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a b s t r a c t

Recent studies on fear generalization have demonstrated that fear-potentiated startle and skin conduc-
tance responses to a conditioned stimulus (CS) generalize to similar stimuli, with the strength of the
fear response linked to perceptual similarity to the CS. The aim of the present study was to extend this
vailable online 23 December 2011
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eneralization
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nxiety

work by examining neural correlates of fear generalization. An initial experiment (N = 8) revealed that
insula reactivity tracks the conditioned fear gradient. We then replicated this effect in a larger indepen-
dent sample (N = 25). Activation in the insula, anterior cingulate, right supplementary motor cortex and
caudate increased reactivity as generalization stimuli (GS) were more similar to the CS, consistent with
participants’ overall ratings of perceived shock likelihood and pupillary response to each stimulus.
ear learning

. Introduction

Paradigms that assess fear learning have provided valuable
ranslational tools for understanding the etiology, maintenance
nd treatment of anxiety disorders (Milad et al., 2006; Mineka
nd Oehlberg, 2008). The acquisition and extinction of conditioned
ear responses involve a common neurocircuitry across species that
ncludes the amygdala, insula, anterior cingulate cortex, hippocam-
us, sensory areas, and ventromedial prefrontal cortex (Büchel
nd Dolan, 2000; LeDoux, 2000; Phelps et al., 2004). In addition
o acquisition and extinction, there is increasing interest in fear
eneralization, which describes the transfer of a conditioned fear
esponse to stimuli that are perceptually similar to the conditioned
timulus (CS). Insofar as the transfer of fear responses from threat-
elated stimuli to potentially innocuous cues is a common feature
n anxiety disorders (Lissek et al., 2008), fear generalization may
e a key learning process in the development and maintenance of
athological anxiety.

Recent studies have validated laboratory-based procedures for
esting fear generalization, which involves the assessment of fear
esponses to a CS and to generalization stimuli (GS) that vary in

erceptual similarity to the CS (Hajcak et al., 2009; Lissek et al.,
008). In these paradigms, fear responses were quantified with
he fear-potentiated startle reflex, which followed a generalization
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gradient: the strongest startle reflex was elicited during the CS, with
a steep decline corresponding to the relative decrease in similarity
of the GS to the CS1 (Hajcak et al., 2009; Lissek et al., 2008). Lissek
and colleagues assessed fear generalization in a paradigm in which
participants had to learn which stimulus was the CS and which
were the GS. On the other hand, Hajcak and colleagues found com-
parable results even when participants were explicitly instructed
regarding the identity of the CS and the reinforcement contingen-
cies to the CS and GS. Despite being told explicitly which stimulus
was the CS, and never being shocked following a GS, participants
in the Hajcak et al. study had larger startle responses and reported
greater shock likelihood as GS were more perceptually similar to
the CS.

Fear generalization paradigms could be useful for assess-
ing pathological fear and risk for anxious psychopathology. For
instance, patients with panic disorder exhibit a flatter fear gra-
dient with more gradual decreases in fear response to the GS
(Lissek et al., 2010). Hajcak et al. (2009) reported fear gener-
alization deficits in a generalization paradigm as a function of
variation in the brain-derived neurotrophic factor (BDNF) geno-
type, which has been related to both learning and anxiety-related
behaviors.

In the current study, we sought to extend this work by examin-

ing neural activity using fMRI in a fear generalization paradigm that
we previously employed (Hajcak et al., 2009). The aim was to eluci-
date the brain regions associated with generalization, which have

1 Comparable results have also been obtained using skin conductance (Dunsmoor
et al., 2009; Vervliet et al., 2010), which is a more general measure of arousal that
is not specific to defensive motivation.
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eceived little attention in the literature, and to examine whether
eactivity in these regions exhibit a similar generalization gradi-
nt to that reported with peripheral measures of fear. These neural
radients may be useful in identifying deficits in the generalization
rocess and may be relevant to future work on pathological anxiety
e.g., Lissek et al., 2010). In the current study, the CS was a middle-
ized rectangle and the GS were six additional rectangles varying
n width from the CS by ±20%, ±40% or ±60%.

In an initial experiment (N = 8), we examined regions of inter-
st (ROIs) based on neuroimaging studies of fear learning that have
mplicated key areas in the expression and inhibition of autonomic
nd behavioral fear responses (Dunsmoor et al., 2011; Sehlmeyer
t al., 2009). These ROIs included the amygdala, insula, thalamus,
audate, anterior cingulate cortex (ACC) and ventromedial prefrontal
ortex (vmPFC). We hypothesized that reactivity in one or more of
hese regions would demonstrate a similar gradient response to
he pattern reported in previous laboratory-based studies. In a sec-
nd experiment2 (N = 25), we conducted a whole-brain analysis and
btained additional self-report ratings and physiological measures.

. Experiment 1

.1. Methods

.1.1. Participants
Eight individuals (6 females and 2 males) participated in the study (Mean

ge = 23.2; SD = 4.7). All reported being right handed. Potential participants were
creened for prescription and recreational drug usage, as well as neurological and
sychological histories. The study was approved by the Stony Brook University

nstitutional Review Board; all participants provided informed consent.

.1.2. Procedure
Prior to the scan, an electric shock, delivered to the left wrist (Constant Voltage

timulator STM 200; Biopack Systems Inc.), was individually set for each partici-
ant to a level that was “uncomfortable but not painful”. Instructions for the task
ere then provided. Participants were told that the middle-sized rectangle (CS) indi-

ated a 50% probability that they would receive a subsequent electric shock, but that
hocks would never follow rectangles of greater or lesser size. A conditioning phase
as administered next, which included five presentations of the CS with electric

hock (i.e., CSpaired) and one presentation of each of the other six rectangles. The
ask immediately followed. Thus, the current study examined generalization within
he context of a paradigm that combined instructed and associative fear learning.

.1.3. Task
The task consisted of three blocks presented consecutively. Each block included

0 trials (5 trials × 8 conditions) for a total of 120 trials. The stimuli were seven red
ectangles with identical height (56 pixels) and varying width (112–448 pixels) pre-
ented against a black background. The middle-sized rectangle (280 pixels) was the
onditioned stimulus (CS). Half of the time the CS co-terminated with a 500 ms elec-
ric shock (CSpaired), while half of the time it did not (CSunpaired). The six remaining
ectangles differed by ±20%, ±40% or ±60% in width from the CS and served as the
eneralization stimuli (GS). Stimuli were presented pseudorandomly for 2 s with a
ittered interstimulus interval ranging from 4 to 10 s, during which a white fixation
ross was shown on a black background. The task was programmed with E-prime
.2 (Psychology Software Tools, Inc. Pittsburg, PA) and presented with an MRI com-
atible 60 Hz projector with 1024 × 768 resolution. The duration of the task was
5 min and 12 s.

.1.4. Image acquisition
Participants were scanned with a 3 tesla Siemens Trio scanner at the

tony Brook Social, Cognitive and Affective Neuroscience (SCAN) center. A
otal of 456 T2*-weighted echoplanar images were acquired with an oblique
oronal angle and TR = 2000 ms, TE = 22 ms, flip angle = 83◦ , matrix = 96 × 96,
OV = 224 mm × 224 mm, slices = 36 and slice thickness = 3.5 mm. In addition, we
btained T1-weighted structural scans with TR = 1900 ms, TE = 2.53, flip angle = 9◦ ,
OV = 176 mm × 250 mm × 250 mm, and matrix = 176 mm × 256 mm × 256 mm.
.1.5. Image analysis
Preprocessing procedures were performed in SPM8 and included slice time cor-

ection, motion correction, normalization and smoothing with a 6-mm full width at
alf maximum Gaussian kernel. Preprocessed images were entered into a general

2 Experiment 2 was run separately due to changes in imaging parameters required
y our imaging center (see Section 3.1.2).
sychology 92 (2013) 2–8 3

linear model in which each rectangle was modeled as an event with no duration;
CSpaired and CSunpaired were modeled separately. The six motion parameters esti-
mated during realignment were included as regressors of no interest and serial
autocorrelations were modeled using an AR (1) process. First-level single subject
statistical parameter maps were created for the ‘CSpaired − Baseline’ (i.e., fixation),
‘CSunpaired − Baseline’ and each of the ‘GS − Baseline’ contrasts. These contrasts,
except for ‘CSpaired − Baseline’, were used in a second-level random effects repeated
measures analysis.

2.1.6. Gradients of neural reactivity
Individual bilateral masks were created for the amygdala, insula, thalamus, cau-

date nucleus, anterior cingulate cortex (ACC) and ventromedial prefrontal cortex
(vmPFC) using the Masks for Regions of Interest Analysis software (Walter et al.,
2003). A region of interest (ROI) analysis for the F-contrast (main group effect) was
performed using an initial threshold of ˛ = .01(uncorrected) and extent threshold = 20
contiguous voxels, and a small volume familywise error rate corrected ˛ = .05, for
each mask.

Neural gradients were generated for the right and left insula (which were the
only regions that showed significant activation with these thresholds) by extracting
the first eigenvariate (i.e., the principal component) from a 6 mm sphere centered
on the local maxima within each region, for each of the ‘CSunpaired − Baseline’ and
‘GS − Baseline’ contrasts, across all participants. Mean values for CSunpaired, as well
as GS ± 20%, GS ± 40% and GS ± 60%, were plotted as a four-point gradient.

2.2. Results

2.2.1. Gradients of neural reactivity
Generalization gradients for the right and left insula are shown in Fig. 1b and

c, respectively. Reactivity in the right (F(3,21) = 18, p < .001) and left (F(3,21) = 13.3,
p < .001) insula varied as a function of stimulus type. For the right insula, pairwise
comparisons revealed higher reactivity for the CSunpaired versus GS ± 40% (p = .004)
and GS ± 60% (p = .01), and for the GS ± 20% versus GS ± 40% (p = .02). A compari-
son of the GS ± 20% to GS ± 60% was marginally significant (p = .053). For the left
insula, reactivity was higher for the CSunpaired versus GS ± 40% (p = .007) and GS ± 60%
(p = .03), and for the GS ± 20% versus both GS ± 40% (p = .03) and GS ± 60% (p = .04).

3. Experiment 2

3.1. Methods

3.1.1. Participants
Twenty-five women participated in the study (Mean age = 21.6; SD = 5.1).

All reported being right-handed except for one participant, who reported being
ambidextrous. Participants were screened for psychiatric illness with the Structured
Clinical Interview for DSM-IV Axis I Disorders – Patient Edition, Version 2 (SCID-I/P;
First et al., 2002). All other screening procedures were identical to Experiment 1.
The study was approved by the Stony Brook University Institutional Review Board;
all participants provided informed consent.

3.1.2. Experimental paradigm
The experimental paradigm was identical to Experiment 1 except for the addi-

tion of post-task ratings of shock likelihood for each rectangle, obtained on a Likert
scale of 1 (“certainly not shocked”) to 5 (“certainly shocked”), acquisition of pupillary
response with the Eyelink-1000 (SR Research Ltd., Ontario) as a measure of activa-
tion of the sympathetic nervous system, as well as a 12 s increase in task length to
accommodate a change in TR and TE due to scanner requirements.

3.1.3. Image acquisition and analysis
A total of 440 T2*-weighted echoplanar images were acquired with an

oblique coronal angle and TR = 2100 ms, TE = 23 ms, flip angle = 83◦ , matrix = 96 × 96,
FOV = 224 mm × 224 mm, slices = 37 and slice thickness = 3.5 mm. Parameters for
acquisition of structural images, as well as preprocessing procedures and statistical
analysis were identical to Experiment 1.

3.1.4. Gradients of neural reactivity
Gradients of neural reactivity were generated for all brain regions for which

we found significant clusters for the main effect group F-contrast using a whole
brain threshold of ˛ = .001(uncorrected) and extent threshold of 20 contiguous vox-
els.

3.1.5. Preprocessing of pupil data
Pupil data was processed using custom MATLAB codes (MathWorks). First, we

excluded periods of eye blinks detected by an on-line parsing system (Eyelink; SR
Research Ltd., Ontario). We used a window of 100 ms prior to onsets of eye blinks and

300 ms following their offset in order to minimize after-blink constriction effects.
Missing values were linearly interpolated. We adopted pre-processing procedures
from Hupé et al. (2009). Specifically, a baseline for each trial was calculated by aver-
aging data points from 500 ms immediately preceding the onset of the stimulus
and then subtracting this mean from each trial. The baseline corrected values were
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across the brain. The inverse reactivity pattern in the vmPFC, an area
linked to extinction recall and safety learning (Corcoran and Quirk,
2007; Milad et al., 2007) may be associated with inhibition of the
ig. 1. Activation map and neural gradients for the right and left insula (Experimen
roup effect (P < .001uncorrected). Left (b) and right (c) insula reactivity as a function o

-scored to allow comparison across participants and filtered using a low-pass fil-
er (4 Hz cutoff frequency) to reduce measurement noise. After preprocessing, trials
ere examined and excluded if they had outliers, exceeding two standard deviations

nd no pupillary light reflex in response to luminosity changes of presented stimuli.
he average number of trials excluded for each participant was 19.1% (SD = 9.1). For
tatistical analysis, the pupillary response was defined as the overall pupil diam-
ter change (i.e., area under curve) within a 1000 ms window, beginning 1 s after
timulus onset. Data for one participant was excluded due to technical problems.

.2. Results

Self-report and neural measures were evaluated with repeated measures analy-
is of variance. Pupillary response was evaluated with a mixed linear model in order
o account for missing trials across conditions and to increase sensitivity of the anal-
sis. Pairwise comparisons for all measures were made using the Bonferroni test for
ultiple comparisons.

.2.1. Self-reported shock likelihood
Shock likelihood ratings varied as a function of stimulus type (F(3,72) = 77.9,

< .001; Fig. 2a). Pairwise comparisons showed that shocks were rated as more likely
ollowing the CS (M = 3.9, SD = 1) compared to GS ± 20% (M = 3.02, SD = .88; p = .007),
S ± 40% (M = 1.66, SD = .67; p < .001) or GS ± 60% (M = 1, SD = .14; p < .001). In addi-

ion, shocks were rated as more likely following the GS ± 20% compared to both
S ± 40% (p < .001) and GS ± 60% (p < .001), and the GS ± 40% compared to GS ± 60%

p < .001).

.2.2. Pupillary response
A generalization gradient of pupillary response is presented in Fig. 2b. Pupil-

ary response varied as a function of stimulus type (F(4,44) = 30.4, p < .001). Pairwise
omparisons showed that pupillary response was larger for the CSunpaired versus
S ± 40% (p < .001) and GS ± 60% (p < .001). The difference between the CSunpaired and

he GS ± 20% was marginally significant (p = .078). Comparisons for GS ± 20% versus
S ± 40% and GS ± 60%, and for GS ± 40% versus GS ± 60% were not significant (all
s > .10).

.2.3. Gradient of neural reactivity
Generalization gradients for the right and left insula are presented in Fig. 3b and

, respectively. Reactivity in both regions varied as a function of stimulus type (right
nsula: F(3,72) = 21.8, p < .001; left insula: F(3,72) = 9.2, p < .001). For the right insula,
here was higher reactivity for the CSunpaired versus GS ± 40% (p < .001) and GS ± 60%
p < .001), and for the GS ± 20% versus GS ± 40% (p < .001). A comparison of the
S ± 20% to GS ± 60% was marginally significant (p = .055). For the left insula, reac-

ivity was higher for the CSunpaired versus GS ± 40% (p = .002) and GS ± 60% (p = .04),
nd for the GS ± 20% versus GS ± 40% (p < .001) and GS ± 60% (p < .03). In addition
o the insula, the F-contrast revealed significant clusters for the anterior cingulate
ortex (ACC), right supplementary motor area (SMA), caudate, ventromedial prefrontal
ortex (vmPFC), somatosensory cortex and primary visual cortex.. We therefore, gen-
rated gradients for these brain regions in order to compare their response patterns
o that of the insula. Reactivity in the ACC (Fig. 4a; F(3,72) = 9.7, p < .003), right SMA
Fig. 4b; F(3,72) = 15.7, p < .001) and the right and left caudate (Fig. 4c; right cau-
ate: F(3,72) = 11.52, p < .001; left caudate: (F(3,72) = 9.39, p < .001) showed a similar
esponse pattern with higher reactivity associated with increased similarity of GS
o CS. For the ACC, reactivity was higher for the CSunpaired and for the GS ± 20 rel-
tive to GS ± 40% (p < .001 and p = .001, respectively). For the right SMA, reactivity
as higher for the CSunpaired versus GS ± 40 (p < .001) and GS ± 60% (p = .001), and

or the GS ± 20% versus GS ± 40 (p = .003) and GS ± 60% (p = .03). For the right cau-
ate, reactivity was higher for the CSunpaired versus GS ± 40 (p < .001) and GS ± 60%

p = .04), and for the GS ± 20% versus GS ± 40 (p = .001). For the left caudate, reac-
ivity was higher for the CSunpaired versus GS ± 40 (p < .001) and GS ± 60% (p = .03),
nd for the GS ± 20% versus GS ± 40 (p = .01). In contrast, reactivity in the vmPFC
Fig. 5a; F(3,72) = 13, p < .001) and somatosensory cortex (Fig. 5b; F(3,72) = 13, p < .001)
howed a reverse response pattern. For the vmPFC, reactivity was higher for the
) An axial slice shows activation in the right and left insula for the F-contrast main
ulus type. Error bars indicate standard errors of means.

GS ± 60% versus GS ± 40 (p = .01), GS ± 20% (p < .001) and CSunpaired (p < .001), and
for the GS ± 40 versus CSunpaired (p = .02). Similarly, for the somatosensory cortex,
reactivity was higher for the GS ± 60% versus GS ± 40 (p = .03), GS ± 20% (p = .007)
and CSunpaired (p < .001), and for the GS ± 40 versus CSunpaired (p = .02). Finally, there
was no significant effect of stimulus type for the right (F(3,72) = 2.5, p = .08) and left
(F(3,72) = .5, p = 66) visual cortex.

3.2.4. Direct comparisons of CS(unpaired) versus GS
Areas of activation for the CSunpaired versus GS ± 40% and GS ± 60% are presented

in Table 1. This direct comparison showed enhanced activation in the anterior insula,
SMA, cingulate gyrus, caudate, thalamus and frontal areas. Reactivity in these regions
is commonly reported in neuroimaging studies of fear learning (Sehlmeyer et al.,
2009) and suggests that generalization engages the same circuitry. There was no
significant activation for the CSunpaired versus GS ± 20% contrast.

Examination of the reverse contrast (i.e., GS ± 40% and GS ± 60% versus CSunpaired;
Table 1) showed increased activation in the vmPFC, somatosensory and motor areas,
and subcallosal and posterior cingulate. Both the vmPFC and cingulate are associated
with modulation of the fear response. There was no significant activation for the
GS ± 20% versus CSunpaired contrast.

3.2.5. Amygdala reactivity
The CSunpaired versus GS comparisons did not reveal significant activation in

the amygdala. However, since several studies of fear conditioning have demon-
strated habituation in the amygdala (Büchel et al., 1998; LaBar et al., 1998), we
conducted a linear time modulation analysis to test whether amygdala reactiv-
ity showed a decline in reactivity over time. For this analysis, we included linear
regressors in a new statistical model to account for time effects in reactivity to
the CSunpaired, GS ± 20%, GS ± 40% and GS ± 60%. There was a significant decrease in
amygdala reactivity over time for all four trial groups (CSunpaired: right: x = 32, y = −2,
z = −12, t(96) = 4.9, p < .001, left: x = −26, y = −2, z = −12, t(96) = 3.82, p = .01; GS ± 20%:
right: x = 32, y = −2, z = −18, t(96) = 4.12, p = .005; GS ± 40%: right: x = 18, y = 4, z = −18,
t(96) = 4.07, p = .03, left: x = −26, y = 0, z = −16, t(96) = 4.07, p = .006; GS ± 60%: right:
x = 26, y = −2, z = −22, t(96) = 3.56, p = .03; small volume corrected with a bilateral
amygdala mask and ˛ = .05). There was no interaction of time and stimulus type.

4. General discussion

Across two experiments, the right and left insula showed
increased activation to the CS and decreases in response amplitude
as a function of increasing dissimilarity between the GS and CS. In
addition to the insula, the anterior cingulate cortex (ACC), the right
supplementary motor area (SMA) and caudate showed a similar
reactivity pattern in the second experiment.3 Reactivity in the ven-
tromedial prefrontal cortex (vmPFC) and primary somatosensory
cortex showed the opposite pattern (i.e., largest response to the GS
most dissimilar to the CS), and reactivity in the visual cortex was
sensitive to increases in stimuli size. Thus, a pattern consistent with
autonomic quantifications of generalization was restricted to the
insula, ACC, right SMA and caudate, and was not universally present
3 Reactivity patterns for the ACC and SMA in Experiment 1 also showed a linear
trend but only with a less stringent whole-brain threshold of ˛ = .01.
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Fig. 2. Post-task ratings of shock likelihood and pupillary response as a function of stimulus type (Experiment 2). (a) Likelihood of shock was rated on a 5-point Likert scale
with 1 = “certainly not shocked” and 5 = “certainly shocked”. (b) Pupillary response measures (arbitrary units). Error bars indicate standard errors of means.
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ear response as GS decrease in similarity to the CS. With respect to
he somatosensory cortex, the reduced response in this region dur-
ng presentation of the CSunpaired may be indicative of participants’

reparatory response to expected shocks that are not presented.
imilarly, a recent study found deactivation in somatosensory areas
or a condition in which shocks were expected but not delivered
elative to CSminus (Linnman et al., 2011).

able 1
rain activation associated with response to the CSunpaired and generalization stimuli.

Analysis and region Hemisphere

CSunpaired > GS ± 40 and ±60
Insula R

L
Anterior cingulate R
Cingulate gyrus (BA 23) R
Caudate R

L
Thalamus L
Superior frontal gyrus (including SMA, BA 8) R
Middle frontal gyrus R
BA 40 (extending to BA 7) R

L
Middle temporal gyrus R

GS ± 40 and ±60 > CSunpaired

Ventromedial prefrontal cortex R–L
Subcallosal cingulate R–L
Medial frontal gyrus L
Precentral gyrus (extends to postcentral gyrus) R–L
Posterior cingulate R

L
Angular gyrus R

L

hole brain threshold ˛ = .001(uncorrected), extent threshold = 20 voxels; BA = Brodmann ar
a) An axial slice shows activation in the right and left insula for the F-contrast main
ulus type. Error bars indicate standard errors of means.

The insula is a key structure implicated in anticipatory process-
ing and receives information about the salience, relative value and
interoception associated with stimuli (Craig, 2002; Lovero et al.,

2009; Menon and Uddin, 2010; Nitschke et al., 2006). The ante-
rior portion, in particular, is commonly activated in paradigms
that elicit autonomic arousal, and is thought to be involved in
prediction of future aversive body states linked to conditioned

MNI coordinates Maximum voxel

x y z Voxels t value

32 22 −4 1087 6.55
−32 20 −12 267 4.64

10 20 34 64 4.40
4 −22 32 276 4.77

10 12 8 190 5.14
−12 0 10 199 4.24
−8 −14 14 46 3.96

4 36 46 505 5.61
32 54 −6 215 4.85
44 −60 56 608 4.63

−52 −44 56 79 4.44
56 −28 −6 201 4.69

6 34 −18 591 5.37
−4 12 −10 133 5.15
−4 60 −4 174 4.91

8 −30 70 1964 5.58
32 −52 22 313 4.65
−6 −58 20 63 4.07
46 −76 32 474 4.86

−46 −74 8 184 4.03

ea.
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Fig. 4. Activation maps and neural gradients for the anterior cingulate cortex, right supplementary motor area and right caudate (Experiment 2). Sagittal slices showing
activation in the anterior cingulate (a), right supplementary motor area (b) and right caudate (c; the gradient for the left caudate was nearly identical and is not presented)
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c
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or the F-contrast main group effect (P < .001uncorrected) are presented on the left. Cro
he first eigenvariates. Neural gradients for each region are presented on the right.

timuli (Paulus and Stein, 2006) and interoception (Critchley
t al., 2004). Information received by the insula is integrated and
elayed to other regions that execute attentional, physiological
nd motor responses. The anterior insula and ACC are recipro-
ally connected and co-activate in a range of behaviors, including
n preparatory responses to painful stimuli (Craig, 2009; Medford
nd Critchley, 2010). In the context of the current paradigm, we
peculate that the pattern of ACC activation observed may be
ssociated with increases in attention and defensive physiolog-
cal changes linked to perceived similarity of the GS to the CS,
nd that SMA reactivity may be associated with the initiation of
motor defense response to potential threat of the shock. The

nsula may modulate these responses, which is consistent with
ts proposed role in linking anticipatory processing and auto-
omic arousal with action-planning aimed at avoidance behavior

Simmons et al., 2006).

The striatum (i.e., caudate and putamen) has been impli-
ated in prediction of both appetitive (O’Doherty, 2004) and
versive (Delgado et al., 2008; Schiller et al., 2008) stimuli.
irs indicate the maximum activated voxel within each region used for extraction of
ars indicate standard errors of means.

Specifically, studies using shocks (Schiller et al., 2008) and
monetary loss (Delgado et al., 2008) as reinforcers report that
activity in this region correlates with prediction error (PE) sig-
nals that represent the difference between an actual and an
expected outcome. For the generalization task, these PE sig-
nals would be hypothesized to gradually decrease as anticipation
of a shock diminishes. In addition, the striatum is involved
in inhibitory motor control (Vink et al., 2005) and may be
associated with inhibition of motor responses to anticipated
shocks.

The amygdala did not show activation for the CSunpaired versus
GS comparisons. However, we found a decline in amygdala reac-
tivity to the CSunpaired, GS ± 20%, GS ± 40% and GS ± 60% overtime.
Previous studies of fear conditioning reported habituation in amyg-
dala response with increasing number of trials (Büchel et al., 1998),

which supports an amygdala role in learning CS-UCS (uncondi-
tioned stimulus) associations in the early stages of conditioning
(Büchel et al., 1998; LaBar et al., 1998; but see also Bach et al.,
2011). Attenuation in amygdala response was also observed when
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Fig. 5. Activation maps and neural gradients for the ventromedial prefrontal cortex (vmPFC) and somatosensory area as a function of stimulus type (Experiment 2). Sagittal
slices showing activation in vmPFC (a), and somatosensory area (b) for the F-contrast main group effect (P < .001uncorrected) are presented on the left. Cross-hairs indicate the
maximum activated voxel within each region used for extraction of the first eigenvariates. Neural gradients for each region are presented on the right. Error bars indicate
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articipants were informed about the CS-UCS contingency (i.e.,
nstructed fear paradigm) and was correlated with a physiological
xpression of fear (Phelps et al., 2001). Animal studies have long
emonstrated that the amygdala is involved in both acquisition
nd expression of fear responses (Davis, 1992; LeDoux, 2000). More
ecently, plasticity in GABAergic synapses in the lateral (Shaban
t al., 2006) and central nuclei (Ciocchi et al., 2010) of the amyg-
ala was linked to generalization of conditioned fear responses.
he amygdala response pattern in this task was the same for the
Sunpaired and GS and may reflect greater engagement of the amyg-
ala by all stimuli, early on, when the relationship between stimuli
nd shock is established. The absence of a differential response
or the CSunpaired and GS may be due to their similarity. The pro-
ess of learning the stimulus-shock associations likely depends on
nputs from mPFC – a region involved in conscious threat appraisal
Mechias et al., 2010). Additionally, the amygdala may be involved
n gating the expression of fear responses, as proposed by Ciocchi
t al. (2010), possibly via inhibitory inputs from vmPFC. The amyg-
ala and other regions engaged by the generalization task are part of
core neurocircuitry underlying fear conditioning (LeDoux, 2000).
imilar regions were implicated in a recent study that examined
eneralization in response to graded facial expressions (Dunsmoor
t al., 2011). Together, these findings provide strong evidence
hat a shared neurocircuitry supports both forms of fear learn-
ng.

Neural reactivity in the insula, ACC, right SMA and caudate
aralleled participants’ mean post-task ratings of perceived shock
ikelihood and pupillary response for each stimulus. This reactiv-
ty pattern across measures, demonstrating a peak response to the
S and decline in responding associated with greater perceptual
issimilarity of the GS to the CS, was detected despite explicit
pre-task instructions regarding the identity of the CS and the rein-
forcement contingencies to the CS and GS. These findings are
consistent with generalization paradigms using fear-potentiated
startle, which also showed that healthy individuals primarily gen-
eralize defensive physiological responses to GS that are closest
in similarity to the CS (Hajcak et al., 2009; Lissek et al., 2008).
The convergent validity of these various measures suggests that,
used together, they may facilitate assessment of individual vari-
ability in the generalization of fear responses, which may help
distinguish healthy and clinical populations. In line with pre-
liminary findings in panic disorder, which show a physiological
generalization pattern that extends to GS with greater percep-
tual difference from the CS (Lissek et al., 2010), we expect that
anxious patients, relative to healthy individuals, will demonstrate
flatter generalization gradients to more perceptually dissimilar
stimuli. Furthermore, based on evidence for vmPFC hypoactiva-
tion in PTSD (Etkin and Wager, 2007) it is plausible that the
neural gradient in this region may track patients’ deficiencies in
top-down modulation of the fear response. Together, these gra-
dients may serve as potential markers for diagnosis and/or for
prediction of treatment response and therapeutic efficacy. Finally,
the inclusion of disorder-specific GS in future studies may help
to further discriminate fear responses in different anxiety disor-
ders.
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