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Summary
Neuroimaging research on emotional memory has greatly advanced our understanding of the pathogenesis of anxiety disorders. While the behavioral expression of fear at
the time of encoding does not predict whether an aversive experience will evolve into longterm fear memory, the application of multi-voxel pattern analysis (MVPA) for the analysis of
BOLD-MRI data has recently provided a unique marker for memory formation. Here, we aimed
to further investigate the utility of this marker by modulating the strength of fear memory with
an ␣2-adrenoceptor antagonist (yohimbine HCl). Fifty-two healthy participants were randomly
assigned to two conditions — either receiving 20 mg yohimbine or a placebo pill (double-blind)
— prior to differential fear conditioning and MRI-scanning. We examined the strength of fear
associations during acquisition and retention of fear (48 h later) by assessing the similarity
of BOLD-MRI patterns and pupil dilation responses. Additionally, participants returned for a
follow-up test outside the scanner (2—4 weeks), during which we assessed fear-potentiated
startle responses. Replicating our previous ﬁndings, neural pattern similarity reﬂected the
development of fear associations over time, and unlike average activation or pupil dilation,
predicted the later expression of fear memory (pupil dilation 48 h later). While no effect
of yohimbine was observed on markers of autonomic arousal, including salivary ␣-amylase
(sAA), we obtained indirect evidence for the noradrenergic enhancement of fear memory
consolidation: sAA levels showed a strong increase prior to fMRI scanning, irrespective of
whether participants had received yohimbine, and this increase correlated with the subsequent
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expression of fear (48 h later). Remarkably, this noradrenergic enhancement of fear was associated with changes in neural response patterns at the time of learning. These ﬁndings
provide further evidence that representational similarity analysis is a sensitive tool for studying
(enhanced) memory formation.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Whereas much of what we learn will be forgotten with
the passage of time, emotional memory appears to be particularly resilient to forgetting (LaBar and Cabeza, 2006;
McGaugh, 2000; McGaugh and Roozendaal, 2002; Pape and
Paré, 2010). Long-lasting memory for emotional experiences
is in principle adaptive, but can become dysfunctional as in
the case of anxiety disorders.
The quintessential model for studying fear learning and
memory is Pavlovian fear conditioning, describing how a previously neutral event (Conditioned Stimulus, CS) elicits fear
responses after it has become associated with an aversive
event (Unconditioned Stimulus, UCS). The traditional fearconditioning paradigm was originally designed to explore
normal processes of fear learning and memory. Given that
anxiety disorders are characterized by the persistence of
fear, and by generalization of fear to other stimuli and contexts in the absence of actual danger, abnormal fear memory
as such cannot be deﬁned at the time of learning. In laboratory settings, however, abnormal fear memory can become
apparent at later retention tests. A key question is whether
the processes that lie at the root of the development of
abnormal fears are already active during the initial phase of
associative fear learning, or whether they are predominantly
active during the post-encoding consolidation phase.
To mimic abnormal processes of fear learning and memory, the noradrenergic system can be stimulated during or
immediately after fear conditioning, either directly through
the central administration of noradrenaline (LaLumiere
et al., 2003), or indirectly through the administration of
the ␣2-adrenoceptor antagonist yohimbine HCl (Gazarini
et al., 2013, 2014; Soeter and Kindt, 2011, 2012). By blocking the ␣2-adrenergic autoreceptor, yohimbine interrupts
the negative feedback control of noradrenaline release,
thereby increasing noradrenergic activity (Hedler et al.,
1981; Langer, 1974; Wemer et al., 1979). This experimental
model has been shown to strengthen fear memory, characterized by the persistence and overgeneralization of fear
(Gazarini et al., 2013, 2014; Soeter and Kindt, 2011, 2012).
Interestingly, the effect of yohimbine administration prior
to fear learning was not yet expressed at the time of
learning (i.e., in more differential startle potentiation or
elevated skin conductance; Soeter and Kindt, 2011, 2012),
suggesting that post-learning processes accounted for this
enhancement. Indeed, ample evidence supports the role
of noradrenaline in synaptic changes, including long-term
potentiation (LTP), underlying the stabilization of a memory trace after its acquisition (Cahill et al., 1994; Cahill and
Alkire, 2003; Hurlemann et al., 2005; Southwick et al., 2002;
Strange and Dolan, 2004).
A crucial question is, however, whether the most commonly used physiological measures in fear-conditioning

paradigms are in this case reliable indicators of the formation of fear memory. An inherent restriction of all memory
research, including fear conditioning, is that one cannot
assess what is stored in memory until a memory is expressed.
Yet, behavior during learning (e.g., freezing in rats, physiological responding in humans) is not necessarily predictive of
long-term memory, as much of what we learn will be either
lost over time or will not be consolidated in the ﬁrst place.
In order to establish whether the memory enhancing properties of noradrenaline are already at play during a learning
experience, a reliable (neural) signature for the formation
of fear memory is required. Ideally, such a marker would
indicate during learning whether, and how well, information
will subsequently be consolidated.
In a recent functional Magnetic Resonance Imaging
(fMRI) study, we applied representational similarity analysis (Kriegeskorte et al., 2008; Visser et al., 2011) to show
that changes in neural response patterns at the time of
encoding were predictive of the long-term physiological
(i.e., pupil dilation) expression of fear memory (Visser
et al., 2013), while the physiological expression during
fear learning did not predict the later expression of fear.
Speciﬁcally, we showed that response patterns evoked by
two unrelated stimuli became alike as a result of their
association with an aversive outcome (between-stimulus
pattern similarity). The degree to which these patterns
became similar predicted differential pupil responses 2—6
weeks later. This suggests that part of the consolidation
process, or the selection of information for subsequent
consolidation, already occurs during learning, but cannot
be observed in indices of peripheral nervous system activity. The question is whether noradrenergic enhancement
of fear associations can also be observed in neural patterns at the time of learning, indicating that the transition
from normal fear to excessive fear may start instantaneously.
Here, we further investigate whether changes in neural response patterns at the time of learning are (1) a
marker for memory formation and (2) related to changes
in noradrenergic activation. In previous studies, noradrenergic enhancement resulted in a stronger fear memory,
expressed as increased fear responses, slower extinction of
learned fear, stronger reinstatement and reacquisition of a
successfully extinguished fear and (over)generalization of
fear to other stimuli and contexts (Gazarini et al., 2013,
2014; Soeter and Kindt, 2011, 2012). In the current experiment, consisting of three sessions (separated by 48 h and
2—4 weeks, respectively), we incorporated similar tests of
long-term fear memory, including extinction, reinstatement
and generalization of fear (Session 2) and renewal and reacquisition of fear (Session 3). We measured BOLD activation,
pupil dilation (Sessions 1 and 2), and fear-potentiated startle
responses (Session 3), in order to assess at what point in time
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it is possible to detect the enhancing effects of noradrenaline on fear memory consolidation.
We predicted that the increases in noradrenergic
activity would be observed on different measures of longterm fear memory, both at the behavioral level (i.e.,
differential pupil dilation and fear-potentiated startle
response) and the neural level (i.e., differential activation and differential pattern similarity). Crucially, we
predicted that changes in similarity of neural response patterns (between-stimulus pattern similarity) would already
signal the enhancement of fear at the time of learning.
Although our initial aim was to experimentally modulate
the strength of fear by enhancing noradrenergic activation, our ﬁndings did not show any effects of the oral
administration of 20 mg yohimbine HCl prior to fear conditioning on markers of noradrenergic activation (i.e., salivary
alpha-amylase; sAA). In fact, both experimental groups
showed a strong increase in sAA levels prior to scanning,
which implies a failed manipulation (for further details
see Supplementary material). We therefore collapsed the
data across groups, and explored whether individual differences in noradrenergic activation during fear conditioning
were related to the long-term expression of fear and were
reﬂected in neural response patterns at the time of encoding.

2. Methods
2.1. Participants
Fifty-two healthy undergraduate students were recruited by
means of advertisements at the university website. During the period of data collection, 11 participants were
excluded for several reasons: equipment failure (n = 1),
not ﬁnishing the experiment (n = 2), excessive sleepiness
during one of the experimental phases (judged on the
basis of eye-tracker data combined with self-report, n = 5),
or excessive head motion (n = 3). For the fMRI-analyses,
the ﬁnal sample consisted of 41 participants (11 male,
32 right-handed) between 18 and 24 years of age (mean
20.6 ± 1.8 S.D.). As described in more detail in the sections below, some of these 41 participants missed reliable
saliva samples (n = 3—5, depending on the time point, Section 2.2.3), part of the pupil data (n = 2, Section 2.2.4),
or EMG-data (n = 1, Section 2.2.5). The list-wise inclusion
of data points yielded different sample sizes, depending on which variables are analyzed or combined (e.g.,
individuals that lack pupil data do not also lack saliva
samples), as will be speciﬁed for each analysis. All participants were free from any condition contraindicative
to the administration of 20 mg yohimbine (Soeter and
Kindt, 2011; Supplementary material). Participants earned
partial course credit or D 60, for their participation. All
participants gave their written informed consent before
participation, had normal or corrected-to-normal vision,
and were naive to the purpose of the experiment. Procedures were executed in compliance with relevant laws
and institutional guidelines, and were approved by the
University of Amsterdam’s ethics committee (2013-CP2387).
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2.2. Apparatus and materials
2.2.1. Stimuli
The experiment consisted of three sessions: Session 1
and Session 2 (2 days later) were conducted during fMRIscanning, while Session 3 was conducted in a physiological
lab, 14—27 days later (mean 17.4 ± 3.4 S.D. days; Fig. 1).
For the learning phase, a differential fear-conditioning
paradigm was used, with delay conditioning and partial
reinforcement. Two pictures of neutral faces, derived from
the Karolinska Directed Emotional Faces dataset (Lundqvist
et al., 1998; pictures AM34NES and AM23NES), and two pictures of houses, derived from the Web, were separated from
their background and converted to greyscale, and served as
the to-be conditioned stimuli (CS). Each stimulus was presented 13 times for 4.5 s. One face and one house were
followed by a mild electrical stimulus in 6 out of 13 presentations (46%, CSs+). The electrical stimulation served as
an unconditioned stimulus (UCS) and was delivered at CS+
offset for 2 ms, by a Digitimer DS7A through MRI-compatible
carbon electrodes attached to the right shinbone. The other
two stimuli were never reinforced (CSs−).
2.2.2. Subjective assessments and retrospective
UCS-expectancy ratings
Prior to the experiment, trait anxiety and anxiety sensitivity were assessed with the Trait Anxiety inventory (STAI-T;
Spielberger, 1983) and the Anxiety Sensitivity Index (ASI;
Peterson and Reiss, 1992) respectively. At time point T0,
T3, T4, T5, and T6 state anxiety was assessed with the State
Anxiety inventory (STAI-S; Spielberger, 1983). At time point
T3, T5 and T7 retrospective UCS-expectancies ratings (‘‘How
much did you expect the shock when this picture was presented?’’) were obtained for each stimulus on a 9-point scale
for different stages during the experiment.
2.2.3. Saliva sampling and analysis
The salivary enzyme ␣-amylase (sAA) is an indicator of noradrenergic activation (Nater and Rohleder, 2009). At time
point T0, T2 and T3 saliva samples were collected, using
cotton salivette collection devices (Sarstedt, Nümbrecht,
Germany). Participants were instructed to place the swab
in their mouth until it was soaked. Each sampling was preceded by a 5-min rest period. To allow for controlled saliva
collection, participants were asked to refrain from caffeine, alcohol and excessive exercise starting 12 h before
the beginning of the experiment, and to refrain from food,
drinks (except for water), chewing gum, cigarettes and
teeth brushing two hours prior to testing (Bosch et al., 2011).
Saliva samples were stored at −30 ◦ C until biochemical analysis was performed, which was conducted independently
in the lab of Dr. Bosch at our university (assay RE80111;
http://www.ibl-japan.co.jp/datasheet/82671 j.pdf) and in
the lab of Prof. Kirschbaum at the Technische Universität
Dresden, Germany.
Salivettes that did not contain enough saliva for a reliable
assessment were excluded from analyses, leaving 36—38
participants for the separate time points (Table 1). Assays
of sAA corresponded well between the lab of Dr. Bosch and
the lab of Prof. Kirschbaum (r = 0.973, r = 0.957 and r = 0.937,
for the three time points, respectively). Reported here are
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Figure 1 Mixed within-between-subject design, consisting of three sessions, with fear learning and several tests of retention of
fear. As the pharmacological manipulation (T1) failed (Supplementary material), data are collapsed across groups. We measured
BOLD activation, pupil dilation (Sessions 1 and 2), and fear-potentiated startle responses (Session 3), in order to assess at what
point in time it is possible to detect the enhancing effects of noradrenaline on fear memory consolidation. Reinst., reinstatement;
Generaliz., generalization; Reacquis., reacquisition.

the values that were obtained in the Kirschbaum lab. To
assess individual changes in sAA, we calculated the percentage change in sAA levels, from T0 to T2 and from T0 to T3
(yielding 34 valid cases list-wise for both time points). Values that exceeded three standard deviations above or below
group average were regarded as outliers and were removed
(n = 1 for change from T0 to T2 and n = 1 for change from T0
to T3), leaving 33 participants for both time points to correlate with neural measures (Table 1), 31 of which had valid
pupil data as well.
2.2.4. Pupil dilation
Pupil dilation and eye-movements were recorded continuously throughout MRI-scanning, using a remote nonferromagnetic infrared Eyelink-1000 Long Range Mount
Table 1 Mean values ± S.D. of self-reported anxiety sensitivity (ASI), trait anxiety (STAI-T), state anxiety (STAI-S) and
salivary ␣-amylase (sAA).

ASI
STAI-T
STAI-S T0
STAI-S T3
STAI-S T4
STAI-S T5
STAI-S T6
Raw sAA levels (U/ml) T0
Raw sAA levels (U/ml) T2
Raw sAA levels (U/ml) T3
Change in sAA from T0 at T2 (%)
Change in sAA from T0 at T3 (%)

n

Mean (±S.D.)

41
41
41
41
41
41
41
36
37
38
33
33

10.6 (5.2)
34.7 (8.8)
32.3 (8.3)
35.0 (8.9)
32.7 (8.0)
30.1 (6.0)
31.6 (8.1)
53.8 (67.7)
78.4 (84.6)
101.7 (88.6)
191 (147)
329 (323)

eye-tracker (SR Research). Before task onset, a nine-point
calibration procedure was performed.
Data were sampled at 1000 Hz. Samples around series
of missing samples were regarded as unreliable and were
removed (100 ms before and 100 ms after each series of 10
missing samples) and replaced by a linear trend at point,
using the entire time series. Next, the interpolated pupil
time series were low-pass ﬁltered (third order Butterworth,
4 Hz). The baseline pupil diameter was the average value
during the 500 ms prior to each CS onset. The pupil response
to the CS was calculated as the peak change from baseline
in a window from 0 to 4 s after picture onset (a window of
3—4 s — instead of 0—4 s — yielded identical results, indicating that the results are not affected by initial dilation
or restriction induced by changes in luminance). Trials that
suffered substantial signal loss, affecting more than 50% of
either the baseline samples or the 4 s after stimulus onset
were eliminated and replaced entirely by estimating the linear trend at point over trials for each condition separately.
Participants that ended up missing more than 15% of the
trials were excluded from further analyses of pupil data
(n = 2), leaving 39 participants in the ﬁnal sample (0—10.7%
replaced trials per participant, median = 0%). Next, data
were Z-transformed for each of the two experimental sessions separately, to reduce between-subjects variability.
In both sessions, participants were instructed not to move
their eyes, but instead ﬁxate on the center of the screen
for as long as a stimulus was presented. Prior to stimulus
onset, a white ﬁxation cross appeared on the screen for 3 s,
remaining visible for the duration of the stimulus.

2.2.5. Fear-potentiated startle (FPS)
During the third session, startle responses were measured
by means of electromyography (EMG) of the right orbicularis
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oculi muscle. The startle probe eliciting the eye blink reﬂex
was a 104 dB, 40 ms burst of broadband white noise with
near instantaneous rise time, delivered binaurally through
headphones (Sennheiser, model HD 25-1 II).
The strength of the eye blink reﬂex was measured by
two 7 mm Ag/AgCl electrodes ﬁlled with electrolyte gel
(Signa Gel, Parker), positioned approximately 1 cm below
the pupil and 1 cm below the lateral canthus (outer corner
of the eye; Fridlund and Cacioppo, 1986). A ground electrode was placed on the participant’s forehead (Blumenthal
et al., 2005). The electrodes were connected to a custom made bipolar EMG ampliﬁer with an input resistance
of 1 GPhm and a bandwidth of 5—1000 Hz. To remove
unwanted interference, a notch ﬁlter was set at 50 Hz. The
integrated EMG signal was sampled at 1000 S/s (National
Instruments, NI-USB6210). Raw EMG data were band-pass ﬁltered (28—500 Hz, 4th order Butterworth, Blumenthal et al.,
2005), and peak amplitudes of the blink reﬂex were identiﬁed within a 0—175 ms latency window following probe
onset using custom-made software (VSRRP98 v9.0b, 1998,
University of Amsterdam). Data from one participant were
lost due to equipment failure, leaving 40 participants in
the ﬁnal sample. Fear-potentiated startle responses that
exceeded three standard deviations above or below individual average peak amplitude were regarded as outliers
(seven trials in total; 0.6%). Those values were replaced by
the mean-plus-three standard deviations calculated over all
trials from that individual, excluding the previously deﬁned
outlier trial(s). The data were subsequently Z-transformed
to reduce between-subjects variability.
2.2.6. Image acquisition
Scanning was performed on a 3T Philips Achieva TX MRI
scanner using a 32-channel head-coil. Functional data were
acquired using a gradient-echo, echo-planar pulse sequence
(TR = 2000 ms; TE = 27.63 ms; FA = 76.1◦ ; 37 axial slices with
ascending acquisition; 3 mm × 3 mm × 3.3 mm voxel size;
80 × 80 matrix; 240 × 133.98 × 240 FoV) covering the whole
brain. Session 1 consisted of 636 volumes and Session 2 of
740 volumes. Foam pads minimized head motion. Online
motion correction was applied by comparing each recorded
volume to the initially recorded volume and adjusting the
plane of recording with the displacement. A high-resolution
3D T1-weighted image (TR = 8.11 ms, TE = 3.73 ms, FA = 8◦ ;
1 mm × 1 mm × 1 mm voxel size; 240 × 220 × 188 FoV) was
additionally collected for anatomical visualization. Stimuli
were backward-projected onto a screen that was viewed
through a mirror attached to the head-coil.
2.2.7. Pre-processing
FEAT (FMRI Expert Analysis Tool) version 6.0, part of
FSL (Oxford Centre for Functional MRI of the Brain
[FMRIB] Software Library [www.fmrib.ox.ac.uk/fsl]) was
used to analyze the (f)MRI data. We applied the same
pre-processing and registration as in our previous study
(Visser et al., 2013) in order to optimize comparability
of the results. Pre-processing included slice-time correction, motion correction, spatial smoothing using a 5 mm
full-width-at-half-maximum Gaussian kernel, high-pass ﬁltering in the temporal domain ( = 100 s) and pre-whitening
(Woolrich et al., 2001). Structural images were co-registered
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to the functional images and transformed to MNI standard
space (Montreal Neurological Institute) using FLIRT (FMRIB’s
Linear Image Registration Tool, FSL). The resulting normalization parameters were applied to the functional images.
2.2.8. Region of interest selection
Regions of interest (ROI) were selected based on their role
in fear learning and (extinction) memory and included the
anterior cingulate cortex (ACC, 9213 voxels), the insula
(6591 voxels), amygdala (2967 voxels), hippocampus (5837
voxels) and ventromedial prefrontal cortex (vmPFC, 4160
voxels). We additionally included the superior frontal gyrus
(SFG, 18946 voxels), a region outside the salience network,
for its large fear acquisition effect as revealed by previous
similarity analysis, in the absence of differences in average
activation (Visser et al., 2011, 2013). ROIs were obtained
from the Harvard-Oxford cortical and subcortical structural
atlases (Harvard Center for Morphometric Analysis).

2.3. Experimental procedure
Upon arrival participants were screened (T0) and saliva
samples were collected. Approximately 20 min later, the
intensity of the electric stimulus was determined by adapting the level individually to be aversive but not painful
(intensity range 8—60 mA, mean 26.5 ± 13.3 S.D.). Participants were told that two out of four stimuli might be
followed by the electric stimulation, whereas the other two
would never be followed by the electric stimulation. They
were instructed to learn and remember the speciﬁc contingencies. Prior to structural scanning, when participants were
already lying inside the scanner, a second saliva sample was
collected (T2). After scanning, participants ﬁlled out questionnaires (T3) and another saliva sample was collected.
During the second session, 2 days later, the shock intensity was explicitly set at the individual level as determined
in the previous session, but none of the CS stimuli were
reinforced. Near the end of this session, one unpredictable
shock was delivered to reinstate the memory of the CS-UCS
contingencies. This session ﬁnished with the presentation of
the CS-stimuli in different colors, to test for generalization
of fear. Prior to this second session (T4) participants were
instructed to remember what they had learned during acquisition, to prevent participants from erroneously expecting a
different contingency scheme. After scanning, participants
ﬁlled out questionnaires (T5).
During the third session, 2—4 weeks later, participants returned for a test of fear retention in a different
context (i.e., a physiological lab, T6), conducted by a
different experimenter. Each of the CS-stimuli was presented six times, of which the ﬁrst three times were
unreinforced (renewal test) and the last three times were
reinforced (reacquisition of fear), while fear-potentiated
startle responses were measured. Participants were told
that they would be seeing the same stimuli and were
reminded that the same two stimuli would never be followed
by the shocks. After the experiment, participants ﬁlled out
questionnaires (T7).
Stimulus presentation was similar to previous designs
(Visser et al., 2011, 2013), i.e., inter-stimulus intervals were
ﬁxed (19.5 s, Fig. 2a) and each trial onset was triggered

Markers for fear memory

13
by the start of the acquisition of a BOLD-MRI volume. The
order of stimulus presentation was ﬁxed (counterbalanced
across participants) and consisted of a repeating sequence
of four target trials, with ﬁller trials of the same stimuli in
between (Fig. 2b). In total, the acquisition-phase consisted
of 52 trials: 28 target trials (seven per stimulus type) and
24 ﬁller trials (six per stimulus type), including all CS+-trials
that co-terminated with a shock. The extinction-phase also
consisted of 52 trials: 28 target trials (seven per stimulus
type) and 24 ﬁller trials (six per stimulus type), followed by
four trials to test for reinstatement of fear (one per stimulus) and four trials to test for generalization of fear (one
per stimulus). For each run, we constrained our analyses
to target trials, to be certain that (a) shock-related activity
did not confound CS-related activity (during the acquisitionphase) and (b) that the time between two consecutive target
trials was equal over the four CS types (for both acquisitionand extinction-phase), while ﬁller trials ensured that the
stimulus presentation remained unpredictable for the participant (Visser et al., 2011, 2013). The distinction of target
and ﬁller trials was irrelevant for the third session, where
no fMRI (hence no similarity analysis) was conducted, meaning that all 24 trials (six per stimulus type) from this session
were analyzed. Similarly, the relatively high temporal resolution of the pupil dilation response allowed for the analysis
of reinforced trials, so pupil data from the ﬁrst two sessions
include both ﬁller and target trials.

2.4. Trial-by-trial similarity

Figure 2 (a) Stimulus presentation with ﬁxed inter-trial intervals and partial reinforcement. (b) The paradigm consisted of
repeating sequences of target trials, presenting the four stimuli
in a ﬁxed order such that the time between two consecutive
target trials was equal over the four conditions. In between,
the semi-random presentation of ﬁller trials ensured the unpredictability of stimuli. Administration of a UCS was restricted to
ﬁller trials. The ﬁrst paired CS+ trials were presented between
the second and third sequence of target trials. (c) In order
to assess neural pattern similarity, correlations were calculated between patterns evoked by consecutive trials of the
same stimulus (within-stimulus), trials of stimuli that share
(non)reinforcement and trials of stimuli that were originally
associated. Pupil dilation responses, startle responses, average activation, within-stimulus correlations and correlations
for original associations were averaged over face- and house
stimuli. This was done to reduce the number of comparisons
and because we were not interested in the difference between
faces and houses with regard to the experimental manipulation.
Images are not to scale.

For the trial-by-trial representational similarity analysis
each trial was modeled as a separate regressor in a voxelwise
whole-brain analysis using a general linear model (GLM),
including six motion parameters as regressors of no interest. The resulting parameter estimates were transformed
into t-values to down-weight noisy voxels. To this end, each
voxel’s parameter estimate was divided by the standard
error of that voxel’s residual error term after ﬁtting the
ﬁrst-level GLM. The resulting t-values were converted to Zvalues. In Matlab (version 8.0; MathWorks) we created for
each participant, for each ROI a vector containing Z-values
per voxel, for a particular trial (i.e., the ‘spatial representation’ of that trial). Next we calculated pair-wise Pearson
correlations (i.e., ‘representational similarity’) between all
vectors of all single trials, disregarding ﬁller trials, resulting
in a similarity matrix containing correlations among trials,
for each participant, for each ROI. From this matrix, three
different types of correlations were selected (Fig. 2c). The
strength of these correlations was used as a metric of similarity. First, we examined within-stimulus correlations on
consecutive target trials. Second, we examined betweenstimulus correlations, both between adjacent target trials
of original-related stimuli (original associations: faces and
houses) and correlations between adjacent target trials that
shared (non)reinforcement (learned associations: CS+ face
with CS+ house and CS− face with CS− house). Of the
between-stimulus correlations, the ‘learned associations’
are characterized by a focus on a common outcome and
putatively reﬂect a type of higher-order fear learning (Visser
et al., 2011, 2013). Note that the number of betweenstimulus correlations is equal to the number of target trials,
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whereas the number of within-stimulus correlations is equal
to the number of target trials minus one. Correlations were
Z-transformed for each experimental session separately.

2.5. Univariate analysis
To visualize trial-by-trial changes in average activation, we
analyzed data as described in Section 2.4, except that when
we analyzed the normalized single-trial parameter estimates, we averaged across voxels in an ROI. Thus, instead
of preserving the spatial information by creating a vector
of voxels per ROI, we obtained one value per ROI (average
response amplitude), which we then Z-transformed across
trials for each experimental session separately, to reduce
between-subject variability.
To explore fear-related activation outside the selected
regions of interest, we ran a standard voxelwise whole-brain
analysis, modeling all target trials within a condition as one
regressor and including ﬁller trials, motion parameters and
temporal derivatives as regressors of no interest. Higherlevel mixed effects analyses were conducted to explore
group differences (Supplementary material).

2.6. Statistical analyses
Z-transformed pupil dilation responses, startle responses,
average activation, within-stimulus correlations and correlations for original associations were averaged over faceand house stimuli. This was done to reduce the number of
comparisons and because we were not interested in the
difference between faces and houses with regard to the
experimental manipulation.
Statistical comparisons of the learned associations were
performed by within-subjects Analysis of Variance (ANOVA),
using Statistical Package for the Social Sciences (SPSS, version 21; SPSS Inc.). Statistical tests are equivalent for
behavioral and neural measures, the only difference being
the number of trials that is included in the analysis (e.g., for
the learning phase this is 13 for pupil dilation, 6 for withinstimulus similarity, 7 for between stimulus similarity and
average activation, as described in Sections 2.2.4, 2.2.5, 2.4
and 2.5) and stimulus type (2 levels [CS+ and CS−, averaged
over faces and houses] for within-stimulus similarity, average activation, pupil dilation and EMG data, and three levels
[CS+, CS− and original associations, the latter averaged over
faces and houses] for between-stimulus similarity).
Differential fear learning was assessed by the interaction of all acquisition trials × stimulus type, but was only
tested when there was also a signiﬁcant main effect of stimulus type. Retention of fear memory was assessed by a main
effect of stimulus type during the ﬁrst three trials from the
extinction-phase (Visser et al., 2013), henceforth referred
to as ‘retention trials’, and if signiﬁcant, extinction was
assessed by a signiﬁcant interaction between all extinction
trials and stimulus type. Reinstatement of fear was assessed
by an interaction of stimulus type and trial (last extinction trials and reinstatement trial), and was only assessed if
there was signiﬁcant retention and extinction of fear. Furthermore, to measure the extent to which fear generalized
to similar stimuli we compared responses on the generalization trial. Note that for the assessment of within-stimulus
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pattern similarity at least two trials for each stimulus are
needed (Fig. 2c). Given that there was only one trial to
test for reinstatement and one trial to test for generalization of fear, assessment of within-stimulus pattern similarity
was not possible at these retention tests. Also, renewal of
fear could not be assessed directly, as the measures differed between the second and third experimental session.
Hence, for the third phase, retention of fear was assessed
by a main effect of stimulus type during the three renewal
trials, and reacquisition of fear was assessed by comparing
the last two trials of the reacquisition phase (when differential fear should be re-acquired) with the last renewal trial
(when differential fear should be re-extinguished).
To explore individual differences in fear learning and
memory we ﬁrst calculated difference scores for each individual trial in each of the three phases: CS+ minus CS−
for within-stimulus correlations, single-trial activation data,
EMG data and pupil data; 2(CS+) minus CS-minus original association for between-stimulus correlations. For the
‘conditioning’-index we subtracted the average difference
over the ﬁrst trials (when participants did not know the contingencies; Fig. 2b) from the average difference over the
later trials (when contingencies could have been learned),
yielding an index that expressed the relative increase
of the CS+ responses over the course of learning. Similarly ‘retention’-indices were calculated as the average
difference between CS+ and CS− on the three retention
trials (Session 2) and the ﬁrst three trials of the renewal
phase (Session 3). The different indices were used for the
continuous assessment (i.e., correlation analysis) of the predictive value of the different measures. For example, to
test whether pattern similarity during learning predicts the
behavioral expression of fear 2 days later, the conditioningindex calculated for pattern similarity was correlated with
the retention-index calculated for pupil dilation.
Predictions were tested while correcting for multiple
comparisons (6 ROIs) by limiting the false discovery rate
(FDR; Benjamini and Hochberg, 1995). Prior to each test,
normality was assessed by visually inspecting the data and
a Kolmogorov—Smirnov test. In case that the assumption
of sphericity was violated a Greenhouse—Geisser correction
was applied. All p-values are reported two-sided, with the
signiﬁcance level set at ˛ = 0.05.

3. Results
3.1. Subjective assessments
All participants were aware of the contingencies immediately after fear conditioning and all remembered the
contingencies 48 h later. At follow-up (>2 wk), 36 out of
41 participants still remembered the contingencies. Table 1
presents an overview of self-reported trait and state anxiety.

3.2. Pupil dilation responses
As an independent index for the expression of conditioned
fear (Reinhard et al., 2006; Visser et al., 2013), differential pupil dilation responses were compared over trials for
the ﬁrst two phases (n = 39, Fig. 3a). Consistent with previous work, successful fear conditioning was evident from a
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Figure 3 (a) Pupil dilation responses for the learning phase, the extinction phase, the reinstatement test (R.) and the generalization trial (G.) show strong acquisition, retention and reinstatement of fear, but weak generalization of fear. (b) Fear-potentiated
startle responses for the renewal and the reacquisition phase 2—4 weeks later demonstrate retention of fear. (c) Between-stimulus
pattern similarity shows strong acquisition, retention and reinstatement of fear, but weak generalization of fear. Error bars represent S.E.M. (d) Differential pattern similarity during fear conditioning predicted the later expression of fear. Similarly, a rise in
salivary alpha-amylase (sAA) levels prior to fear conditioning predicted both (e) the retention of fear and (f) generalization of fear
as indexed by differential pupil dilation. (g) Finally, a relation was observed between differential pattern similarity and percentage
change in sAA from T0 to T2, suggesting that changes in neural response patterns at the time of learning reﬂect the noradrenergic
enhancement of fear memory consolidation. ACC, anterior cingulate cortex.

trial-by-trial change in pupil dilation in response to the CS+,
relative to the CS− (F12, 456 = 13.98, p < 0.0005, 2P = 0.27).
Follow-up tests revealed strong main effects of stimulus
type (F1, 38 = 117.86, p < 0.0005, 2P = 0.76) indicating that
pupil size increased when a CS+ was presented. Retention of
fear was evident from a main effect of stimulus type on the
three retention trials (F1, 38 = 206.03, p < 0.0005, 2P = 0.84).
Extinction of fear was evident from a signiﬁcant interaction of all extinction trials x stimulus type (F 12, 456 = 16.03,
p < 0.0005, 2P = 0.30). Finally there was reinstatement of

fear (F1, 38 = 6.95, p = 0.012, 2P = 0.16), and generalization
of fear (F1, 38 = 6.49, p = 0.015, 2P = 0.15).

3.3. Fear-potentiated startle responses
As a second index for the retention of conditioned fear
differential startle responses were assessed during Session
3 (weeks 3—5) through a test of renewal and reacquisition of fear (n = 40, Fig. 3b). Retention of fear was evident
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ranging from 0.12 to 0.32). Retention of fear was evident
in all ROIs (p’s < 0.0005, 2P ranging from 0.34 to 0.68) and
an interaction of stimulus type and extinction trials was
observed in all areas (p’s ≤ 0.044, 2P ranging from 0.04
to 0.24), except for between-stimulus similarity in the
vmPFC (p = 0.100). Reinstatement of fear (only tested for
between-stimulus pattern similarity, see Section 2.6) was
observed in amygdala and insula (p = 0.04 and p = 0.013,
respectively), but did not survive correction for the number
of ROIs tested. In contrast with the pupil data, no area
showed a signiﬁcant difference between CS+ and CS− on
the generalization trial (p’s > 0.258). For an overview of the
statistics per ROI see Supplementary Tables 1—3.

3.5. Univariate analyses

Figure 4 (a) Within-stimulus pattern similarity and (b) average activation showing clear acquisition and extinction of fear
in the anterior cingulate cortex (ACC), although effect sizes
are substantially smaller for average activation than for pattern similarity. Note that for the assessment of within-stimulus
pattern similarity at least two trials for each stimulus are
needed (Fig. 2c). Given that there was only one trial to test
for reinstatement (R.) and one trial to test for generalization
(G.) of fear, assessment of within-stimulus pattern similarity
was not possible at these retention tests. We did not ﬁnd a
relation between within-stimulus pattern similarity or average
activation and indices of noradrenergic activation (i.e., salivary
alpha-amylase). Error bars represent S.E.M.

from a main effect of stimulus type on the renewal trials
(F1, 39 = 22.22, p < 0.0005, 2P = 0.36). Fear seemed to persist in the reacquisition phase, as evidenced by strong main
effects of stimulus type (F1, 39 = 49.39, p < 0.0005, 2P = 0.56).

3.4. Neural pattern similarity
As a neural marker for the formation and retention of fear
associations, changes in similarity between patterns of
BOLD MRI were examined over trials (n = 41). Consistent with
previous work (Visser et al., 2011, 2013), the application
of trial-by-trial similarity analysis revealed clear learning
curves that indexed the formation of fear (for example the
ACC, Figs. 3c and 4a and Supplementary Figs. 2 and 3), as
evidenced by greater pattern similarity within and between
CS+ stimuli compared to CS− stimuli in all ROIs (main effect
of stimulus type: p’s < 0.0005, 2P ranging from 0.24 to
0.75). The interaction of stimulus type and learning trials
reached signiﬁcance in ACC, insula and SFG (p’s < 0.0005, 2P

Single-trial univariate analysis (n = 41, Fig. 4b) and univariate whole-brain analysis (Supplementary Tables 4 and
5) showed a typical activation in areas in the ‘saliencenetwork’ in response to the CS+ compared to the CS−.
During fear acquisition, higher activation was observed in
response to CS+ compared to CS− stimuli in ACC (Fig. 4b)
and insula (p’s < 0.0005, 2P = 0.37 and 0.41, respectively), as
well as an interaction of stimulus type and trials (p’s ≤ 0.042,
2P = 0.05 and 0.08, respectively). During Session 2, retention of fear was observed in ACC, amygdala and insula
(p’s ≤ 0.004, 2P ranging from 0.19 to 0.58) as well as an interaction of stimulus type and extinction trials (p’s < 0.014, 2P
ranging from 0.06 to 0.14). For an overview of the statistics per ROI see Supplementary Tables 1—3. The ﬁnding that
effect sizes were substantially smaller for average activation
than for pattern similarity is consistent with previous results
(Visser et al., 2011, 2013). This again shows the high sensitivity of pattern analysis compared to analysis of average
activation for quantifying the changes in fear associations
over time.

3.6. Markers for future fear memory
Consistent with previous ﬁndings (Visser et al., 2013),
the behavioral expression of fear memory (i.e., differential pupil dilation during Session 2) was predicted from
between-stimulus pattern similarity during learning, in
ACC (n = 39, Fig. 3d; r = 0.375; p = 0.019), insula (r = 0.299;
p = 0.064) and vmPFC (r = 0.330; p = 0.040). However, the
effects were smaller in the current experiment and did
not survive correction for the number of tested ROIs (for
an overview of the statistics per ROI see Supplementary
Tables 6 and 7). While in our previous study (Visser et al.,
2013) pupil dilation during learning was unrelated to pupil
dilation at test, we observed a trend signiﬁcant relation
between the two in the current study (r = 0.278; p = 0.086).
These discrepancies are likely due to the differences
in interval between learning and testing (2 days in the
current study versus 2—6 weeks in Visser et al., 2013). In
line with this, only 3 out of the 39 participants showed a
stronger pupil response to a CS− compared to a CS+ at the
retention trials, whereas 16 out of 38 participants showed
this reverse responding in our previous study (Visser et al.,
2013). This suggests that the short interval between learning and testing resulted in a ceiling effect. Notably, pattern
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similarity was not related to differential startle responses
(all p > 0.091), indicating that neural pattern similarity is
not predictive of all types of fear memory and illustrating
once more that response systems tend to dissociate (e.g.,
Bradley et al., 2008; Mauss and Robinson, 2009; Soeter and
Kindt, 2010; Shackman et al., 2013; Weike et al., 2007).

3.7. Relation between noradrenergic activation
and fear memory
We conducted exploratory analyses to investigate the relation between noradrenergic activity and associative fear
learning and memory. A strong increase was observed from
T0 to T2 and from T0 to T3 (Table 1), indicating that
the scanner and/or the conditioning procedure itself might
have provoked psychological stress (Bosch et al., 1996;
Chatterton et al., 1996; Van Stegeren et al., 2006, but
see Bosch et al., 2011 for a comprehensive review on
the interpretation of sAA values). It is conceivable that
scanner-induced stress increased noradrenergic activity and
obscured any additional effects of the yohimbine manipulation on sAA levels, brain activation and behavioral measures
of fear (Supplementary material).
The question that remained was whether this increase
in noradrenergic activity, either manipulated or induced
by the scanning procedure, had a role in the formation of
fear associations. To answer this question, we correlated
percentages change in sAA with conditioning- and retentionindices calculated for pupil dilation responses (n = 31). This
revealed a positive correlation between percentage increase
in sAA levels from T0 to T2 and retention (Fig. 3e; r = 0.519,
p = 0.003), and generalization of fear (Fig. 3f; r = 0.612;
p < 0.0005). Interestingly, this increase in sAA was unrelated to the conditioning-index (p = 0.108), indicating that
an increase in noradrenergic activation was not behaviorally
expressed (i.e., pupil dilation) at the time of learning. On
the other hand, percentage increase in sAA levels from T0
to T2 correlated with neural conditioning-indices calculated
for between-stimulus pattern similarity in ACC (Fig. 3g) and
insula (n = 33; r = 0.442, p = 0.010 and r = 0.387, p = 0.026,
respectively, uncorrected for the number of tested ROIs),
but not with within-stimulus pattern similarity (p’s > 0.087)
or average activation (p’s > 0.190).
To further examine the association between noradrenergic activation and between-stimulus pattern similarity in
relation to memory strength, we performed a standard multiple regression with pupil dilation as the dependent variable
(retention and generalization of fear in two separate models), and pattern similarity and percentage change in sAA
from T0 to T2 as independent variables (Table 2). When both
independent variables are included in the model, only sAA
levels contribute signiﬁcantly to the regression. This suggests that the noradrenergic modulation of fear memory
may indeed be (partially) reﬂected in changes in pattern
similarity at the time of encoding.
Finally, we explored the relation between noradrenergic activation after encoding and later fear memory. As
the assumption of normality was violated for percentages
increase in sAA levels from T0 to T3, we performed a Spearman correlation, revealing a relation with generalization
( = 0.39; p = 0.028), but not with retention ( = 0.131) of
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fear, suggesting that rises in noradrenaline after learning
only had a moderate effect on the strength of memory.
Where T3 marked the end of the ﬁrst session, T2 marked
the start of the scanning procedure and sAA levels at that
time point presumably reﬂect anticipatory arousal. It seems
that this anticipatory arousal may have affected the strength
of the fear memory traces, while simultaneously concealing
the effects of the pharmacological manipulation.

4. Discussion
The aim of the current study was to investigate whether
changes in neural response patterns at the time of learning are a marker for memory formation and whether these
changes are related to noradrenergic activation. Replicating
our recent ﬁndings (Visser et al., 2013), between-stimulus
pattern similarity in ACC, insula and vmPFC predicted the
behavioral expression of fear (pupil dilation) 2 days later.
Furthermore, despite our failed attempt to experimentally
manipulate noradrenergic activation, results showed that
a rise in sAA levels prior to scanning predicted the later
expression of fear, which is in line with the putative role
of noradrenaline in memory consolidation. Whereas a rise in
sAA was not expressed in pupil dilation, within-stimulus pattern similarity or average activation at the time of encoding,
it seemed that the noradrenergic modulation of later memory expression was already reﬂected in between-stimulus
pattern similarity at that time. These results tentatively
suggest that changes in neural response patterns during
learning, speciﬁcally those that reﬂect higher-order fear
learning (between-stimulus pattern similarity), uniquely
mark the subsequent changes in synaptic structure that
underlie (enhanced) consolidation.
These data again underscore the superior sensitivity of
multi-voxel pattern analysis (MVPA) compared to analysis of
average activation (Haxby et al., 2001; Haynes and Rees,
2005), and illustrate its heuristic value for the study of
memory (Rissman and Wagner, 2012, for a review) and fear
learning in particular (Bach et al., 2011; Dunsmoor et al.,
2013; Li et al., 2008; Visser et al., 2011, 2013). Furthermore, the superior sensitivity of MVPA allows us to monitor
the development of fear associations on a trial-by-trial basis.
Whereas single-trial analysis is standard for behavioral data
in the majority of animal and human fear-conditioning studies, it is still very uncommon in neuroimaging research due
to the low signal-to-noise ratio of the BOLD-signal. Having a
neural measure that is sensitive enough for single-trial analysis brings us one step closer to bridging the gap between
behavioral and neuroimaging studies on associative fear
learning and memory. In general, these ﬁndings emphasize
the utility of neuroimaging research in the search for markers for memory.
A limitation of the current study is that we cannot make
any causal inferences with regard to the relation between
memory strength, changes in response patterns and noradrenergic activation, as our pharmacological manipulation
failed (see Supplementary material). Although the dosage
of yohimbine HCl was the same as used in lab experiments
(Soeter and Kindt, 2011, 2012) and scanner experiments
(van Stegeren et al., 2010) only systolic blood pressure
and not diastolic blood pressure increased over time in the
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Table 2 Standard multiple regression (n = 31) of between-stimulus pattern similarity and percentage change in salivary ␣amylase (sAA) on retention and generalization of fear (pupil dilation).

Between-stimulus similarity ACC
Change in sAA from T0 at T2 (%)

Between-stimulus similarity ACC
Change in sAA from T0 at T2 (%)

Bivariate
correlation with
retention pupil

p

ˇ

0.448a
0.519

0.011
0.003

0.267
0.055
0.397
0.125
Full model: F2 ,28 = 6.75,
p = 0.004, R2 = 0.33

0.137
0.031

Bivariate
correlation with
generalization
pupil

p

ˇ

p

0.425a
0.612

0.017
<0.0005

sr2 (semipartial
correlation,
unique)

sr2 (semipartial
correlation,
unique)

0.183
0.027
0.528
0.221
Full model: F2 ,28 = 9.39,
p = 0.001, R2 = 0.40

p

0.136
0.003

Two separate regression models are presented, with retention of fear (pupil dilation; top) and generalization of fear (pupil dilation;
bottom) as the dependent variables. In both models the independent variables are between-stimulus pattern similarity and percentage
change in salivary ␣-amylase (sAA).
a These correlation coefﬁcients deviate from the values reported in the main text and Fig. 3d and g, due to the list-wise inclusion of
participants that have data for all three variables (i.e., n = 31). Bivariate correlations between both independent variables (r = 0.457,
p = 0.010) and between each independent variable and the dependent variable remain signiﬁcant. ACC, anterior cingulate cortex.

yohimbine group. And even though there was an increase
in sAA over time in the yohimbine group, this increase
was equally strong in the placebo group, which clearly
deviates from what has been observed before (Soeter and
Kindt, 2011, 2012). The question is why the placebo group
showed this steep increase in sAA levels. It may be that the
MRI-scanning procedure in itself already evoked a stress
response, as supported by previous studies that found
rises in sAA and/or cortisol (e.g., Eatough et al., 2009;
Muelhan et al., 2011; Peters et al., 2011). Speciﬁcally, other
studies on emotional memory have observed moderate (van
Stegeren et al., 2010) to strong (van Stegeren et al., 2006)
rises in sAA levels in the placebo group prior to scanning,
accompanied by a lack of an effect of yohimbine alone (i.e.,
without cortisol administration) on declarative memory
performance (van Stegeren et al., 2010), which the authors
attributed to scanner-related sympathetic arousal. Compared to solely being exposed to emotional pictures, the
anticipation of a fear-conditioning procedure may be even
more arousing for naïve participants. Very few studies have
combined fear conditioning (using electrical stimulation),
MRI scanning and a pharmacological manipulation. This
combination may have created a stressful environment,
thereby boosting noradrenaline levels and concealing any
additional effects of the pharmacological agent.
A putative ceiling effect in noradrenergic activation
could also explain the lack of group effects on the dependent
variables of interest. Both pupil dilation and neural pattern
similarity showed strong differential fear responses during
each experimental phase. In previous reports, extinction of
fear was completed after two trials in the placebo condition (Soeter and Kindt, 2011, 2012), versus 6 (Soeter and
Kindt, 2012) or 11 (Soeter and Kindt, 2011) in the yohimbine

condition. In comparison, extinction in the current study
required eight trials in the placebo condition versus 10 trials in the yohimbine condition. These observations suggest
that it is not the absence of a strong fear memory in the
yohimbine condition, but rather a stronger-than-expected
fear memory in the placebo condition that accounts for the
negative results. Future studies should consider implementing a training phase inside a (mock) scanner prior to the
actual experiment to reduce scanner related fear responding (Chapman et al., 2010; Lueken et al., 2012).
Another issue that may be marked as a potential weakness of the study is that the pupil dilation response is
not a speciﬁc index of fear, as pupils have been found to
dilate in response to positively arousing pictures as well
(Bradley et al., 2008). We acknowledge that most physiological measures used in fear-conditioning paradigms (e.g., skin
conductance, acoustic startle reﬂex, heart rate) measure
certain aspects of the defensive response system, and may
not necessarily relate to conscious feelings or other (behavioral) aspects of fear (e.g., Beckers et al., 2013; LeDoux,
2014; Mauss and Robinson, 2009). As it is unlikely that our
experiment induced positive emotions, we do believe that
in this particular setting pupil dilation responses reﬂected a
type of negative autonomic arousal that is at least related
to fear, regardless of whether these responses indexed the
actual subjective experience of fear, increased orienting
to threatening stimuli, or perhaps even action preparation
(e.g., Reinhard and Lachnit, 2002). In any case, it seems that
pupil dilation does not merely reﬂect contingency learning,
as no pupil dilation was observed for a control stimulus (CS
that co-terminated with a neutral sound) in our previous
study (Visser et al., 2013). This is not to say that neural
pattern similarity is an exclusive marker for the formation
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of fear memory. Future research should establish whether
neural pattern similarity is predictive of all types of arousing
memories.
To recap, although our pharmacological manipulation
failed, we obtained indirect evidence for the noradrenergic enhancement of fear memory at the time of encoding.
These results may have important clinical implications.
Based on the assumption that the transition from normal
fear to pathological fear occurs in the aftermath of the
actual learning experience, many contemporary interventions are aimed at secondarily preventing the development
of disorders such as post-traumatic stress disorder (PTSD),
for example by pharmacologically disrupting post-trauma
consolidation processes (Steckler and Risbrough, 2012, for
a review). These interventions are, however, not always
effective (Cohen et al., 2011; Hoge et al., 2012; Stein
et al., 2007) and require that people have access to treatment within a few hours after the trauma. The present
ﬁndings suggest that the strengthening of a fear memory
is already initiated at the time of encoding and support
the view that time-dependent stages of memory formation are based on independent processes acting in parallel
(McGaugh, 2000). Moreover, these parallel processes seem
independently inﬂuenced by phasic increases in noradrenergic activity (McGaugh and Roozendaal, 2002; Sara, 2009).
This raises the question whether post-trauma interventions
may in fact be too late to interfere with the cascade of
events that may eventually lead to psychopathology. Further
research is needed to establish whether primary interventions (e.g., keeping noradrenaline levels as low as possible
when the risk of experiencing aversive events is high) are a
promising alternative in the prevention of PTSD.
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