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We  recorded  fMRI  BOLD  response  and  skin  conductance  response  (SCR)  to CS+  and  CS−.
The  insula  activated  in  response  to  CS+ versus  CS−  trials  across  participants.
Amygdala  reactivity  to CS+  versus  CS−  was not  observed  across  participants.
Individual  differences  in  CS+  >  CS−  SCR  covaried  with  activity  in  right  amygdala.
Results  suggest  brain  mechanism  for  individual  differences  in  fear  conditionability.
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a  b  s  t  r  a  c  t

Variability  in  fear  conditionability  is  common,  and  clarity  regarding  the  neural  regions  responsible
for  individual  differences  in fear  conditionability  could  uncover  brain-based  biomarkers  of resilience
or  vulnerability  to  trauma-based  psychopathologies  (e.g.,  post-traumatic  stress  disorder).  In recent
years,  neuroimaging  work  has yielded  a detailed  understanding  of the  neural  mechanisms  underlying
fear  conditioning  common  across  participants,  however  only  a minority  of studies  have  investigated
the  brain  basis  of inter-individual  variation  in fear  learning.  Moreover,  the  majority  of  these  stud-
ies  have  employed  small  sample  sizes  (mean  n  =  17;  range  n  =  5–27)  and  all have failed  to meet
the minimum  recommended  sample  size  for  functional  magnetic  resonance  imaging  (fMRI)  studies
of  individual  differences.  Here,  using  fMRI,  we  analyzed  blood-oxygenation  level dependent  (BOLD)
response  recorded  simultaneously  with  skin  conductance  response  (SCR)  and  ratings  of  uncon-
ditioned  stimulus  (US)  expectancy  in  49 participants  undergoing  Pavlovian  fear  conditioning.  On
average,  participants  became  conditioned  to the  conditioned  stimulus  (CS+;  higher  US  expectancy
ratings  and  SCR  for the  CS+  compared  to the unpaired  conditioned  stimulus,  CS−);  the  CS+  also
robustly  increased  activation  in the  bilateral  insula.  Amygdala  activation  was  revealed  from  a  regres-

sion  analysis  that  incorporated  individual  differences  in  fear  conditionability  (i.e.,  a  between-subjects
regressor  of  mean  CS+  >  CS−  SCR).  By  replicating  results  observed  using  much  smaller  sample  sizes,
the  results  confirm  that  variation  in  amygdala  reactivity  covaries  with  individual  differences  in fear
conditionability.  The  link  between  behavior  (SCR)  and  brain  (amygdala  reactivity)  may be  a  putative
endophenotype  for the  acquisition  of fear  memories.
∗ Corresponding author. Tel.: +1 312 413 4707; fax: +1 312 413 1703.
E-mail address: annmarie.macnamara@gmail.com (A. MacNamara).

ttp://dx.doi.org/10.1016/j.bbr.2015.03.035
166-4328/© 2015 Elsevier B.V. All rights reserved.
© 2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction
In the domain of fear conditioning, inter-individual differences
are the rule rather than the exception; for a given conditioned stim-
ulus, some individuals display robust fear responding, while others

dx.doi.org/10.1016/j.bbr.2015.03.035
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbr.2015.03.035&domain=pdf
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isplay little or no fear response. Evidence suggests that individual
ifferences in fear responding are stable [1] and heritable [2], sug-
esting that they may  reflect key neural differences. Importantly,
uch differences could be associated with resistance or vulnera-
ility to anxiety disorders [3]. That is, individuals whose neural
ircuity predisposes them to remember fear more readily might be
ore likely to develop trauma-related psychopathology if exposed

o a traumatic event [4]. In the past two decades, neuroimaging
ork has generated a detailed understanding of how fear responses

re acquired in the human brain [5–7]. However, the majority of this
ork has focused on commonalities across participants, seeking to

dentify the neural regions involved in “typical” fear responding,
hile considering inter-individual variation in conditionability to

e a source of statistical noise (e.g., necessitating the exclusion of
non-responders”).

In a typical Pavlovian fear conditioning paradigm, participants
re presented with a neutral stimulus, such as a colored light (con-
itioned stimulus, CS+) that is paired repeatedly with an aversive
timulus, such as mild electric shock (unconditioned stimulus, US).
fter multiple pairings, the CS+ comes to elicit a fear response

conditioned response, CR), which can be observed in contrast to
he response elicited by an unpaired neutral stimulus (CS−). Ani-

al  studies of fear conditioning have consistently implicated the
mygdala in learning this association and in the production of
onditioned fear responses [8,9]. In humans, neuroimaging stud-
es have revealed activation of the amygdala, the insula and the
nterior cingulate cortex (ACC) during fear conditioning [10,11],
sing measures such as blood-oxygenated level dependent (BOLD)
esponse, assessed via functional magnetic resonance imaging
fMRI).

Peripheral measures of fear learning such as skin conductance
esponse (SCR), a measure of autonomic arousal, can be used to
ndex fear conditioning success. SCR is represented in the brain
y a number of regions overlapping with those involved in emo-
ion [12,13]. While the amygdala does not appear to be essential
or the production of SCRs (e.g., patients with bilateral amygdala
amage produce normal SCRs to a number of visual and auditory
timuli [14]), trials that elicit larger conditioned SCRs are associ-
ted with increased amygdala reactivity to the CS, suggesting that
he amygdala may  be central to the expression of conditioned fear
15–17].

Prior neuroimaging work has elucidated commonalities in fear
earning across individuals, and has begun to shed light on the
eural correlates of trial-to-trial (i.e., within-subject) variability in
onditioned SCR responding. However, examination of the neural
enerator(s) of individual differences (i.e., between-subject vari-
bility) in fear conditioning has been relatively limited. Those
tudies that have investigated the neural basis of individual differ-
nces in fear conditionability have generally been plagued by small
ample sizes, ranging from 5 to 27 participants [17–22]. Small sam-
le sizes are problematic in studies of individual differences and the
MRI literature in particular has been criticized on this point [23,24].
mong the problems associated with small sample sizes are that

ack of power may  lead to erroneous conclusions about which brain
egions are and are not associated with individual differences and
hat effects which are observed may  capitalize on chance, which

ay  lead to overestimations of effect size [23].
In the largest study yet published on the neural basis of indi-

idual differences in fear conditionability (n = 27), Petrovic and
olleagues [21] sought to investigate neural mechanisms underly-
ng affective evaluations of social stimuli. To this end, participants
iewed pictures of 4 different faces over the course of an experi-

ent. Two of the faces (CS+) were paired with mild electric shock

US) on 50% of trials; the other two faces (CS−) were never paired
ith shock. While they failed to observe an overall increase in SCR

or the CS+ versus the CS−,  Petrovic and colleagues [21] observed
in Research 287 (2015) 34–41 35

greater conditioning related increases in SCR from the second half
of the experiment compared to the first half of the experiment
that were positively correlated with BOLD activation in the bilat-
eral amygdala, using a region of interest (ROI) approach focused
on the amygdala and the fusiform gyrus, a region involved in face
processing.

In the second-largest report on the neural basis of individual
differences in fear conditionability published to-date, Schiller and
Delgado [22] reanalyzed data from an earlier study [25]. In the orig-
inal study, n = 17 participants viewed 2 faces, one of which (CS+)
had been paired with a mild electric shock (US), and the other
(CS−), which was  never paired with shock. Using a whole-brain,
between-subjects approach, Schiller and Delgado [22] found evi-
dence of a positive correlation between CS+ SCR and activation in
the striatum and the insula, suggesting that these brain regions,
which have been implicated in the encoding of value signals, might
underlie individual differences in fear conditionability.

The lack of congruence between results from these studies (e.g.,
lack of SCR-amygdala covariation in [22]) makes it difficult to draw
firm conclusions about the neural correlates of inter-individual
variation in fear conditionability. For example, it is unclear whether
Schiller and Delgado [22] failed to observe a correlation between
the amygdala and SCR because of a lack of power, and whether
Petrovic and colleagues [21] might have observed correlations
between SCR and BOLD activation in other brain regions (e.g., the
insula, ventral striatum) had they not limited their analysis to the
amygdala and the fusiform gyrus. Further, both studies used faces
as the CS stimuli, which might vary in their perceived affective
salience across individuals (e.g., [26]) and might therefore con-
found effects of social stimuli processing and fear conditioning.
Further, conditioned faces might potentiate activity in stimulus-
specific regions (e.g., the fusiform gyrus) that may  or may not be
otherwise implicated in inter-individual variation in fear learning.

Therefore, the goal of the present study was  to further inves-
tigate the brain mechanism underlying inter-individual variation
in fear conditionability. Current recommendations are that fMRI
studies of individual differences employ a minimum sample size
of n = 40, in order to achieve an acceptable trade-off between sta-
tistical power and data collection costs [24]. To this end, we  used
a sample of n = 49 healthy volunteers and simultaneous SCR recor-
ding and fMRI BOLD during Pavlovian fear conditioning, in which a
neutral object (a street lamp) was  paired with a mild electric shock
(US) on some trials (CS+) and not others (CS−). To assess contin-
gency awareness during fear learning, participants were also asked
to rate US expectancy on each trial (prior to US onset). Previous
work has implicated the amygdala, the insula and the ACC in fear
learning [10], and the amygdala, insula, cerebellum, medial pre-
frontal cortex, precentral gyrus and the superior temporal gyrus in
the expression of conditioned fear responding (i.e., SCR production
[27]). Therefore, we hypothesized that individuals with greater fear
conditionability (measured via SCR to the CS+ versus CS−)  would
show greater neural activation in these regions.

2. Materials and method

2.1. Participants

Fifty-one healthy, right-handed participants participated in the
study. One participant was excluded from analyses because of a
technical difficulty that compromised recording of the SCR data;
another participant was excluded because he felt claustropho-

bic during the scan and was  unable to continue. Therefore, 49
participants (28 female; M age = 25.3 years, range = 21–40 years,
SD = 4.8; Caucasian = 23, Asian = 12, African American/Black = 3,
Native American or Native Hawaiian = 3, more than one race = 8)
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ad both fMRI and skin conductance data and were included in the
nalyses. Participants were recruited from the community, con-
ented and compensated $10/h for their time. Participants were
ree from significant neurological, psychiatric or medical illness,
s assessed by examination by a psychiatrist and the Structured
linical Interview for DSM-IV (SCID-NP [28]). Female volunteers
ere studied approximately one week prior to menses to minimize
ormonal influences (i.e., when estrogen levels are consistently

ow [29,30]). Participants also had negative urine toxicology and
lcohol breathalyzer screens at the time of data collection. Study
rocedures were approved by the University of Illinois at Chicago

nstitutional Review Board.

.2. Experimental task

Participants performed a modified version of a fear condition-
ng task used previously [31,32]. Fig. 1 depicts trial timing and the
ime points at which SCR and fMRI BOLD were measured. In brief,
articipants viewed different colored street lamps (e.g., blue, pink;
onditioned stimuli, CSs) in a picture of an outdoor scene (a park or

 school). The image of the outdoor scene was presented for 3–8 s
ollowed by 4 s of CS presentation in the conditioning context, inter-
eaved with a fixation cross inter-trial interval ranging from 4–9 s.
he paradigm consisted of 40 CS+s, which co-terminated with an

versive mild electric shock (US) at a partial reinforcement rate of
0% (24 trials) and 20 CS− trials, which were never paired with
he US. The US consisted of highly annoying but not painful elec-
rical stimulation to the left foot during the last 500 ms  of CS+

Fig. 1. Example of task timing. (A) Stimulus presentation durations. (B) Time
in Research 287 (2015) 34–41

presentation. Prior to the beginning of the experiment, partici-
pants selected their own shock level via a procedure in which a
mild shock was slowly increased until participants indicated that
it was  “uncomfortable, but not painful”. The average shock inten-
sity selected by participants was  4.41 mA  (range 2.8–6.3; SD = .89).
During the first 3.5 s of each CS presentation (i.e., prior to US onset),
participants were asked to rate their expectancy that the US  would
occur on that trial (1 = “Definitely Not”; 2 = “Unsure”; 3 = “Definitely
Will”). Conditioned fear responses were indexed by changes in
SCR. Trial types were intermixed and presented in pseudoran-
dom order across two  fMRI runs, each lasting approximately 8 min.
Conditioning-to-light assignment and conditioning context were
counterbalanced across participants.

2.3. Subjective ratings measurement and data analysis

Subjective ratings of US expectancy were compared using a
paired t-test contrasting CS+ and CS− trials. Only ratings for CS+
trials that were unpaired with the US were analyzed, in line with
analysis of psychophysiological and fMRI data. Statistical analysis
of subjective ratings and psychophysiological data was performed
using IBM SPSS Statistics for Windows, Version 22 (IBM Corp.,
Armonk, NY).
2.4. Psychophysiological measurement and data analysis

Skin conductance level was measured simultaneously with
BOLD response using two  disposable carbon fiber electrodes

 windows during which SCR and fMRI BOLD activation were measured.
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CS− trials elicited greater activation in the left insula [peak MNI
coordinate, −28, 24, −4; 3328 mm3; Z = 5.29, p < .001, corrected;
Fig. 2(B)] and in the right insula [peak MNI  coordinate, 34, 24,
4; 8000 mm3; Z = 6.02, p < .001, corrected; Fig. 2(B)]. Follow-up

1 The following bilateral, AAL anatomically defined regions were included in
A. MacNamara et al. / Behaviou

ttached between the first and second phalanges of the second and
hird digits of the left hand (EL509, BIOPAC Systems Inc., Goleta,
A). An MRI-compatible BIOPAC Systems skin conductance module
EDA100C-MRI) was used to sample skin conductance at 1000 Hz
nd amplify this data. Data was stored for offline analysis using Acq-
nowledge 4.2 software (BIOPAC Systems, Inc.). Waveforms were

ow-pass filtered using a Blackman window with a cutoff of 40 Hz
nd mean-valued smoothed over 100 adjacent data points.

To assess the level of conditioned fear responding separate
rom unconditioned responses to the US, we included only non-
einforced trials of the CS+ in the analyses. SCR for each CS was
alculated by subtracting the mean skin conductance level during
he first second of CS presentation from the highest skin conduc-
ance level occurring in the 1–7 s following CS onset ([33], see also
34,35] on SCR onset latency). Our use of non-reinforced CS+ tri-
ls permitted examination of SCR after CS offset. Raw SCRs were
quare root transformed to normalize distributions [32,36]. SCRs
o the CS+ versus CS− were compared using a paired t-test.

.5. Image acquisition

Functional MRI  based on BOLD contrast was  performed on a
.0 Tesla GE MR  750 scanner (General Electric Healthcare; Wauke-
ha, WI)  using an 8-channel phased-array radio frequency head
oil. A gradient-echo echo planar imaging (EPI) sequence was used
2 s TR; 22.2 ms  TE; 90◦ flip angle; 64 × 64 matrix; 22 cm FOV; 44
xial slices; 3.4 mm  × 3.4 mm  × 3.0 mm voxels; 488 volumes across

 runs). The first 4 volumes from each run were discarded to allow
he magnetization to reach equilibrium. Data from all participants

et  our inclusion criteria for image quality with minimal motion
orrection (all movements ≤2 mm in any direction across func-
ional runs).

.6. Functional MRI  data analysis

Statistical Parametric Mapping (SPM 8) software (Wellcome
rust Centre for Neuroimaging, London, www.fil.ion.ucl.ac.uk/spm)
as used to perform conventional preprocessing steps. In brief,

lice-time correction was performed to account for temporal dif-
erences between slice collection order, images were spatially
ealigned to the first image of the first run, functional images were
ormalized to a Montreal Neurological Institute (MNI) template
sing the EPI template, resampled to 2 mm3 voxels and smoothed
ith an 8 mm  isotropic Gaussian kernel.

The time series data were subjected to a general linear model,
onvolved with the canonical hemodynamic response function
HRF) and filtered with a 128 s high-pass filter. We  modeled non-
einforced CS+ and CS− trials separately and estimated effects
or each voxel for each participant. Individual motion parameters
ere entered in the model as covariates of no interest. Following
rocessing at the first-level, CS+ > CS− contrasts were taken to the
econd level for random effects analysis.

At the second level, we performed two sets of analyses. First,
o examine overall neural correlates of conditioning, main effects
f condition were assessed by comparing brain activity elicited by
S+ versus CS− trials using a one-sample t-test. For this analysis,
ctivations were deemed significant at a p value of <.05, corrected
or multiple comparisons across the whole brain using the false
iscovery rate (FDR) method.

Second, we examined regional brain activity that covaried
ith individual differences in CS+ > CS− SCR measurements taken
uring scanning. At the between-subjects level, each participant’s

ean CS+ > CS− SCR across all nonreinforced trials (capturing

ndividual differences in conditioned responding) provided the
egressor-of-interest. This regressor was entered into the design
atrix examining whole-brain CS+ > CS− brain activity, yielding a
in Research 287 (2015) 34–41 37

statistical map  of regional brain activity that occurred during fear
learning and covaried with individual differences in conditioned
responding (CS+ > CS− SCR). For this covariation analysis, in which
we used CS+ > CS− SCR to predict CS+ > CS− BOLD, we  tested the
a priori hypotheses that SCR strength would be related to brain
activity in regions previously implicated in fear acquisition [10] or
conditioned SCR production [27]. Specifically, bilateral amygdala,
bilateral insula, ACC, cerebellum, medial prefrontal cortex, precen-
tral gyrus and superior temporal gyrus were chosen based on prior
findings. An ROI mask encompassing coordinates corresponding
to these regions and reported by Sehlmeyer and colleagues [10]
and Knight and colleagues [27] was created using anatomical land-
marks taken from the Automated Anatomical Labeling (AAL) atlas
[37,38].1 Clusters of activation were initially identified using an
uncorrected voxel threshold of p < .001, and then subjected to cor-
rection for multiple comparisons within the ROI as determined via
simulation using the ClusterSim utility (10,000 iterations; http://
afni.nimh.nih.gov/pub/dist/doc/program help/3dClustSim.html).
Given smoothness estimates of the data within the mask (total
size = 331 cm3), a family-wise error correction at  ̨ < 0.05 was
realized using a voxel threshold of p < 0.001 with minimum cluster
size of 40 voxels (320 mm3). For completeness, to obviate bias,
and to generate hypotheses for future studies, we also examined
whole-brain activation that occurred outside the a priori ROI
mask, and surpassed a threshold of p < .05, FDR corrected, however
no additional clusters of activation surpassed this threshold. To
clarify the direction of significant results from each analysis, we
extracted BOLD signal responses (parameter estimates, ˇ-weights
in arbitrary units [a.u.] of activation), averaged across all voxels
within a 10 mm radius sphere surrounding peak activations.

3. Results

3.1. US expectancy ratings

US expectancy ratings were missing for one participant;
therefore, analysis of ratings was performed on 48 participants.
Participants rated the US as more likely to occur during the
CS+ (M = 2.45, SD = .44) versus the CS− trials [M = 1.21, SD = .30;
t(47) = 13.12, p < .001].

3.2. SCR

Fig. 2(A) depicts the average SCR elicited by CS−  and CS+ trials.
A paired t-test revealed that CS+ trials elicited significantly higher
SCR (M = .13, SD = .16) than CS− trials [M = .04, SD = .10; t(48) = 4.80,
p < .001].

3.3. fMRI BOLD response

3.3.1. Task effects
First, we  examined the CS+ (>CS−) condition to determine

whether CS+ trials effectively elicited increased brain activity asso-
ciated with fear acquisition. Results showed that CS+ relative to
the ROI mask used to examine correlations between CS+ > CS− SCR and CS+ > CS−
fMRI  BOLD response: postcentral gyrus; superior frontal gyrus, dorsolateral; supe-
rior frontal gyrus, medial; supplementary motor area; paracentral lobule; superior
temporal gyrus; anterior cingulate and paracingulate gyri; insula; amygdala; cere-
bellum, lobule 4–5.

http://www.fil.ion.ucl.ac.uk/spm
http://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html
http://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html
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Fig. 2. Peripheral and central responses during fear acquisition. (A) Mean SCR elicited by the unpaired conditioned stimulus (CS−) and conditioned stimulus paired with
shock (CS+). (B) BOLD response during conditioning elicited by the CS+ contrasted with that elicited by the CS−,  shown in the left insula and right insula. Activation maps are
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llustrated at a threshold of p < .001 and masked. (C) Mean BOLD response (  ̌ weight
uring CS+ versus CS− presentation. Error bars indicate standard error of the mean

nspection of ROI-extracted BOLD signal (  ̌ weights) from the left
nd right insula confirmed the direction of increased insula activa-
ion during CS+ trials [left insula: CS+, M = .30, SD = .34, CS−,  M = .06,
D = .31; right insula: CS+, M = .56, SD = .40, CS−,  M = .20, SD = .32;
ig. 2(C)]. Greater activation for CS+ versus CS− trials was also
bserved in the supplementary motor area [peak MNI  coordinate,
, 24, 48; 2320 mm3; Z = 4.18, p = .004, corrected], the brainstem
peak MNI  coordinate, 2, −24, −30; 1088 mm3; Z = 3.95, p = .009,
orrected], the caudate [peak MNI  coordinate, 14, 8, −8; 320 mm3;

 = 3.72, p = .02, corrected] and the cerebellum [peak MNI  coor-
inate, −6, −52, −40; 192 mm3; Z = 3.69, p = .02, corrected]. In a
ost hoc analysis, we examined CS+ > CS− amygdala activation at
he group level with a more relaxed statistical threshold: small-
olume correction (p < .05), performed separately for each of left
nd right amygdala with anatomically defined (AAL) masks [37,38].
ven with this relaxed statistical threshold, greater amygdala acti-
ation was not observed for CS+ (>CS−) trials. Because prior work

as suggested rapid adaptation of CS+ responses in the amygdala
e.g., [39]), we also examined BOLD responses separately for the
rst and second halves of acquisition. Conditioned amygdala reac-
ivity was not observed across participants in either the first or

ig. 3. (A) Correlational map  showing the location of the significant correlation between
hreshold is set at p < .001 and masked. (B) Scatterplot plot depicting the correlation betw
ntervals.
 the left insula [−28, 24, −4] and right insula [34, 24, 4] showing greater activation

second half of acquisition. Additionally, in a post hoc analysis, we
examined amygdala activation specifically for individuals showing
evidence of heightened fear conditionability. Therefore, we  per-
formed a median split on CS+ > CS− SCRs and examined amygdala
responding separately for each group (small-volume corrected,
p < .05 using separate left and right AAL anatomically defined masks
[37,38]). Still, we failed to observe greater left or right amygdala
activation for the CS+ versus the CS− condition.

3.3.2. Correlation with SCR
Within our a priori regions, correlational analysis, in which

participants’ CS+ > CS− hemodynamic activity was regressed onto
participants’ CS+ > CS− SCR revealed a positive correlation between
activation in the right amygdala [peak MNI  coordinate, 22, −2,
−16; 576 mm3; Z = 3.79, p < .05, corrected] and SCRs to the CS+
versus the CS− [Fig. 3(A) and (B)]. Also falling within the a pri-
ori mask, an additional positive correlation was observed between

CS+ > CS− hemodynamic response and participants’ CS+ > CS− SCR
in the supplementary motor area [peak MNI  coordinate, −4,
−8, 62; 2976 mm3; Z = 3.97, p < .05, corrected]. No other regional
brain activity covaried with SCR using the ClusterSim statistical

 the CS+ > CS− amygdala activation [22, −2, −16] and SCR during fear conditioning.
een the amygdala and SCR to the CS+ > CS−. Dashed lines indicate 95% confidence



ral Bra

t
b
u
t
U
i
t
Z

d
w
a
t
S
m
c
i
r
S
[
r
C

4

e
b
[
t
t
s
a
T
l
r
l
b
m

r
c
i
p
o
h
w
p
i
i
o
p
w
d
r
p

t
s
e
c
d
[
e
t

A. MacNamara et al. / Behaviou

hreshold. In a post hoc analysis, we examined the correlation
etween CS+ > CS− SCR and BOLD response in the left amygdala
sing a more relaxed statistical threshold: small-volume correc-
ion (p < .05) with a left amygdala anatomical AAL mask [37,38].
sing this more relaxed statistical threshold, we observed a signif-

cant positive correlation between CS+ > CS− SCR and fMRI BOLD in
he left amygdala [peak MNI  coordinate, −24, 2, −20; 1368 mm3;

 = 3.10, p < .05, corrected].
To determine whether the correlation between CS+ > CS− amyg-

ala reactivity and SCR was driven more by the CS+ or the CS−,
e performed Pearson’s correlations between activity in the right

mygdala (ˇ-weights for the CS+ > CS− contrast) and SCR for each of
he CS+ and CS−.  Results showed a significant correlation with CS+
CR [r(47) = .30, p = .04] but not with CS− SCR [r(47) = .04, p = .77];
oreover, the difference between these correlations was statisti-

ally significant (two-tailed p = .02 [40,41]). To determine whether
nsula reactivity would predict SCR, we correlated CS+ > CS− BOLD
esponses extracted from the left and right insula with CS+ > CS−
CR. Correlations did not reach significance for the left insula
r(47) = .18, p = .23] or the right insula [r(47) = .23, p = .11]. Self-
eported shock expectancy (CS+ > CS−)  also failed to correlate with
S+ > CS− SCR [r(46) = .08, p = .61].

. Discussion

Conditioned fear describes a series of coordinated behavioral
ffects that result when a neutral stimulus (which at first has no
ehavioral effects) is repeatedly paired with an aversive outcome
42]. Individuals vary greatly in their propensity to acquire condi-
ioned fear responses, however the brain mechanism underlying
his variability is unknown. Here, using a large sample size and
imultaneous SCR-fMRI recording, we identified the amygdala as

 neural correlate of between-subjects differences in fear learning.
he more an individual showed fear acquisition at the behavioral
evel (as measured by SCR), the greater their conditioned amygdala
eactivity. The results are in line with those of Petrovic and col-
eagues [21] and with other studies that have examined the neural
asis of individual differences in fear conditionability, albeit using
uch smaller sample sizes [17–20].
By using a whole-brain approach and a sample size that meets

ecommendations for fMRI studies of individual differences [24] the
urrent study confirms the role of the amygdala in the generation of
ndividual differences in fear conditionability (cf. [22]). Unlike some
rior studies that defined fear conditionability as the magnitude
f change in conditioned responding from the first to the second
alf of the experiment [i.e., (CS+ > CS−second) − (CS+ > CS−first)], here
e observed that activity in the amygdala correlated with SCR
otentiation to the CS+ versus the CS− measured across the exper-

ment. Therefore, the current results suggest that the amygdala is
nvolved in individual differences underlying the overall strength
f fear conditioning (i.e., as opposed to the speed at which partici-
ants acquired conditioned responses). In addition, the covariation
e observed here between peripheral fear responding and amyg-
ala reactivity can be attributed to variation in CS+ responding
ather than CS− responding (cf. [43]), as evidenced by correlations
erformed separately for SCR elicited by CS+ and CS−.

Work using a variety of experimental approaches has suggested
hat the amygdala plays a crucial role in fear acquisition and expres-
ion. Electrical stimulation of the amygdala elicits behaviors that
mulate fear, whereas lesions of the amygdala can block innate or
onditioned fear (e.g., [44,45]). Injection of anxiolytic compounds

irectly into the amygdala has been shown to reduce anxiety (e.g.,
46]) and amygdala plasticity may  mediate the acquisition and
xtinction of conditioned fear [42]. Moreover, prior work has shown
hat the amygdala is coupled to conditioned SCR at the trial-level for
in Research 287 (2015) 34–41 39

individual subjects [15]. What the present study adds to this body of
prior work is confirmation that individual differences in fear condi-
tionability correspond to variability in amygdala reactivity, known
to explain within-subject variability in fear responding.

The positive correlation between conditioned SCR responding
was evident at a more stringent statistical threshold for the right
compared to the left amygdala, in line with hemispheric effects
observed in prior work [20,17, but see 19,18]. This lateralization of
effects might be taken to support the notion of right hemispheric
control of fear conditioning, which could be driven by anatomical
and neurochemical differences between the left and right amygdala
(e.g., [47]). Alternatively, involvement of the right amygdala in fear
conditioning might be more likely when the aversive stimulus is
visual, such as in the present study, as compared to when the aver-
sive nature of the stimulus is learned verbally [48]. Nevertheless,
as in prior work (e.g., [20]), SCR in the present study was always
recorded from the left hand and shock was  always delivered to the
left foot, which limits evaluation of hemispheric effects.

Interestingly, we did not observe task-related (CS+ > CS−)  mod-
eration of amygdala activity in the current study, in line with several
prior studies (e.g., 19 of the 44 studies in [10], also see [49]). Sig-
nificant between-subject variability in fear conditionability may
underlie the absence of a mean effect, however it is also worth
noting that we failed to observe CS+ > CS− amygdala activation
when limiting our analysis to individuals with greater than aver-
age fear conditionability (as measured via SCR). We  also failed to
observe amygdala activation when examining BOLD response only
during the first half of acquisition, which would seem to rule-out
amygdala habituation as a potential explanation (similar results
were observed by [27]). There is evidence to suggest that to thor-
oughly assess the temporal course of amygdala activation during
fear conditioning, it may  be necessary to employ a higher temporal
resolution by focusing image acquisition on the amygdala and to
use longer CS presentations to assess habituation within trials (i.e.,
during early versus later portions of CS presentation [50]). There-
fore, future work may  wish to employ some of these procedures in
order to more thoroughly understand the role of the amygdala in
fear learning.

In contrast to the amygdala results, robust discrimination
between conditioned stimuli was observed in the bilateral insula
across participants [10,11]. Prior work suggests that both the insula
and the amygdala may be involved in arousal, but that the insula
may  be uniquely involved in conscious awareness of CS+ contin-
gency and anticipation of upcoming US presentation (e.g., [13]).
Along these lines, Phelps and colleagues [48] found that activa-
tion in the insula was especially robust during an instructed fear
paradigm, reflecting its role in threat awareness. Therefore, robust
insula activation in the present study may  reflect relatively invari-
ant conscious threat awareness across participants.

Could greater amygdala reactivity during fear acquisition be
related to enhanced fear memories? Using emotional films, Cahill
and colleagues [51,52] found that right amygdala reactivity dur-
ing emotional encoding predicted enhanced memory for emotional
(but not neutral) items at retrieval (see also [53]). Therefore, it
is possible that greater amygdala reactivity during fear learning
might signal enhanced encoding of fear memories and might pre-
dict enhanced recall of these memories at a later time. However, it
is also possible that amygdala reactivity during fear conditioning
might be less related to stimulus encoding/processing and more to
the production of conditioned fear responses. In other words, inter-
individual variation in amygdala response during fear conditioning
might track inter-individual variation in fear expression rather than

stimulus input/CS processing [27]. Given the close relationship in
the temporal pattern of CS presentation and CR production during
fear acquisition, these responses are difficult to dissociate, however
it will be important for future work to do so.
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Limitations of the current study include our inability to
etermine whether individual differences present during fear
onditioning translate into variation in the strength of fear mem-
ries over time or whether they affect extinction/extinction recall.
nother limitation is our inability to link individual differences

n brain and behavior to individual differences in anxiety. Future
ork may  be directed toward evaluating the functional significance

f the results presented here by assessing fear memory at subse-
uent testing sessions and/or assessing relationships with anxiety.

n addition, future work could use a different experimental design
o evaluate habituation effects in the amygdala and to help disso-
iate neural correlates of individual differences in fear expression
ersus fear learning.

. Conclusions

In sum, our results suggest that the insula responds prefer-
ntially to threatening compared to non-threatening conditioned
timuli, but that it is insensitive to individual differences in the
trength of these conditioned associations (but see [48]). The
mygdala, however, did activate differentially depending on the
xtent to which participants showed evidence of fear responding,
ven though it did not activate to CS+ versus CS− trials across
articipants. Therefore, amygdala activity might track the brain
echanism associated with individual differences in fear condi-

ioning, and might serve as an endophenotype for susceptibility to
nxiety or affective disorders in the context of stressful or traumatic
ife experiences [54,55]. The current study is the largest study yet
onducted on the brain basis of individual differences in fear con-
itionability measured using SCR, and replicates results observed

n studies that employed much smaller samples [17–21]. Further
esearch on the neural mechanisms underlying individual differ-
nces in fear learning may  provide insight into the transition from
daptive to pathological fear acquisition [56,57] and could help
dentify individuals who are at risk of developing trauma-related
sychopathology following an aversive experience [58–60].
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