame-wise
displacement was 0.088 mm during the conditioning phase and
0.089 mm during the generalization phase. Thus, none of the subjects
were excluded from the study due to excessive head motion. The effects
of the electric shock on the fMRI responses during the CS þ trials were
accounted for by using the magnitude of activity evoked 3–9 s following
shock onset as a regressor in the fMRI analyses.

2.6. Explicit ratings

Following the scanning, subjects were presented with two trials each
of the CSþ, CS–, and the five generalization stimuli that they viewed
during the scanning, and asked to rate the likelihood that the stimulus
had ever been followed by a shock during the fMRI experiment, on a scale
of 0–100%. These ratings were collected to test the extent to which
subjects 1) retrieved the learned association between the CS þ face and
the electrical shock, and 2) showed explicit generalization of this fear
memory.

2.7. Experimental design and statistical analyses

All statistical analyses were conducted with the Statistics and Ma-
chine Learning Toolbox of Matlab R2015b (MathWorks, Inc. Natick, MA,
USA), unless stated otherwise.

Skin Conductance: To test for a fear conditioning response, the mean
SCRs to the CSþ and CS– stimuli during fear conditioning were
compared using a paired t-test. Generalization of conditioned fear re-
sponses was assessed using repeated measures ANOVA with six within-
subject levels (0.125, 0.25, 0.5, 1.0, 1.5 JND and CS–). The CSþ was
not included in the tests of fear generalization because responses to the
unconditioned stimulus (the electrical shock) likely confounded
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measurement of responses to the CS þ for the time window used in these
analyses (see above).

Functional MRI: Brain responses to the CSþ and CS– stimuli during
fear conditioning were compared using a two-stage random effects model
(Holmes and Friston, 1998) implemented in FreeSurfer. For each subject,
vertex and voxel-wise contrasts between CS þ vs. CS– events during
conditioning were computed by applying a mass univariate general linear
model (GLM). In a second GLM, these contrast maps were used to create
group-level statistical maps. The group-level maps were then corrected
for multiple comparisons within each space (left and right cortical sur-
faces and the subcortical space) using a Monte Carlo simulation with 10,
000 iterations, and across the three spaces (left and right cortical surface
and subcortical volume), using a Bonferroni correction. The vertex- and
voxel-wise cluster-forming thresholds were set at p< .001, and the
cluster-wise p-value was set at p< .05.

Generalization of BOLD responses was tested using functionally-
defined regions-of-interest (ROIs), which included the 26 clusters in
the cortex, plus one cluster in the right cerebellum that showed a sig-
nificant response to the CS þ vs. CS– contrast during the conditioning
phase. We also examined generalization in the hippocampus, caudate
nucleus and thalamus using anatomically-defined ROIs generated from
each participant's T1 scan using FreeSurfer (Fischl et al., 2002), because
prior studies have reported generalization in these regions, and the
stringent level of correction for multiple comparisons in the analysis of
the conditioning phase of our experiment may have resulted in Type II
error for these relatively small regions. The amygdala was not included
among these ROIs because findings of a recent meta-analysis suggested
that the involvement of the amygdala in fear conditioning cannot be
reliably measured using conventional fMRI in humans (Fullana et al.,
2016). In addition because fear generalization and the potentially related
process of pattern separation have been localized to distinct subregions of
the hippocampus in prior studies (Bakker et al., 2008; Lissek et al.,
2014a; Onat and Büchel, 2015), we examined the head, body and tail of
the hippocampus independently using the following segmentation
algorithm:

https://surfer.nmr.mgh.harvard.edu/fswiki/HippocampalSubfields
AndNucleiOfAmygdala (Iglesias et al., 2015). As in the SCR analyses,
the CS þ trials were excluded from the analysis of the fear generaliza-
tion phase, because of the artefactually higher responses to the CSþ due
to the close temporal proximity of the shock. Therefore, the BOLD re-
sponses were analyzed using repeated measures ANOVA with six
within-subject levels (0.125, 0.25, 0.5, 1.0, 1.5 JND, and CS–).

Explicit ratings: Generalization in the explicit ratings was tested using
repeated measures ANOVA using seven within-subject levels (CSþ,
0.125, 0.25, 0.5, 1.0, 1.5 JND, and CS–), followed up with two-tailed
post hoc paired t-tests comparing the CSþ, the generalization stimuli
and the CS–. We also conducted this analysis using the 1.5 JND as the
baseline condition, as previously described (Holt et al., 2014), because
the average explicit ratings to the CS– were close to 0.

Hypothesis testing: In all analyses, whenever the assumption of sphe-
ricity was not met (Mauchly's test p< .05), the degrees of freedom in the
repeated measures ANOVA were adjusted with a Greenhouse-Geisser
correction. Post hoc paired t-tests were calculated to compare the
response to each generalization stimulus to the response to the CS–. In
all analyses, p-values < .05 were considered statistically significant and
all t-tests were two-sided.

Our goal was to determine whether each type of generalization
response (SCR, fMRI or ratings) was - or was not - constrained by the
perceptual limits defined in the initial psychophysical assessment (as
illustrated in Fig. 1), i.e., whether it met the predictions of the perceptual
hypothesis of fear generalization. This question can be tested using two
slightly different criteria, here termed the “fixed threshold” criterion, and
the “continuous threshold” criterion.

A “fixed threshold” was defined here as the JND at which subjects
performed at 75% accuracy (see above), and subsequent statistical tests
determined whether the responses were greater than, or less than, this

http://surfer.nmr.mgh.harvard.edu
https://surfer.nmr.mgh.harvard.edu/fswiki/HippocampalSubfieldsAndNucleiOfAmygdala
https://surfer.nmr.mgh.harvard.edu/fswiki/HippocampalSubfieldsAndNucleiOfAmygdala


Fig. 2. A) Subjects showed significantly higher skin conductance responses
(SCRs) to the CS þ stimulus, compared to the CS– stimulus, during the fear
conditioning phase. B) Subjects showed generalization in the SCRs to the near-
CS þ stimuli during the fear generalization phase. Filled circles indicate a sig-
nificant difference in response to the stimulus compared to the CS–, p< .05
(paired t-test). Error bars represent standard errors of the mean. SCRs are square
root transformed.
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fixed threshold. According to this criterion, the prediction of the
perceptual hypothesis is that responses will be higher than the CS– at
JND values of 0.125, 0.25, and 0.5. Conversely, responses are predicted
to be indistinguishable from those to the CS– at JND values of 1.5 JND.
In this fixed threshold model, responses to 1.0 JND are undefined.

In contrast, the “continuous threshold” criterion accounts for more of
the known properties of psychophysical thresholds. Given adequate
measurement resolution, it is well known that 1) JND thresholds are
graded rather than absolute, and 2) the JND value for a given range of
graded stimuli varies with the performance accuracy that is chosen to
define the threshold. Here we used a standard threshold (75% correct), at
which subjects could discriminate morphed faces from the CSþ face, at a
level that is intermediate between “never” (50% correct) and “always”
(100% correct). At this threshold, the perceptual hypothesis predicts that
the face corresponding to 1.0 JND will also produce a response of in-
termediate (not zero) magnitude. Thus, relative to the responses to the
1.0 JND stimulus, this continuous threshold criterion predicts increased
responses at .5 JND and decreased (but greater than zero) responses to
the 1.5 JND stimulus.

Gaussian modeling of fear generalization: Previous work has modeled
generalization gradients as a Gaussian curve (Ghirlanda and Enquist,
2003). Accordingly here, the extent of generalization in the explicit
ratings, the SCR, and the fMRI responses of the anterior insula and su-
perior frontal gyrus, were each examined by fitting these data with a
Gaussian function, f(x)¼ a*exp(-(b-x)2/2c2)), where a is the height of the
curve and c the width, and b is the location of the peak. The b parameter
was fixed at 0, i.e. the CSþ. The extent of fear generalization is repre-
sented by the parameter c. The Gaussian function was fitted to these data
using non-linear least squares; the responses were scaled prior to fitting
by subtracting the CS– value from the other values.

2.8. Secondary analyses

Associations among fear generalization measures: We also tested
whether the magnitude of generalization of neural responses (measured
with fMRI) was correlated with: 1) the explicit shock likelihood ratings
and 2) the SCRs during fear generalization. For these analyses, a linear
mixed effects model was fitted using the lmer function in the lme4
package (http://cran.r-project.org/web/packages/lme4/index.html) in
R version 3.4.0 (R Core Team, 2017). These analyses were limited to the
anterior insula and superior frontal gyrus because, similar to the SCR and
explicit ratings, these two regions showed higher responses to the CSþ
and generalization stimuli compared to the CS– (see Results). Because
such responses were essentially identical in left and right hemispheres,
data were averaged across hemispheres. To account for differences in
magnitudes of overall BOLD, SCR, and explicit rating responses, the data
were normalized by subtracting the response to the 1.5 JND from the
responses to the 0.125, 0.25, 0.5 and 1.0 JND stimuli. We fitted a sepa-
rate model for the anterior insula and superior frontal gyrus, with either
the SCR or the explicit ratings as the dependent variable, with the
intercept as a random factor, and the stimuli by BOLD interaction as fixed
effects.

The influence of sex on fear conditioning and generalization: Because of
known sex differences in fear conditioning and fear extinction (Merz
et al., 2018), we examined whether sex influenced any measure of fear
conditioning or generalization, by using repeated measures ANOVA for
SCRs and GLM for fMRI responses.

3. Results

3.1. Perceptual threshold (JND) measurements

JND measurements before and after the experiment did not differ
(paired t-test t36¼�0.197, p¼ .845).
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3.2. Skin conductance responses

Fear Conditioning: During the fear conditioning phase, subjects
showed significantly higher SCRs to the CS þ compared to the CS–,
(paired t-test t28¼ 3.86, p< .001; Fig. 2A).

Fear Generalization: We found a monotonic decrease in the mean
response with higher JND level. A repeated measures ANOVA showed a
significant effect of JND level (F3.33, 93.22¼ 2.97, p¼ .031; Fig. 2B). Post
hoc paired t-tests showed that the SCR was higher to the 0.125 JND
(t28¼ 2.52 p¼ .018), 0.25 JND (t28¼ 2.57, p¼ .016), and 0.5 JND
(t28¼ 2.13, p¼ .043), compared to the CS– (Fig. 2B). The SCR responses
to 1.0 JND and 1.5 JND did not significantly differ from the responses to
the CS– (1.0 JND vs. CS– t28¼ 0.73, p¼ .468 and 1.5 JND vs. CS–
t28¼ 1.01, p¼ .319).
3.3. Functional MRI

Fear Conditioning: The analysis revealed 26 clusters in the cortex
(localized using the Desikan-Killany Atlas) which showed a significant
CSþ > CS– or CS– > CS þ response; these are shown in Fig. 3. One
statistically significant cluster was also found within subcortical space
(identified using a p< .001 cluster forming threshold, a
CS– > CS þ response), with a peak in the right cerebellar cortex
(MNI ¼ 32, �75, �39; 872 mm3). A more lenient cluster-forming
threshold of p< .05 showed 3 statistically significant clusters in the
subcortical space, including the bilateral thalamus, caudate and cere-
bellum, and left hippocampus (Supplementary Fig. 1).

Fear Generalization: 22 of the 26 cortical clusters that showed signif-
icant activation during conditioning, and 5 of the 11 subcortical regions
of interest also showed a significant effect of stimulus type during
generalization (Table 1). Eleven of these generalization effects met a
Bonferroni-corrected level of significance threshold. Among these re-
gions, the anterior insula and superior frontal gyrus exhibited signifi-
cantly greater responses to the generalization stimuli compared to the

http://cran.r-project.org/web/packages/lme4/index.html


Fig. 3. BOLD responses during the fear conditioning phase to the CS þ versus
CS– contrast displayed on the cortical surface. Significantly higher responses to
the CS þ compared to the CS– (red-to-yellow) were found in the anterior insula
(AI), superior frontal gyrus (SFG) and in the pre- and postcentral gyrus (see
Table 1). Significantly lower activity to the CS þ compared to the CS– (blue-to-
white) was found in the angular gyrus (ANG), posterior cingulate cortex (PCC)
and in the middle temporal gyrus (MTG) among other regions. The maps were
Montecarlo corrected for multiple comparisons, using a cluster-forming p-
value< .001, and cluster-wise p-value< .05. The color scale indicates vertex-
wise p-values.
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CS–, with a gradual fall-off of response magnitude beginning between
0.5 and 1.0 JND (Fig. 4A). Specifically, the bilateral anterior insula
(repeated measured ANOVA, F3.49,125.63¼ 10.04, p< .001) showed
significantly greater responses to the 0.125, 0.25, 0.5, 1.0 and 1.5 JND,
compared to the CS–, whereas the bilateral superior frontal gyrus
(repeated measured ANOVA, F3.71,133,45¼ 5.03, p¼ .0011) showed
significantly greater responses to the 0.125, 0.25 and 0.5 JNDs, but not
the 1.0 or 1.5 JNDs, compared to the CS– (Table 2).

Other regions, including the bilateral posterior cingulate cortex
(repeated measured ANOVA, F4.37,157,34¼ 7.32, p< .001), bilateral
angular gyrus (repeated measured ANOVA, F4.02,144.57¼ 7.79, p< .001;
Fig. 4B), and the bilateral head (repeated measures ANOVA,
F3.88,139.53¼ 6.55, p< .001) and body of the hippocampus (repeated
measures ANOVA, F4.20,151.09¼ 3.61, p¼ .0067) (Supplementary Fig. 2)
showed significantly lower (and broader) responses to the generalization
stimuli compared to the CS–, with differential responses at all JND
levels, compared to the CS– (Table 2).

3.4. Explicit ratings

Repeated measures ANOVA showed a significant effect of JND level
(F3.78, 135.90¼ 64.44, p< .001) in the explicit ratings (Fig. 5). Post hoc
paired t-tests showed that subjects rated the CSþ, and all of the JND
levels, as more likely to be followed by the shock than the CS– (CS þ vs.
CS–, t36¼ 18.73, p< .001; .125 JND vs. CS–, t36¼ 14.96, p< .001; .25
JND vs. CS–, t36¼ 17.30, p< .001; .5 JND vs. CS–, t36¼ 18.48,
p< .001; 1.0 JND vs. CS–, t36¼ 9.78, p< .001; 1.5 JND vs. CS–,
t36¼ 5.11, p< .001).

3.5. Gaussian function

To quantify and compare the extent of fear generalization in our data,
we fitted a Gaussian function to the responses (Supplementary Fig. 3). In
these analyses, the parameter c reflects the extent of fear generalization
(see Methods for details). For the explicit ratings and anterior insula and
superior frontal gyrus responses, c > 0, consistent with the presence of
generalization of the conditioned response to the CSþ in these data.
Based on the rank order, the extent of generalization was larger in the
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anterior insula (c ¼ 40.9, 95% CI ¼ 19.6–62.2) compared to the explicit
ratings (c ¼ 34.8, 95% CI ¼ 29.9–39.6). In contrast, the extent of
generalization was lower in the superior frontal gyrus (c ¼ 25.0, 95%
CI ¼ 9.3–41.4), and in the skin conductance responses (c ¼ 27.2, 95%
CI ¼ �0.8–55.2), compared to the explicit ratings.

3.6. Linear mixed models

Using linear mixed models, we found that the anterior insula re-
sponses during fear generalization were strongly linked with both the
fear generalization SCRs (F1,106.39¼ 13.54, p< .001) and the ratings of
shock likelihood (F1,136.37¼ 8.19, p¼ .0048). Responses of the superior
frontal gyrus during fear generalization were associated with the SCRs
(F1,99.66¼ 6.20, p¼ .014) but not with the explicit ratings
(F1,139.76¼ 2.52, p¼ .11). We found no significant BOLD by stimulus
interactions. The associations between the anterior insula BOLD re-
sponses, SCRs, and explicit ratings are illustrated in Supplementary
Fig. 4.

3.7. The influence of sex on fear conditioning and generalization

We found no effects of sex in the SCRs (p> .05) or the fMRI responses
(cluster-forming threshold p< .001, Monte-Carlo corrected for multiple
comparisons) during the conditioning phase. During the generalization
phase, there were no sex by JND-level interactions found in the fMRI
responses, SCRs or explicit ratings (all p> .05), but significant or near
significant main effects of sex were observed: compared to females, males
had on average higher SCRs (t¼ 2.76, p¼ .010, df¼ 27) and fMRI re-
sponses in the superior frontal gyrus (t¼ 2.32, p¼ .026, df¼ 35), and at a
trend-level in the anterior insula (t¼ 1.96, p¼ .058, df¼ 35), but a trend
towards lower mean shock likelihood ratings (t¼�1.97, p¼ .056,
df¼ 35).

4. Discussion

4.1. Summary of findings

Here, fear generalization was measured using a Pavlovian fear con-
ditioning and generalization paradigm that accounted for the perceptual
discrimination threshold of each subject. Overall, we observed a general
pattern, across measurements of skin conductance, shock likelihood es-
timates, and fMRI responses in specific brain regions (anterior insula and
superior frontal cortex) of significant fear generalization when discrim-
inability of stimuli from the CSþ was low (when the generalization
stimuli were most similar to the CSþ, and least similar to the CS–).
Conversely, such measures showed little or no fear generalization when
discriminability of stimuli from the CSþ was high. Such results are
generally consistent with the perceptual hypothesis of fear
generalization.

Other fear generalization measurements corresponded less well to
perceptual gradients. Most clearly, certain regions of the default network
(posterior cingulate cortex, angular gyrus and hippocampus) showed 1)
an inverted BOLD response to fear generalization, which also 2) extended
beyond the highest JND value tested here. In addition, while the explicit
ratings and responses of the anterior insula generally met the predictions
of the perceptual hypothesis (according to a continuous threshold model,
see Methods), there was also evidence for broadening of these gradients
beyond perceptual limits, due to a significantly greater responses to the
1.5 JND stimulus, compared to the CS–. In future investigations, this
evidence for possible supra-threshold generalization in the anterior
insula and behavior can be investigated further to identify any potential
mechanisms.

4.2. Relevance to prior research

The overall objectives of this study reflect a larger and long-running



Table 1
Regions activated during fear conditioning (p< .001, corrected) that also showed statistically significant (p< .05, uncorrected; for 11 regions, Bonferroni-corrected)
responses during fear generalization.

* indicates responses that survived Bonferroni correction for multiple comparisons.
** mm̂3, *** Anatomically defined regions-of-interest.
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debate about whether fear generalization is limited by perceptual
boundaries, or whether it extends beyond those limits (Guttman and
Kalish, 1956; Struyf et al., 2015). In other words, does fear generalization
merely result from an inability to discriminate the CSþ from perceptually
similar stimuli (i.e. the perceptual hypothesis)? Alternatively, does it also
involve an active mechanism, such as fear responses to stimuli that are
similar but clearly distinguishable from the CSþ and/or contributions
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from other non-perceptual processes (e.g., decision-making and uncer-
tainty assessment mechanisms)?

A prior fMRI study also examined the effects of graded physical
changes in stimuli to fear generalization gradients in order to investigate
this question (Onat and Büchel, 2015). In contrast to the current results,
that study reported evidence for “hyper-sharp” responses in anterior
insula during fear generalization. Specifically, responses in the anterior



Fig. 4. BOLD responses during the fear generalization phase for selected regions
of interest. Data for the two hemispheres are combined in these plots. A) For the
bilateral anterior insula (AI) and superior frontal gyrus (SFG) there was a pos-
itive association between the magnitude of the BOLD responses and the simi-
larity of the generalization stimuli to the CSþ. B) In contrast, the angular gyrus
(ANG) and posterior cingulate cortex (PCC) showed significantly lower re-
sponses to the CSþ and CS þ -like generalization stimuli, compared to the CS–
stimulus. Filled circles indicate a significant difference in response between the
stimulus and the CS–, p< .05 (paired t-test). Error bars represent standard er-
rors of the mean.
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insula were found to be more narrowly tuned (i.e., had steeper general-
ization fall-offs) to systematic physical variations in the generalization
stimuli, relative to the behavioral fear generalization responses. How-
ever, because perceptual discrimination thresholds were not systemati-
cally controlled in the subjects in this study, it is unclear how the
observed hyper-sharp responses in anterior insula were related to
perception.

4.3. The role of the anterior insula and superior frontal gyrus in fear
generalization

The anterior insula and superior frontal gyrus both showed higher
responses to the CSþ and generalization stimuli, compared to the CS–.
This similarity in the pattern of generalization responses across these two
regions is consistent with prior studies showing that these two areas are
anatomically connected (Jürgens, 1984; Vogt, 2016; Yeo et al., 2011).
The cluster within the superior frontal gyrus showing fear generalization
was located in the supplementary motor area (see http://neurosynth.org
(Yarkoni et al., 2011) and within the Salience Network (SN; Seeley et al.,
2007) according to functional connectivity criteria (Yeo et al., 2011).
Recent functional connectivity findings and a diverse array of task-based
fMRI studies conducted in humans (Gasquoine, 2014; Sterzer and
Kleinschmidt, 2010) suggest that the human SN, and the anterior insula
Table 2
Paired t-tests comparing each JND level to CS– in different brain regions of interest

0.125 JND vs. CS– 0.25 JND vs. CS– 0

t p t p t

AI 4.33 <.001 3.94 <.001 4
SFG 3.01 .005 2.42 .021 2
PCC �4.52 <.001 �4.51 <.001 �
ANG �4.82 <.001 �4.14 <.001 �
HIPP head �2.98 .005 �3.51 .001 �
HIPP body �2.67 .011 �3.16 .003 �
HIPP tail �1.47 .151 �2.57 .014 �

AI¼ anterior insula, SFG¼ superior frontal gyrus, PCC¼ posterior cingulate cortex,
value of a paired t-test.
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in particular, has a broader and more integrative role in the brain,
compared to what was originally suggested by studies conducted in ro-
dents, which emphasized the role of this network in interoception
(Menon and Uddin, 2010). Specifically, recent human fMRI data suggest
that the anterior insula integrates activity across multiple sensory and
cognitive networks (Sidlauskaite et al., 2014). This hub-like function
allows the anterior insula to recruit a range of processing and attention
resources to execute diverse behaviors (Sterzer and Kleinschmidt, 2010).
For example, the human anterior insula is activated during difficult
cognitive tasks, such as those involving perceptual decision-making or
categorization of ambiguous stimuli, which require effortful processing
or resolving conflicts (Seger et al., 2015). Significant correlations be-
tween task performance difficulty or stimulus ambiguity, relative to
anterior insula responses, have suggested that the activity of the anterior
insula is linked to the accumulation of sensory evidence required for
making a perceptual decision (Ho et al., 2009; Pedersen et al., 2015), as
well as encoding confidence that perceptions are accurate (Hebart et al.,
2016; Paul et al., 2015).

Other studies have suggested that anterior insula activity may reflect
the subjective experience of sensory input (Wiech et al., 2010). For
instance, several fMRI studies of pain processing reported that levels of
activity within the anterior insula correlate with explicit ratings of sub-
jective pain intensity (Favilla et al., 2014; Kong et al., 2006; Ploner et al.,
2010). Similarly, here we found a correlation between anterior insula
responses during fear generalization and explicit shock likelihood rat-
ings, as well as with skin conductance responses. Thus our results add to
prior evidence that the anterior insula plays a key role in the subjective
awareness of stimuli in the external environment (Craig, 2009). During
fear generalization, the anterior insula may contribute to a conscious
experience of fear and subsequent initiation of defensive responses to the
CSþ and generalization stimuli.

Our data are also consistent with prior evidence suggesting that the
anterior insula and the closely connected areas of midline cortex, such as
the anterior cingulate cortex and supplementary motor area, have
distinct functions (Craig, 2009; Sterzer and Kleinschmidt, 2010). Here,
the midline cortical area showing fear generalization (located within the
superior frontal gyrus, the supplementary motor area) showed a lower
extent and magnitude of fear generalization than the anterior insula.
Also, the magnitude of fear generalization responses of the anterior
insula, but not of the superior frontal gyrus/supplementary motor area
region, correlated with the magnitude of the explicit shock likelihood
ratings. These findings are consistent with a role of the anterior insula in
awareness and multi-modal sensory integration (here involving visual
and tactile sensory modalities). In contrast, the supplementary motor
area may play a central role in the rapid initiation of actions in response
to salient information in the environment (Nachev et al., 2008).

4.4. The role of the default network in fear generalization

Regions of the default network (DN) (Raichle et al., 2001), including
the posterior cingulate cortex, angular gyrus, hippocampus, and the left
middle temporal gyrus, showed significant (albeit negative)
.

.5 JND vs. CS– 1 JND vs. CS– 1.5 JND vs. CS–

p t p t p

.64 <.001 4.11 <.001 2.78 .008

.99 .005 1.30 .200 1.04 .303
4.05 <.001 �4.04 <.001 �3.86 <.001
4.09 <.001 �4.47 <.001 �4.06 <.001
4.71 <.001 �2.78 .008 �2.50 .017
2.90 .006 �4.99 <.001 �2.71 .010
1.53 .136 �3.70 <.001 �3.04 .004

ANG¼ angular gyrus, HIPP¼ hippocampus. t¼ t-value of a paired t-test, p¼ p-

http://neurosynth.org


Fig. 5. The explicit ratings of shock likelihood decreased as stimulus similarity
(to the CSþ) decreased. Filled circles indicate a significant difference in
response between the stimulus and the CS–, p< .05 (paired t-test). Error bars
represent standard errors of the mean.
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generalization responses at all JND levels tested, i.e. with little evidence
for a step-wise gradient of responses). However, the current experiment
did not measure fear generalization responses beyond 1.5 JND; thus the
extent and pattern of deactivation in the DN regions cannot be precisely
determined using these data. Prior studies have shown that the DN is
primarily involved in processes requiring introspection that involve
shifting attention inward, away from the external environment (Buckner
et al., 2008). A lower response to fear-evoking stimuli (compared to the
CS–) is consistent with prior findings of deactivation of the DN when
attentional resources are shifted to cognitive control or salience detec-
tion–related processes, i.e. in response to behaviorally salient informa-
tion in the environment (Anticevic et al., 2012; Mantini et al., 2011).
Thus, DN suppression in response to stimuli that are similar but clearly
not identical to threatening stimuli (including the supra-threshold re-
sponses here) may play a role in a larger defensive response involving the
Salience Network (Goulden et al., 2014; Sridharan et al., 2008), which
permits further assessment of ambiguous and potentially threatening
stimuli.

4.5. Other types of fear generalization

Depending on the context, generalization of fear responses may also
reflect dimensions other than perceptual similarity (Dymond et al.,
2015). For example, Dunsmoor and colleagues (2012) showed that
following category-based learning, fear responses generalized across an
entire category of stimuli, even when individual stimuli were easily
distinguished from each other at a perceptual level. Future studies can
further characterize the brain networks involved in forms of fear gener-
alization that have little perceptual basis.

4.6. Potential effects of increased arousal on perceptual thresholds

In this study, generalization stimuli were individualized based on
each subject's perceptual threshold, measured in a non-threatening
neutral context, before the fear conditioning and generalization
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procedure was conducted. However it is known that emotional states can
affect perception (Geuss et al., 2016; Stefanucci and Storbeck, 2009). For
example, fear of heights increases height estimates (Teachman et al.,
2008). Thus, it can be argued that increased levels of emotional arousal
during the fear conditioning and generalization procedures affected
discrimination levels (Struyf et al., 2015), increasing perceptual thresh-
olds during and/or after aversive conditioning (Laufer and Paz, 2012;
Resnik et al., 2011; Shalev et al., 2018). Such increased thresholds during
and following aversive conditioning have been shown to persist for 24 h
(Resnik et al., 2011). However, in the current study, perceptual thresh-
olds were similar before and after fear conditioning and generalization,
suggesting that perceptual thresholds remained stable throughout the
experiment. This stability may be due to the fact that the fear condi-
tioning phase here was relatively short (~5min). However, to investigate
this question further, future studies should measure perceptual thresh-
olds at multiple time points, including during the fear conditioning and
generalization procedure itself.

4.7. Sex differences

In an exploratory analysis, we examined the effects of sex on fear
conditioning and generalization. Our analyses did not reveal any differ-
ences between the males and females during fear conditioning, which is
in line with the results of a recent meta-regression analysis (Fullana et al.,
2016). However, the literature on sex effects on fear conditioning in
humans is somewhat inconsistent, with findings of similar responses in
males and females (Guimaraes et al., 1991), as well as higher (Leb-
ron-Milad et al., 2012; Zorawski et al., 2005) and lower (Milad et al.,
2006) conditioned responses in females compared to males. We also did
not observe sex by JND-level interactions in any of our measures of fear
generalization. That is, the pattern of generalization was similar in males
and females. However, we did find that males had overall higher SCRs
and fMRI responses in the anterior insula and superior frontal gyrus than
females, whereas males showed a trend towards lower explicit rating
scores than the females, during fear generalization. These findings must
be considered preliminary given the small sample sizes for the male and
female groups and the known complexity of the effects of gonadal sex
hormones (which were not measured in the current study) on fear
learning and memory processes. For instance, depending on hormonal
status (high estrogen, low estrogen or oral contraception use), females
may show either greater or less fear conditioning than males (Hwang
et al., 2015). Similarly, depending onmenstrual cycle phase, females may
show either greater or less fear extinction learning than males (Merz
et al., 2018). In future studies, sex effects on fear generalization should be
examined further while accounting for menstrual cycle phase, gonadal
steroid levels and other factors that may influence sex-related effects on
brain function.

4.8. Limitations

We were able to detect fear generalization in skin conductance re-
sponses using standard analysis methods, and these skin conductance
responses were highly correlated with the magnitude of fear general-
ization observed in the fMRI data. However, novel approaches such as
psychophysiological modeling, which are not limited to measurement of
stimulus-evoked peak response amplitudes (Bach et al., 2018), may have
even greater power to detect subtle variation in skin conductance re-
sponses during fear generalization. Similarly, we did not measure
multivariate patterns of BOLD activity; in future studies, this approach
could be used to measure generalization of conditioned fear responses of
the amygdala (Bach et al., 2011; Staib and Bach, 2018; Visser et al.,
2011), which were not detected in the current study.

4.9. Implications for neuropsychiatric disorders

The generalization of fear responses may be disrupted in the context
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of certain brain disorders, giving rise to specific symptoms. For example,
overactive fear generalization processes have been observed in patients
with Panic Disorder (Lissek et al., 2010), Generalized Anxiety Disorder
(Lissek et al., 2014b), Social Anxiety Disorder (Ahrens et al., 2016), and
Post-Traumatic Stress Disorder (Kaczkurkin et al., 2017). However, some
studies failed to detect over-generalization in Generalized Anxiety Dis-
order (Greenberg et al., 2013b; Tinoco-Gonz�alez et al., 2015). It is
possible that discrepancies among these prior studies could be resolved
by taking individual perceptual discrimination abilities into account. The
experimental paradigm used here provides a means for distinguishing the
effects of fear learning and memory-related processes involved in fear
generalization from perceptual discrimination ability. Quantitative
measurement of the distinct components of fear generalization may
permit the characterization of distinct fear generalization phenotypes,
which could serve as treatment targets, or used to identify individuals
who are at risk for certain neuropsychiatric conditions. Future studies
could then investigate whether excessive or diminished generalization in
certain psychopathological states is related to perceptual impairments,
over or under-retrieval of fear or safety associations, or changes in levels
of subjective awareness.
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