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a b s t r a c t

During fear learning, anticipation of an impending aversive stimulus increases defensive behaviors. Inter-
estingly, omission of the aversive stimulus often produces another response around the time the event
was expected. This omission response suggests that the subject detected a mismatch between what
was predicted and what actually occurred, thereby providing an indirect measure of cognitive expec-
tancy. Here, we used functional magnetic resonance imaging to investigate whether omission-related
brain activity reflects fear expectancy during learning and generalization of conditioned fear. During con-
ditioning, a face expressing a moderate amount of fear (conditioned stimulus, CS+) signaled delivery of an
aversive shock unconditioned stimulus (US), whereas the same face with a neutral expression was unre-
inforced. In a subsequent generalization test, subjects were presented with faces expressing more or less
fear intensity than the CS+. Psychophysiological results revealed an increase in the skin conductance
response (SCR) during learning when the US was omitted. Omission-related SCRs were also observed dur-
ing the generalization test following the offset of high- but not low-intensity face expressions. Neuroim-
aging results revealed omission-related neural activity during learning in the anterior cingulate cortex,
parietal cortex, insula, and striatum. These same regions also showed omission-related responses during
the generalization test following highly expressive fearful faces. Finally, regression analysis on omission
responses during the generalization test revealed correlations in offset-related SCRs and neural activity in
the dorsomedial prefrontal cortex and posterior parietal cortex. Thus, converging psychophysiological
and neural activity upon omission of aversive stimulation provides a novel metric of US expectancy, even
to generalized cues that had no prior history of reinforcement.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Anticipating an aversive event frequently results in an increase
in sympathetic arousal. In the laboratory study of fear learning, this
anticipatory conditioned response (CR) is taken as evidence that a
subject has learned the relationship between a neutral conditioned
stimulus (CS) and delivery of an aversive unconditioned stimulus
(US). But what happens when the US is omitted? The effects of US
omission have been examined primarily for its role in extinction
learning (Pavlov, 1927). Interestingly, an orienting response (OR)
is generated at the time an anticipated US is typically delivered
but unexpectedly absent, revealing that the subject detects a
mismatch between the predicted and actual outcome (Sokolov,
1963). In this way, the omission-related OR provides an indirect
measure of subjective processes like cognitive expectancy (Siddle
& Lipp, 1997). The omission-related response has received little
attention in neuroimaging studies of human fear learning. Here,
ll rights reserved.
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we examined whether psychophysiological and neural activity
associated with omission of an aversive US provides an index of
expectancy during the acquisition and generalization of fear.

A motivation for examining activity associated with stimulus
omission is that, unlike stimulus-specific responses, the omission
response occurs in the absence of sensory stimulation (O’Gorman,
1973; Siddle, Remington, Kuiack, & Haines, 1983). Therefore, omis-
sion-responses are not constrained by arousal induced by process-
ing the CS itself and may simply reflect cognitive states related to
a perceived violation in outcome expectancy. This feature of the
omission response may be of particular value in the study of fear
generalization, wherein a number of physically different stimuli
that have never directly predicted the US nonetheless evoke a fear
response after acquisition training. Previous research has uncovered
several factors influencing the generalized CR, including perceptual
(Guttman & Kalish, 1956; Pavlov, 1927) or conceptual (Dunsmoor,
Martin, & Labar, 2011; Dunsmoor, White, & Labar, 2011; Razran,
1949) similarity to the CS, the physical intensity of the stimulus
(Ghirlanda & Enquist, 2003), its emotional intensity (Dunsmoor,
Mitroff, & LaBar, 2009) or learned equivalences through association
with a common stimulus (Honey & Hall, 1989). Whether omission
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responses are concomitant with stimulus generalization, and are
influenced by similar factors that affect the generalized CR, is
unknown.

Omission related responses may provide an additional and
complementary measure of learning and generalization that is
not confounded by the myriad factors influencing cue-evoked
anticipatory responses (e.g., the inherent fear-relevance of a CS
that may determine conditioned responding (Öhman & Mineka,
2001) or variations in stimulus appearance, shape, or intensity that
drive generalized responding). In this way, omission related activ-
ity may provide an unconfounded metric of cognitive expectancy,
insofar as the magnitude of an omission response can be taken to
reflect how strongly the subject had expected the US (Sokolov,
1963). We therefore hypothesized that omitting an aversive US
would evoke an increase in psychophysiological and neural activity
during learning and generalization testing when the US was ex-
pected relative to analogous time periods when the US was not ex-
pected. During functional magnetic resonance imaging (fMRI),
subjects were presented with a range of faces of the same actor
morphed between neutral and fearful endpoints before and after
fear learning (see Fig. 1). During fear learning, the middle face va-
lue along the neutral-to-fearful continuum (CS+) intermittently co-
terminated with an electric shock US, whereas the most neutral
face (CS�) was explicitly unreinforced.
Fig. 1. Experimental paradigm. (A) The conditioned and non-conditioned stimuli
(S1–S5) consisted of a single identity morphed between neutral and fearful
endpoints. The S1 and S2 were considered ‘‘low intensity’’ fearful faces and the S4
and S5 were considered ‘‘high intensity’’ fearful faces for the purpose of analysis. (B)
The experimental session included three phases: preconditioning, fear learning, and
the generalization test. During fear learning, the US (pictured as a lightning bolt)
followed the offset of CS+paired trials and was omitted on CS+unpaired trials. The US
never followed the CS�. The CS+ was intermittently reinforced throughout the
generalization test but never occurred following any of the other faces.
We first sought to identify psychophysiological and neural
activity associated with the omission of the US during acquisition
of conditioned fear when the US occurred with regularity following
the CS+. We predicted increased skin conductance responses
(SCRs) to the omission of the US following CS+ trials versus CS� tri-
als for which the US had never occurred. This SCR finding would be
in line with previous human electrodermal studies using non-aver-
sive stimulus–stimulus associative learning procedures (Siddle,
1985; Siddle & Packer, 1987). We also predicted enhanced omis-
sion-related neural activity in regions important for detecting er-
rors and signaling expectancy violations, including the
dorsolateral prefrontal cortex (dlPFC), anterior cingulate cortex
(ACC), and striatum (Botvinick, Cohen, & Carter, 2004; Schultz &
Dickinson, 2000). Such findings would replicate the limited num-
ber of recent fMRI studies reporting brain activity indexing US
omission following CS+ trials (Linnman, Rougemont-Bucking, Beu-
cke, Zeffiro, & Milad, 2011; Spoormaker, Andrade, et al., 2011;
Spoormaker, Schroter, et al., 2011).

Our second goal was to investigate for the first time whether
learning-induced omission responses extend to generalization tri-
als for which the US had never actually been paired with the stim-
ulus but may be expected nonetheless. Subsequent to acquisition
training, subjects were presented with faces of the same actor con-
taining more or less fear intensity than the CS+ during a test of
stimulus generalization. We predicted increased SCRs following
the offset of highly fearful expressions (but not low-intensity
expressions), reflecting a violation in US expectancy to generalized
threats as a function of emotional intensity (Dunsmoor et al.,
2009). We also predicted that neural activity upon the offset of
highly fearful expressions during the generalization test would
overlap with US omission-related activity observed during learn-
ing, indicating that similar regions signal expectancy violations de-
spite physical differences in the antecedent cue and reinforcement
history. Finally, we examined whether offset-related neural activ-
ity correlates with offset-related SCRs during the generalization
test, extending neuroimaging evidence for functional coupling be-
tween central and peripheral indices of fear learning (Dunsmoor,
Prince, Murty, Kragel, & LaBar, 2011; Knight, Nguyen, & Bandettini,
2005).
2. Materials and methods

2.1. Subjects

Twenty-five healthy-right handed young adults participated in
this study. Two subjects were not included in the final analysis
due to excessive head motion (>3 mm in any direction) and nine
subjects were not included due to a lack of SCR data (five subjects
lacked SCR data due to technical issues, and four subjects showed
no measurable responses). Fourteen healthy right-handed subjects
(seven females; age range = 19–30; median age = 22 yrs) were
included in the final analysis. All participants provided written
informed consent in accordance with the Duke University Institu-
tional Review Board guidelines.
2.2. Stimulus material

Stimuli consisted of a male face morphed along a gradient from
neutral-to-fearful taken from the Ekman pictures of facial affect
(Ekman & Friesen, 1976) positioned in a full-frontal orientation
and cropped to remove hair, ears, and neckline. Five morphs were
created along the continuum using Morph-Man 2000 software
(STOIK): 11.11% fear/88.88% neutral, 33.33% fear/66.66% neutral,
55.55% fear/44.44% neutral, 77.77% fear/22.22% neutral, and 100%
fear (see also Graham, Devinsky, & LaBar, 2007; Thomas, De Bellis,
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Graham, & LaBar, 2007). These values were chosen based on our
prior work using the same morph continuum (e.g. Thomas et al.,
2007), which showed that subjects can readily discriminate be-
tween morph values even more subtle than those used in the pres-
ent study (see Dunsmoor, Prince, et al., 2011 for a more detailed
discussion on this point). In this regard, generalization effects can-
not be attributable to mere perceptual confusion. For clarity, these
stimuli are labeled as S1, S2, S3, S4, and S5, respectively.

2.3. Experimental procedure

The imaging session consisted of three phases that occurred
in the same order for each subject: preconditioning, fear learn-
ing, and the generalization test (Fig. 1). A brief habituation phase
consisting of one presentation of each of the five stimuli took
place prior to the start of the preconditioning phase (data from
these few habituation trials are not reported). Each stimulus pre-
sentation was 4 s in duration, during which time subjects rated
whether or not the face was expressing fear (forced choice:
yes/no) as quickly and accurately as possible by pressing one
of two buttons (motor response was counterbalanced across sub-
jects). A black screen with a white fixation cross followed the
offset of the face stimulus during the intertrial interval (ITI).
The lengths of the waiting period during the ITI were jittered
according to an exponential distribution function. Precondition-
ing included a total of nine trials of each of the five face stimuli
(45 total trials), and the length of the waiting period during the
ITI was jittered with an average length of 5 s (minimum 4 s).
Subjects were not informed that the US would be absent during
preconditioning. Fear learning followed preconditioning and in-
cluded only two trial types: 16 trials of the S3 (CS+) and 16 tri-
als of the S1 (CS�) with an average waiting period during the ITI
of 11 s (minimum 9 s). The CS+ intermittently co-terminated
with the US on 10 of 16 trials (partially reinforced, delay condi-
tioning procedure), whereas the CS� served as a control stimu-
lus and was never paired with the US. A 5-min break followed
preconditioning and fear learning, during which time subjects
passively viewed a silent video of a train traveling through Brit-
ish Columbia (High Ball Productions) while still inside the MR-
scanner. FMRI acquisition did not occur during the video break.
The generalization test followed fear learning and contained nine
trials of each of the five face stimuli (45 total trials) with an
average waiting period during the ITI of 9 s (minimum 5 s).
The S3 was intermittently paired with the US on 6 of 9 trials
in a steady-state generalization test, which was employed in or-
der to mitigate the potential effects of extinction over the course
of an extended testing session (Blough, 1975; Honig & Urcuioli,
1981). The order of stimulus presentation was counterbalanced
and pseudorandomized such that no more than two of the same
face exemplars appeared consecutively. Subjects were not in-
formed of the CS–US contingencies.

2.4. Psychophysiological measures, analysis, and shock administration

SCRs were acquired from the middle phalanx of the second and
third digits on the non-dominant hand. The electric shock stimula-
tor was attached to the right wrist and calibrated prior to the start
of the experiment to a level deemed ‘‘highly annoying but not
painful’’ using an ascending staircase procedure (Dunsmoor et al.,
2009). Measurement of SCRs and shock administration were con-
trolled by the MP-150 BIOPAC system (Goleta, CA) using MRI-com-
patible electrodes. A response was considered omission-related if
the trough-to-peak response occurred 0.5–4 s following stimulus
offset, lasted between 0.5 and 5 s, and was greater than 0.02 micro-
Siemens. Trials that did not meet these criteria were scored as zero.
It is important to note that defining omission responses in this way
ensures that SCRs related to stimulus offset are distinct from cue-
related SCRs. To normalize the SCR data, raw SCR values were
range-corrected using each subject’s maximum SCR (Lykken &
Venables, 1971), which was elicited in all cases by the US. These
range-corrected values were square-root transformed to normalize
the distribution. Statistical analysis of SCR data involved repeated-
measures ANOVA and polynomial trend analysis with an alpha va-
lue of 0.05 (SPSS 15.0, Chicago, IL).

2.5. fMRI acquisition

Whole-brain functional imaging was conducted on a General
Electric Signa EXCITE HD 3.0 Tesla MRI scanner. Blood oxygenation
level-dependent (BOLD) functional images were acquired parallel
to the AC–PC line using a SENSE™ spiral-in sequence: acquisition
matrix, 64 � 64; field of view, 256 � 256; flip-angle, 60�; 34 slices
with interleaved acquisition; slice thickness, 3.8 mm with no gaps
between slices; in-plane resolution = 3.75 mm � 3.75 mm; repeti-
tion time, 2 s; echo time, 27 ms. Preprocessing was conducted
using SPM8 (Wellcome Trust Center, www.fil.ion.ucl.ac.uk) imple-
mented in Matlab (The Mathworks Inc., Natick MA). The first four
functional images were removed from each scanning run to ac-
count for magnetic equilibration, and the remaining images were
corrected for head motion using a center-of-mass movement
threshold of 3 mm. Images were realigned, spatially normalized
to the Montreal Neurological Institute (MNI) template, voxel sized
resampled to 2 � 2 � 2 mm, and smoothed using an isotropic 8-
mm3 Gaussian full-width half-maximum kernel. A high-pass filter
of 128 s was applied to account for low-frequency drifts.

2.6. GLM analysis

Analysis of the preprocessed data included a general linear
model with separate regressors for each stimulus presented. The
onset of each cue was set at the moment the stimulus appeared,
and the hemodynamic response was modeled for each trial using
a variable duration design that incorporates reaction time
(Grinband, Wager, Lindquist, Ferrera, & Hirsch, 2008). Offset-
related activity was modeled using an impulse (dirac) function cor-
responding to the moment the face was removed from the screen
(i.e. when the absence of the US would be detected). The shock US
was modeled as an impulse function and was included as a regres-
sor of no interest. Six head movement parameters were also in-
cluded as nuisance variables to account for subject motion.
Events defined for fear learning included the following: CS� onset
and offset, CS+ onset, CS+unpaired offset (i.e. US omission), and
CS+paired offset (i.e. US presentation). Events defined for precondi-
tioning and the generalization test included the onsets and offsets
for each of the S1–S5 faces and the shock US. The generalization
test analysis focused on the offsets for the low (S1, S2) and high
(S4, S5) intensity faces, and stimulus onsets and offsets for the S3
were treated as covariates of no interest. Given that offset-related
SCRs during the generalization test were differentiated as a func-
tion of low versus high intensity (see SCR results), the S1/S2 (low
intensity) and S4/S5 (high intensity) stimuli were binned together
for subsequent analyses.

Due to the inherent nature of the classical conditioning design,
there is the potential for multicollinearity between these regressors
(see also Linnman et al. (2011)). Namely, CS duration is constant;
however, trial duration is jittered and a partial reinforcement
schedule is used, which should reduce potential multicollinearity
issues. Nonetheless we assessed collinearity of the design by pair-
wise correlations between regressors of interest for each subject.
The offsets following CS� and CS+unpaired trials (fear learning) were
uncorrelated, as were the offsets between low and high intensity
non-conditioned trials (generalization test): Pearson correlation

http://www.fil.ion.ucl.ac.uk
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coefficients between regressors ranged from �0.19 to �0.1.
Collinearity was also low among the onsets versus offsets of the
CS+ and CS� during fear learning (ranging from 0.08 to 0.31, med-
ian 0.16) and onsets versus offsets of high and low intensity non-
conditioned trials during the generalization test (ranging from
0.09 to 0.37, median 0.24).

Second-level random-effects analysis for the fear learning phase
included a 2 � 2 ANOVA using the factors of event time (onset, off-
set) and condition (CS+, CS�). Second-level random-effects analy-
sis of the generalization test also employed a 2 � 2 ANOVA using
event time (onset, offset) and condition (low intensity, high inten-
sity) as factors. Group level analyses explored areas exhibiting
differential increases in activity following CS+unpaired versus CS�
(fear learning) and following high versus low intensity non-condi-
tioned stimuli (generalization test). We also explored regions
showing an interaction between event time and condition. Activa-
tions from all second-level analyses were identified at p < .001,
uncorrected, with a cluster extent threshold of 68 contiguous
Fig. 2. Omission-related SCRs. (A) During fear learning, greater omission-related SCRs w
were low and undifferentiated as a function of fear intensity value prior to fear learning (
trials (gray bars). (C) The difference in offset SCRs between low (S1/S2) and high (S4/S5) fe
and diminished by late generalization testing. Error bars reflect standard error (SEM). �p
voxels. This cluster extent threshold was calculated using the REST
AlphaSim utility (www.restfmri.net; toolkit V1.3) resulting in a
cluster-correction of p < .05. AlphaSim (http://afni.nimh.nih.gov/
pub/dist/doc/manual/AlphaSim.pdf) operates by conducting 1000
Monte Carlo simulations to reject false positives based on cluster
extent thresholds (Forman et al., 1995). For a priori regions of
interest that did not survive cluster extent threshold, a small
volume correction was applied using a family-wise error (FWE)
correction of p < .05. Small volume correction for the caudate
(Seymour et al., 2004) was applied using anatomical masks from
the Wake Forest PickAtlas toolbox (Maldjian, Laurienti, Kraft, &
Burdette, 2003). Based on prior work showing activity in the mid-
brain (red nucleus) in response to an omitted shock, a 4 mm sphere
was drawn around this region using the peak coordinates supplied
by Linnman et al. (2011). The mean beta parameters from voxels in
regions of interest (ROI) identified as overlapping between the fear
learning and generalization test analyses were extracted and are
plotted for illustrative purposes.
ere exhibited following CS+unpaired versus CS� trials. (B) Omission-related responses
white bars) but increased following fear learning for the CS+ and high fear intensity
arful faces was greatest during the early and middle phase of the generalization test,
< 0.05, ��p < 0.01.

http://www.restfmri.net
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Table 1
Regions exhibiting offset-related activity during fear learning following CS+unpaired

versus CS� trials. Activations identified at cluster correction p < .05.

Region Hemisphere MNI coordinates # of
voxels

Peak
T

x y z

Offsets: CS+unpaired > CS�
Caudate Right 10 4 18 1041 6.04
Thalamus Right 6 �4 2 4.66
Anterior cingulate Right 8 18 28 4.15
Putamen Right 26 14 �18 1091 5.42
Putamen Right 26 22 0 4.89
Insula Right 42 20 �4 4.76
Insula Left �40 18 �6 284 5.32
Insula Left �34 4 �6 3.99
Superior frontal

gyrus
Right 4 18 64 275 5.15

Supramarginalgyrus Right 44 �48 34 429 4.8
Supramarginalgyrus Right 52 �46 36 4.36
Inferior parietal

lobule
Right 54 �36 40 3.88

Putamen Left �22 12 �16 161 4.79
Middle frontal gyrus Right 36 �4 42 216 4.36
Middle frontal gyrus Right 34 0 52 3.84
Superior frontal

gyrus
Right 26 42 42 232 4.16

Middle frontal gyrus Right 28 40 34 4
Superior frontal

gyrus
Right 20 44 30 3.84

Middle frontal gyrus Right 62 �40 6 308 4.12
Inferior frontal

gyrus
Right 52 4 18 244 3.89

Inferior frontal
gyrus

Right 52 12 24 3.67

Offsets: CS� > CS+unpaired

Paracentral lobule Left �10 �32 74 317 4.88
Paracentral lobule Middle 2 �28 78 3.62
Medial frontal gyrus Right 12 �24 58 127 4.71
Precentralgyrus Right 12 �22 72 3.95
Postcentralgyrus Right 32 �30 72 156 4.37
Postcentralgyrus Right 30 �40 66 3.35
Middle temporal

gyrus
Left �60 �10 �20 98 4.19

Middle temporal
gyrus

Left �42 �68 26 84 4.06
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2.7. SCR regression analysis

A regression analysis was conducted examining correlations be-
tween generalized offset-related SCRs and brain activity following
high- versus low-intensity faces. This analysis focused on regions
exhibiting brain–behavior correlations in generalized offset activ-
ity during the early/middle trials (trials 1–6) of the generalization
test, as SCR evidence for generalized offset responses was strongest
during this phase. First, for each subject, normalized SCR values
from trials 1–6 for the S1 and S2 (low intensity) were averaged
and combined into a single value, as were values for the S4 and
S5 (high intensity) trials. A second level multiple regression model
in SPM8 was then conducted using each subjects SCR difference
score (high minus low intensity offset-responses) as a covariate re-
gressed against single subject (first level) brain imaging contrasts
of the first 6 high minus the first 6 low intensity offsets. The mean
parameter estimates from the functional ROIs were extracted and
brain–behavior correlations were plotted for illustrative purposes
only.

3. Results

Data reported here are from the omission responses only. For
analyses relating to CS onsets from the same dataset, see
Dunsmoor, Prince, et al. (2011).
3.1. Psychophysiological results

During fear learning, offset-related SCRs on CS+unpaired trials
were significantly greater than offset-related SCRs on CS� trials,
t(13) = 2.39, p < 0.05 (Fig. 2A). Repeated-measures ANOVA of omis-
sion responses during the generalization test, using the preceding
stimulus (S1–S5) as a within-subjects factor, showed a main effect
of intensity value, F(4, 52) = 3.78, p < 0.01, with a linear trend,
p = 0.01, demonstrating that offset-related SCRs selectively
increased as a function of fear intensity (Fig. 2B, gray bars). This
pattern of offset-related SCRs during the generalization test is
consistent with SCRs elicited by the cue, such that generalized SCRs
were lowest to the S1 and S2 and larger for the S4 and S5 (reported
in Dunsmoor, Prince, et al. (2011)). Notably, offset-related SCRs
were low and undifferentiated prior to fear learning, F(4, 52) = 0.87,
p = 0.53 (Fig. 2B, white bars). A stimulus (S1–S5) � phase (precon-
ditioning, generalization test) ANOVA revealed a main effect of
phase, F(1, 13) = 12.27, p < 0.001, as well as a phase � stimulus
interaction, F(4, 52) = 4.36, p < 0.01. This pattern indicates that SCRs
following stimulus presentation were dissociated as a function of
the preceding stimulus type during conditioning (CS+ versus
CS�) and the generalization test (high > low intensity faces).

Analysis of offset responses over the course of the generaliza-
tion test trials revealed a significant effect of fear intensity,
F(3, 39) = 3.84, p < 0.05, as well as a fear intensity � trial interaction,
F(24, 312) = 1.78, p < 0.05. As shown in Fig. 2C, offset responses were
differentiated during the early and middle phases (trials 1–6) of
the generalization test following high intensity faces, t(13) = 2.90,
p < 0.01, but offset-related SCRs were undifferentiated during later
generalization testing (trials 7–9), p > 0.5.

To examine the relationship between generalized cue-evoked
and offset-related SCRS, we conducted a trial by trial analysis of
all generalization test trials in which an offset-related response
was evoked. We did not find a trial by trial correlation in the
magnitude of the cue-evoked SCR and offset-related SCR, p > .1.
This finding suggests that the offset response does not provide
redundant information (i.e., is merely a second CR), but instead
reflects a different behavioral component related to the omission
of the US.

3.2. Whole-brain fMRI analyses

Whole-brain analysis of fear learning focused on the difference
in brain activity at cue offset on trials in which the US was
expected but did not occur relative to when it was not expected
(CS+unpaired offset > CS� offset). This analysis revealed activation
in the ACC, dlPFC, posterior parietal cortex (PPC), and striatum
(Table 1 and Fig. 3). Greater offset-related responses following
CS� trials relative to CS+ trials were observed in the middle
temporal gyrus (Table 1). The event time (onsets, offsets) by condi-
tion (CS+unpaired offset, CS� offset) ANOVA revealed a positive
interaction (CS� onset > CS+ onset and CS+ offset > CS� offset) in
dlPFC and ACC (Supplementary Table 1). See also Supplementary
Table 2 for analysis of CS+ onsets versus CS+unpaired offsets.

We next compared activity during the generalization test
following high intensity versus low intensity faces that did not
predict shock. We observed activations in ACC, posterior cingulate
cortex, PPC, and insula (Table 2 and Fig. 4). Small volume correc-
tion revealed activations in the caudate and midbrain. Several of
these regions overlapped with those identified from the fear learn-
ing analysis (Table 3 and Fig. 5). The event time (onsets, offsets) by
condition (high, low intensity non-conditioned trials) ANOVA
revealed a positive interaction (low intensity onset > high intensity
onset and high intensity offset > low intensity offset) in the dlPFC,
posterior cingulate gyrus, and parietal cortex (Supplementary
Table 3). An analysis of offset-related responses during



Fig. 3. Differential offset-related brain activity during fear learning. Enhanced offset-related brain activity following CS+unpaired trials versus CS� trials was observed in the
dorsolateral prefrontal cortex, anterior cingulate cortex, caudate, parietal cortex, and inferior frontal gyrus. A full set of coordinates is available in Table 1. Activation is
thresholded at p < 0.001, uncorrected, for illustrative purposes.
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preconditioning revealed no regions exhibiting greater offset-re-
lated activity following high versus low intensity trials (or vice
versa) and no interaction between event time and condition, sug-
gesting that differential neural activity emerged as a consequence
of fear learning.

3.3. Brain–behavior correlations in generalized offset responses

Brain activity in the PPC (x = �54, y = �52, z = 52; 78 voxels),
and dorsomedial PFC (dmPFC) (x = 6, y = 18, z = 58; 91 voxels),
was positively correlated with the difference in offset-related
responses between high versus low intensity faces during the
early/middle runs of the generalization test, when SCR evidence
of generalized offset responses were strongest (Fig. 6).
4. Discussion

Studies of conditioned fear learning have almost universally
focused on activity related to processing cues predictive of an
aversive event. Here, we provide evidence that activation related
to the omission of an aversive event reveals the effects of learning
and generalization of conditioned fear. During learning, the omis-
sion of an expected shock US resulted in enhanced SCRs around
the time that the electrical stimulation was typically delivered.
Neural activity indexing US omission was observed in the anterior
cingulate gyrus, dlPFC, parietal cortex, and striatum. We show here
for the first time that these omission-related autonomic and brain
activation patterns later generalize to faces containing greater fear
intensity than the CS+, suggesting a transfer of expectancy to
physically distinct stimuli that had never directly predicted the
US. The transfer occurred along a gradient of emotional expression
intensity. These observations demonstrate that neurophysiological
activity associated with the omission of an expected aversive event
provides a unique metric to investigate fear expectancy, even in
cases when the US had never been delivered in conjunction with
the stimulus.
4.1. Offset-related SCRs

During fear learning, offset-related SCRs were enhanced follow-
ing the CS+unpaired (when the US was expected but omitted) relative
to the offset of the CS� (when the US was neither presented nor
expected). Previous studies of omission responses using non-aver-
sive associative learning procedures have shown that the omission
of a second stimulus from a stimulus–stimulus pair (e.g. light-tone
pair) results in an increase in SCRs around the time the second
stimulus was expected (Siddle, 1985; Siddle & Lipp, 1997), which
is likely due to an expectation that the second stimulus should fol-
low the first stimulus (Siddle, 1991). In support of the expectancy
model, Siddle and colleagues have found that the removal of the
second stimulus lowers subjective expectancy measures (Siddle,
Booth, & Packer, 1987) and results in a large increase in SCRs to
the stimulus when it is later reintroduced, as a measure of disha-
bituation (Siddle, 1991). In the present study, greater offset
responses were also found following high versus low intensity
fearful faces during the generalization test, despite the fact that
the US had never been paired with these faces. This pattern of
offset-related SCRs compliments the pattern of cue-evoked
responses reported previously (Dunsmoor, Prince, et al., 2011),
such that both the cue-evoked and omission responses showed
an asymmetrical gradient biased towards stimuli of high emotional
intensity (Ghirlanda, 2002), as opposed to a symmetrical bell-
shaped gradient indicative of similarity-based generalization
(Honig & Urcuioli, 1981). The former gradient is characteristic of
an intensity-based generalization gradient that is often found
along dimensions of increasing physical intensity (Ghirlanda,



Fig. 4. Differential offset-related brain activity during the generalization test. Enhanced o
the caudate, anterior cingulate cortex, posterior cingulate cortex, and parietal cortex. A
uncorrected, for illustrative purposes.

Table 2
Regions exhibiting greater offset-related activity during the generalization test
following high versus low intensity faces. Activations identified at cluster correction
p < .05.

Region Hemisphere MNI coordinates # of
voxels

Peak
T

x y z

Offsets: High intensity > Low intensity trials
Posterior cingulate Middle 4 �28 32 1026 5.7
Posterior cingulate Left �14 �28 32 5.53
Posterior cingulate Right 20 �22 38 4.22
Cerebellum Left �14 �82 �38 1462 5.58
Cerebellum Left �14 �58 �32 5.38
Cerebellum Left �38 �62 �36 5.31
Caudate tail Left �28 �30 26 211 5.49
Middle frontal gyrus Right 34 4 50 288 5.03
Precentralgyrus Right 42 0 24 3.76
Precentralgyrus Right 32 0 32 3.58
Inferior parietal lobule Right 42 �52 46 820 4.65
Supramarginalgyrus Right 58 �54 38 4.28
Superior temporal

gyrus
Right 48 �44 26 4.25

Cerebellum Right 16 �72 �38 185 4.43
Cerebellum Right 14 �76 �26 3.99
Superior frontal gyrus Right 24 42 46 111 4.41
Middle frontal gyrus Right 26 50 32 3.31
Precuneus Right 12 �66 42 311 4.28
Middle frontal gyrus Right 48 20 28 129 4.26
Middle temporal gyrus Right 62 �52 6 169 4.22
Parahippocampalgyrus Right 42 �50 2 4.16
Middle frontal gyrus Right 34 44 12 172 4.22
Middle frontal gyrus Right 34 46 20 3.98
Middle frontal gyrus Right 28 48 2 3.93
Superior frontal gyrus Middle 0 18 50 633 4.16
Anterior cingulate Middle 4 34 24 4.14
Medial frontal gyrus Middle 0 30 42 4
*Caudate Right 8 8 14 21 3.73
*Midbrain Middle �6 �18 �8 28 2.96
Offsets: Low intensity > High intensity trials
No significant clusters of activation

* Small volume correction p < .05, family wise error.

Table 3
Regions of overlap between the fear learning (offsets: CS+unpaired > CS� trials) and
generalization test (offsets: high > low intensity) analyses.

Region Hemisphere Center of mass # of voxels

x y z

Supramarginalgyrus Right 45.1 �48 35.7 151
Middle frontal gyrus Right 34 �0.2 46.5 76
Superior frontal gyrus Right 22.8 42.8 39.9 73
Anterior cingulate Middle 1.6 16.1 44 63
Anterior cingulate Middle 4 33.1 23.5 23
Inferior frontal gyrus Right 49.5 18.1 25.4 29
Inferior parietal lobule Right 52.7 �47.9 52.2 25
Superior frontal gyrus Middle 1.8 20.4 54.5 16
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2002; Ghirlanda & Enquist, 2003), such as increases in brightness
or loudness. Importantly, a trial-by-trial analysis showed no
correlation between the magnitude of the CR and omission
responses, suggesting that omission responses are not simply
indexing a second CR. Instead, we interpret the omission response
as an index of US expectancy violation that is not entirely captured
by the cue-evoked response, which may instead index an associa-
tive or attentional relationship with the prediction of the impend-
ing US. It is also noteworthy that in a retrospective test of CS+
awareness a majority of subjects (71%, 10 out of 14) mistakenly
identified the more fearful S4 as the CS+ (reported in Dunsmoor,
Prince, et al. (2011)). As this bias to identify a fearful face as the
CS+ was revealed following the generalization test, it will be inter-
esting to examine expectancy during the course of generalization
testing in future studies in order to directly assess the relationship
between subjective expectancy and omission-related activity.

4.2. Offset-related fMRI responses

The brain regions identified as showing enhanced activity at cue
offset during fear learning and generalization falls under a
ffset-related brain activity following high versus low intensity faces was observed in
full set of coordinates is available in Table 2. Activation is thresholded at p < 0.001,



Fig. 5. Regions of overlap between the fear learning and generalization test analyses. Regions commonly activated at stimulus offset following CS+ > CS� and high > low
intensity non-conditioned faces, including the anterior cingulate gyrus, posterior parietal cortex, and dorsolateral prefrontal cortex. See Table 3 for a full list of regions of
overlap. Bar graphs demonstrate that prior to fear learning, offset-related activity was undifferentiated within these regions. During fear learning, offset-related activity
selectively increased following CS+ versus CS� trials. This pattern was evident during the generalization test as well for highly fearful faces that had never been reinforced.
Error bars reflect standard error (SEM). ��p < 0.01, n.s. = non-significant.
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collection of areas implicated in detecting and signaling error. For
instance, the anterior cingulate cortex has consistently been
implicated in tasks involving the detection of conflict and error
(Botvinick et al., 2004). In rodents, the medial PFC region is in-
volved in predictive fear learning, such that reversible inactivation
of the rodent medial PFC prevents learning from prediction errors
(PE) in a blocking paradigm (Furlong, Cole, Hamlin, & McNally,
2010). Activity was also observed in the parietal cortex, a region
generally implicated in attentional processing (Posner & Petersen,
1990), including attention to unpredictable events (Hahn, Ross, &
Stein, 2007). The parietal cortex may be important for learning
from surprise, as lesions of cholinergic neurons in the posterior
parietal cortex in rodents impairs surprise-induced associative
learning (Bucci, 2009; Maddux, Kerfoot, Chatterjee, & Holland,
2007) – learning based on the allocation of attention towards cues
that are not consistently predictive of a US (Pearce & Hall, 1980).
Finally, the striatum is strongly implicated in coding reward-
related PEs, and several human neuoroimaging studies have found
that activity in the striatum tracks PE signals computed from
reinforcement learning algorithms during reward-related (Daw,
Gershman, Seymour, Dayan, & Dolan, 2011; O’Doherty, Dayan,
Friston, Critchley, & Dolan, 2003) and aversive learning (Delgado,
Li, Schiller, & Phelps, 2008; Schiller, Levy, Niv, LeDoux, & Phelps,
2008; Seymour et al., 2004) tasks.

Several of the brain areas showing enhanced offset-related
activity during learning and generalization in the present study
have been identified in recent reports examining omission of an
aversive US during fear learning, including the caudate, putamen,



Fig. 6. Regression analysis relating fMRI and SCR indices of offset activity during generalization testing as a function of fear intensity. Correlations were conducted across
subjects. During the early and middle runs of the generalization test when differences in offset-related SCRs were strongest, activity in the posterior parietal cortex (PPC), and
dorsomedial prefrontal cortex (dmPFC) tracked the difference in offset-related SCRs following high versus low intensity faces (gray circles).
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inferior frontal gyrus, and insula (Linnman et al., 2011; Spoor-
maker, Andrade, et al., 2011; Spoormaker, Schroter, et al., 2011).
Enhanced neural responses to a non-delivered shock on CS+ versus
CS� trials has been interpreted to reflect anticipation for an
impending shock, as opposed to a PE signal per se (Linnman
et al., 2011). Our present findings are consistent with the
interpretation that omission signals reflect US expectancy, and,
importantly, extend this finding to include a class of generalized
threats that have no direct history of reinforcement.

4.3. Generalized offset-related SCR regression analysis

Generalized offset-related SCRs following highly fearful faces
were associated with increased activity in the dmPFC and PPC.
The dmPFC and PPC are important for allocating attention and
learning from PEs (Bucci, 2009; Maddux et al., 2007; McNally,
Johansen, & Blair, 2011). In addition, activity in these regions
replicates reports examining offset-related activity during fear
acquisition (Spoormaker, Andrade, et al., 2011). Notably, correla-
tions between SCRs and neural activity were detected during the
early/middle phases of the generalization test, when subjects
exhibited larger offset-related SCRs following fearful faces and
when subjects may have been more likely to expect the US. At
the end of generalization testing, offset-related SCRs following high
fearful faces diminished and were undifferentiated from SCRs pro-
duced following low intensity faces. This decrease in offset-related
SCRs may have resulted from subjects’ realization that highly
fearful faces ultimately were never paired with shock during the
generalization test. Of note, the use of fear-relevant stimuli in this
study may have helped sustain omission responding during the
extended generalization test, whereas omission responses may
be weaker and dissipate more quickly along non-intensity sensory
dimensions (e.g., wavelengths of light or frequency of sound). In
this study, we utilized a dimension of fear-relevant stimuli because
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they provide an ecologically valid source for the transfer of fear
expectancy (Öhman & Mineka, 2001); but the use of fear-relevant
stimuli may present an inherent potential for confounding arousal
induced by learning from that induced by the fear-relevant quali-
ties of the cues. Importantly, we show here that omission-related
responses provides a complementary measure to verify the effects
of fear learning that mitigates sensory confounds related to
processing fear-relevant cues. Interestingly, subjects in this study
consisted of psychologically healthy adults, which raises the
intriguing possibility that different levels of sustained omission
responses over a longer duration generalization test may relate
to individual differences in anxiety levels, even when the stimulus
dimension is not inherently fear-relevant [e.g. geometric shapes
(Lissek et al., 2010].
4.4. Effects of US omission on orienting and information processing

These results are interpreted within theoretical models of the
orienting response (Sokolov, 1963). In the Sokolovian model, ORs
are induced by novel or significant stimuli, thereby enabling an
organism to allocate information-processing resources towards
meaningful stimuli in the environment. Typically, an organism will
habituate to stimulation that is repeated or fully predicted but will
show an orienting response when there is a perceptible change in
stimulation or stimulation occurs unexpectedly. Sokolov (1963)
proposed a mechanism that detects the difference between the
stored history of stimulation and current input; namely, habitua-
tion occurs when the input matches the stored representation
but an OR is produced when there is a discrepancy. In this way,
the omission of a regularly repeating stimulus would act as a sur-
prising event that could produce an OR. The magnitude of the OR
thus provides a relative measure for whether (or how much) the
US was expected at a given point in time. This model provides a
simple framework for interpreting the production of offset-re-
sponses on certain trials as reflecting a violation in outcome expec-
tancy. Of note, the task demands in the present study were not
concerned with predicting the US, thus showing that orienting
and neural activity at stimulus offset can be found under incidental
processing conditions.

In a similar way, the omission of an expected US may reflect en-
hanced attentional processing important for conditioned learning.
For instance, human electrodermal studies by Siddle and col-
leagues (Siddle, 1991; Siddle & Lipp, 1997) have interpreted omis-
sion effects as a result of associatively-generated priming (Wagner,
1978, 1981). In this way, the CS acts as a retrieval cue to prime the
representation for the US. A US that is reliably signaled demands
less attentional processing, as evidenced by a decrease in the
unconditioned response to expected versus unexpected USs
(Domjan, 2005; Dunsmoor, Bandettini, & Knight, 2008; Knight,
Waters, King, & Bandettini, 2010). Conversely, a primed US that
is omitted causes a conflict with expectations leading to an in-
crease in orienting when the stimulus is omitted, an increase in
responding to the stimulus itself when it is reintroduced (Siddle
& Lipp, 1997), and a change in attention to the preceding CS
(Pearce & Hall, 1980). Importantly, some associative learning mod-
els have proposed that stimuli other than the CS+ may act as strong
retrieval cues for the US if they contain elements that are more
predictive of the US (McLaren & Mackintosh, 2002). In the context
of the present study, faces of greater emotional expression than the
CS+ may have primed a more salient representation of the US than
faces of the same identity that were less expressive. Consequently,
the absence of the US on high intensity non-conditioned trials was
surprising despite the fact the US had never actually occurred on
those trials. In contrast, the low intensity faces provided poor
retrieval cues for the US.
4.5. Do generalized offset-related signals reflect PE?

As an alternative interpretative framework for these findings, it
is possible that the absence of the US induced a negative PE that
may have effects on learning and behavior. Under this framework,
learning is guided in large part by the difference between what is
predicted by a CS and what actually occurs (Rescorla & Wagner,
1972). The omission of an expected US comes as a surprising event
that conflicts with predictions, thereby reducing the predictive va-
lue of the CS. Based on previous findings implicating the PFC, stri-
atum, and parietal cortex in learning from PEs, it is reasonable to
interpret omission-related neural activity observed in this study
in a similar computational framework of conditioned learning.
Notably, there are issues regarding the overall similarity of nega-
tive PEs in aversive versus rewarded learning (Schultz, 2010). Per-
haps the most obvious point of departure is the fact that omitting
an aversive stimulus could be construed as rewarding. In this way,
the omission of an expected US (negative PE) could be interpreted
as an unexpected reward (positive PE). It should be noted, how-
ever, that neuroimaging evidence suggests PE signals in the stria-
tum track appetitive learning and aversive learning with primary
and secondary reinforcers (Delgado et al., 2008; Seymour et al.,
2005), suggesting that some neural systems are involved in signal-
ing PEs across both domains.

Another issue with using a negative PE framework to interpret
the present results concerns offset-related activity during
generalization. Specifically, it is not entirely clear from classical
reinforcement learning models how stimuli with no history of rein-
forcement come to elicit a PE. One possibility is that US expectancy
(however it is acquired) is sufficient to evoke a PE in the absence of
direct experience. In line with this possibility, Tremblay, Holler-
man, and Schultz (1998) showed that neuronal activity involved
in building up outcome expectancies during training generalizes
to novel stimuli when the same task structure is used. Initially,
monkeys trained to make a movement (or withhold a movement)
showed activation in striatal neurons in response to a cue signaling
a rewarding outcome. When monkeys were then presented with
novel cues, activity in dopaminergic neurons was at first observed
on trials in which monkeys made both correct and incorrect
movements but, over time, became selective to rewarded trials
as behavior improved (Tremblay et al., 1998). These findings
suggest that animals may have an expectancy bias following
reinforcement learning (at least with appetitive cues) and expect
the US by default (Schultz, Tremblay, & Hollerman, 2003). Granting
the task demands in the present fear learning study did not require
an update in decision making or instrumental behavior, this
explanation may describe why subjects routinely expected the
shock following cues that had never before predicted the US.

Given the functional significance of PEs for reducing the
predictive value of the CS (i.e. fear extinction), one would expect
a reduction in fear during the generalization test to non-condi-
tioned cues that never signal the US. The SCR results are in line
with this notion, such that omission-related SCRs diminished for
all non-conditioned stimuli by late generalization testing, but
remained relatively robust following unpaired CS+ trials. Impor-
tantly, the effect of PEs on the production of omission-related
activity may vary from study to study based on methodology.
The present study used procedures derived from the animal litera-
ture specifically intended to extend the duration of responding
during a relatively lengthy generalization test: these include the
use of intermittent reinforcement during acquisition (Guttman &
Kalish, 1956; Skinner, 1950) and steady-state reinforcement of
the CS+ throughout the generalization test (Blough, 1975). Both
these procedures are necessary to delay extinction but may have
important consequences on expectancy for the US. For instance,
partial CS–US reinforcement has been shown to differentially affect
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brain activity during fear acquisition relative to continuous CS–US
reinforcement (Dunsmoor, Bandettini, & Knight, 2007), and some
dopamine neurons respond maximally to cues with uncertain
outcomes (Fiorillo, Tobler, & Schultz, 2003). Therefore, since
subjects learned that the CS+ is itself an imperfect predictor for
the US, omission of the US on non-conditioned trials may not
immediately impact contingency awareness (i.e. knowledge that
only the CS+ predicts the US). Alternatively, continuous CS–US
pairing during learning may result in a rapid decrease in omission
responses on all unpaired trials. Another issue regarding general-
ization testing concerns which features of the CS+ are manipulated,
i.e. the stimulus dimension. In this study, the identity of a face CS
was kept constant while degrees of emotional intensity were var-
ied, which lead to a bias in responding to stimuli of high intensity.
We have shown previously, however, that discriminatory learning
procedures affect the subsequent generalization gradient; differen-
tial fear learning involving a CS� of higher intensity than the CS+
leads to a sharper generalization gradient (Dunsmoor et al.,
2009). In all, the PE signals in regulating learning and behavior
during stimulus generalization testing may be dependent on expe-
rience with the CS–US contingencies and the generalization test
procedures employed, including the dimension along which gener-
alization testing is conducted and discriminations acquired during
initial learning (see Honig & Urcuioli, 1981 for review). Further
studies are needed to address whether omission signals during
stimulus generalization conform to PE-based learning models. In
particular, it will be important to demonstrate the effects of PEs
on updating behavior and neural activity on a trial-by-trial
manner.

4.6. Conclusions

In conclusion, the results presented here indicate that US expec-
tancy is revealed through responses generated when a stimulus
terminates and no stimulation is delivered. By detailing the effects
of learning and generalization on the omission response, the pres-
ent study provides novel directions for future research on fear
learning. Findings from the present study suggest that components
of the fear learning process related to stimulus omission can be
used to index expectancy in situations that have never actually
lead to an aversive outcome but induce fear nonetheless. Impor-
tantly, these effects were observed despite the fact that subjects
were not explicitly instructed to predict the outcome on each trial,
suggesting that robust omission-related activity is evoked in cases
when stimulus–stimulus learning is implicit. These results have
practical applications for understanding clinical disorders marked
by heightened overexpression of fear responses. For instance,
consistently expecting a negative outcome following stimuli that
do not actually present a threat is symptomatic of certain anxiety
disorders, such as posttraumatic stress disorder and panic disorder
(Lissek et al., 2005). Research will be needed to address whether
sustained omission-related behavioral and neural activity through-
out generalization testing is characteristic of clinical anxiety and is
a potential marker of aberrant emotion regulation processes.
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