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Abstract
The ability to react rapidly and efficiently to adverse stimuli is crucial for survival. Neuroscience
and behavioral studies have converged to show that visual information associated with aversive
content is processed quickly and accurately and is associated with rapid amplification of the neural
responses. In particular, unpleasant visual information has repeatedly been shown to evoke increased
cortical activity during early visual processing between 60 and 120 milliseconds following the onset
of a stimulus. However, the nature of these early responses is not well understood. Using neutral
versus unpleasant colored pictures, the current report examines the time course of short-term changes
in the human visual cortex when a subject is repeatedly exposed to simple grating stimuli in a classical
conditioning paradigm. We analyzed changes in amplitude and synchrony of large-scale oscillatory
activity across two days of testing, which included baseline measurements, 2 conditioning sessions,
and a final extinction session. We found a gradual increase in amplitude and synchrony of very early
cortical oscillations in the 20–35 Hz range across conditioning sessions, specifically for conditioned
stimuli predicting aversive visual events. This increase for conditioned stimuli affected stimulus-
locked cortical oscillations at a latency of around 60–90 ms and disappeared during extinction. Our
findings suggest that reorganization of neural connectivity on the level of the visual cortex acts to
optimize early perception of specific features indicative of emotional relevance.
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Introduction
The rapid allocation of perceptual resources to unpleasant stimuli has been a robust finding in
experimental psychology as well as the cognitive neurosciences (Vuilleumier, 2005). Recently,
electrophysiological studies in humans have converged to suggest that amplitude enhancement
of visual evoked potentials in response to unpleasant stimuli can be observed on a low level in
the visual cortex with differential responses being seen as early as 60–100 ms after stimulus
onset (Pourtois et al., 2004; Stolarova et al., 2006). In addition, intracranial recordings from
humans have indicated that unpleasant information differentially activates the amygdala (Oya
et al., 2002) and the prefrontal cortex (Kawasaki et al., 2001) at intervals between 100 and 200
milliseconds post-stimulus, lending support to notions of early discrimination of aversive
stimuli. Given the relatively slow speed of classical pathways described for fine-grained visual
analysis (Riesenhuber and Poggio, 1999), the question arises as to the neural mechanisms
mediating such rapid discrimination. In particular, extensive analysis of stimulus features in
the ventral visual stream is time-consuming, and thus at variance with the rapid detection and
identification of aversive stimuli. Several studies have discussed the potential role of deep
structures, particularly the amygdaloid complex, in the rapid detection of threat (Morris et al.,
1999). Support for this notion has come from studies showing that amygdala-lesioned patients
do not benefit from unpleasant stimulus content in rapid identification paradigms (Anderson
and Phelps, 2001). Furthermore, cortically blind patients show sensitivity to visual cues
predicting aversive electric shock (Hamm et al., 2003), which has been attributed to non-
lemniscal pathways as shown in the animal model (Shi and Davis, 2001).

Alternative explanations may draw from recent discussions of short-term adaptation of visual
cortical networks to environmental contingencies (Tolias et al., 2005). Such mechanisms may
act to enhance emotional perception in a similar manner as hypothesized in the case of attention
or perceptual learning, employing changes in network connectivity, synaptic weights, or
neuronal gains, among others (e.g., Schwabe and Obermayer, 2005). In recent animal studies,
context and experience have been shown to affect initial responses on the level of the primary
visual cortex of the monkey (Li et al., 2004), which parallels findings in the auditory
(Weinberger, 2004) and somatosensory (Blake et al., 2005) system in human and non-human
subjects. Importantly, changing the predictive value of a simple visual stimulus for food
outcome in rats affected the way V1 neurons responded to that stimulus (Shuler and Bear,
2006). While the processes mediating such adaptation in visual cortex are largely unknown,
there is increasing evidence that changes in neural connectivity at microscopic (Fox and Wong,
2005) and macroscopic levels (Büchel et al., 1999) play an important role. The present study
examines the time course of changes in oscillatory activity and phase synchrony on the
macroscopic level of human visual cortex in a classical delayed conditioning procedure. By
investigating modulation of early visual oscillatory responses within a controlled learning
paradigm, we aimed to examine experience-dependent adaptation in the human visual cortex
on a macroscopic level. As opposed to a previous study with the same experimental design
(Stolarova et al., 2006), we focused on changes of very early electrocortical processes across
learning blocks. We expected that the cortical representation of simple features predicting
aversive consequences would be strengthened as a function of exposure to contingencies and
that this process would be accompanied by increased amplitude and phase synchrony on the
level of visual cortex. To examine this hypothesis, participants were presented with a
differential delayed classical conditioning paradigm within the visual modality, pairing neutral
visual stimuli (black and white gratings) with pictures from the International Affective Picture
System (Bradley et al., 2005).

Keil et al. Page 2

Neuroimage. Author manuscript; available in PMC 2007 October 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials and Methods
Participants

Twenty-one right-handed volunteers consented to participate in this experiment and received
either course credit or a financial incentive of 20 €. One subject withdrew from the study. Four
data sets were excluded from further processing due to insufficient numbers of trials (< 50
trials) in one or more experimental conditions, because this would render time-frequency
analyses unreliable. The data from 16 participants with normal or corrected-to-normal vision
(9 male, age range 21–29 years, mean age 25.4) were included in the final analysis. A subset
of the present sample (n = 11 participants) was contained in a previous study (Stolarova et al.,
2006), which used the same paradigm, but focused on Event-Related Potentials as a dependent
variable (see Introduction).

Stimuli
120 pictures were selected from the International Affective Picture System (IAPS) based on
their valence and arousal ratings. The 60 unpleasant pictures showed mutilated persons, attack
scenes and disgusting objects (mean valence: 2.2, SD = 0.6; mean arousal: 6.1, SD = 0.8), the
60 neutral photographs depicted landscapes, people, objects and abstract patterns (mean
valence: 5.9, SD = 0.7; mean arousal: 3.8, SD = 0.9). These two categories were designed to
maximally differ in terms of both emotional valence and arousal, because only highly aversive
pictures (in contrast with neural and/or slightly pleasant pictures) were expected to result in
reliable conditioning. Further, 8-by-8 checkerboards of four different colors (black and bright
red, black and dark red, black and bright green, and black and dark green) were designed such
that they matched the affective pictures in size. The affective pictures and the checkerboard
patterns were presented centrally on a 19 inch computer monitor with a refresh rate of 70 Hz
and subtended a visual angle of 7.2° horizontally.

Two small black and white squares (visual angle horizontally: 2.2°) differing only in grating
orientation (45° or 135°) were used as CS+ and CS−. They had a spatial frequency of 2.3
candela per degree, and the contrast was 100%. The gratings were flashed in the upper left or
right visual field (eccentricity: 3.58°).

Procedure
The experimental design replicated the approach used by Stolarova and colleagues (2006),
which consisted of four recording blocks: a baseline block, two consecutive conditioning
blocks and an extinction block. During the conditioning blocks the grating pattern randomly
designated as CS+ was presented together with the unpleasant and highly arousing
photographs, used here as unconditioned stimuli (UCS). The other grating pattern (CS−) was
shown along with the neutral, low arousing pictures, the presentation order was randomized.
During the baseline and the extinction blocks the affective pictures were replaced by the
checkerboard patterns described above. They were presented without any systematic
relationship between grating pattern and checkerboard color, timing and presentation
parameters of the affective pictures and the checkerboards were otherwise identical (see Figure
1 A).

A total of 480 standard trials (grating followed by a checkerboard during baseline and extinction
and by an IAPS-stimulus during conditioning) were presented in each of the four recording
blocks, resulting in 120 trials per condition: grating orientation (45° or 135°) and visual
hemifield (left or right) combination. In order to maintain attentiveness during the first and the
last recording blocks, additional 60 target trials were included, during which participants were
required to respond with a speeded button press to a checkerboard of a certain color in a go/
no-go fashion. Thus, they were asked to respond manually (key press) to a bright red (green,
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counterbalanced across participants) checkerboard, and withhold manual responses in the
remaining trials. Target stimuli appeared in 12.5 percent of trials. Subjects sat at a distance of
80 cm from the computer screen, they were asked to maintain fixation of a small white cross
in the middle of the screen present at all times throughout recording. A chin rest was used to
ensure consistency and to minimize head movements.

In both the standard and the target trials, the grating patterns (CS+ and CS−) were shown for
a total of 600 ms. 200 ms after grating onset, an affective picture or a checkerboard appeared
in the middle of the screen, the grating square remained attached to the upper left or right corner
of the centrally presented stimulus for the rest of the trial (400 ms). The inter-trial interval (ITI)
varied randomly between 400 ms and 1400 ms. The 120 affective pictures (60 unpleasant, 60
neutral) were repeated randomly 8 times across the two conditioning blocks, allowing for a
total of 240 trials per affective category and conditioning block.

To measure the effects of conditioning on hedonic valence associated with viewing the gratings,
54 startle trials per block were included in the experiment (Lang et al., 1990). 18 startle probes
were presented during randomly selected ITIs, 36 were delivered along with the conditioned
stimuli in specific startle trials with prolonged stimulus duration (see below; 18 startles during
the CS+ and 18 during the CS−) at varying times after grating onset (700, 800 or 900 ms).
During the startle trials the gratings were shown for a total of 1500 ms and were followed by
a prolonged variable ITI (650–1850 ms). To prevent learning of an association between the
acoustic startle and the longer grating presentations, 60 trials with prolonged grating
presentation (1500 ms) but without a startle probe were intermixed in each recording block.

The experiment was conducted in two sessions on two consecutive days at the same time of
the day with each participant. On day one, informed consent was obtained, subjects filled out
handedness questionnaires and their EEG and startle responses during the baseline block were
recorded. On day 2 the conditioning blocks as well as the extinction block were recorded.
Breaks were available between the different blocks, as well as in the middle of the extinction
block, approximately every 15 to 20 min. In addition, during the break between the second
conditioning block and the extinction block, subjects were asked to rate four grating patterns
on a scale from 1 (most unpleasant) to 4 (most pleasant). Two of the grating patterns were
identical with the ones used as CS+ and CS− (45° and 135° grating orientation), the other two
were novel in the context of this experiment, and they had horizontal (180°) and vertical (90°)
orientations. At the end of the extinction block participants were asked if they were aware of
seeing two different grating patterns and if they had noticed any connection between the
pictures and the gratings they saw. Finally, all participants viewed the 120 affective pictures
used in the experiment in pseudo-randomized order and rated them on the dimensions affective
valence and arousal, using a paper and pencil version of the Self-Assessment Manikin (SAM;
Lang, 1980).

Electrophysiological data collection, data reduction and analyses
The EEG was recorded using an EGI 128-channel system, the vertex (Cz) was chosen as
recording reference. The sampling rate was 250 Hz and impedances were kept below 50 k as
recommended by the manufacturer. Data recording was constrained by 0.1 Hz high-pass and
100 Hz low-pass online filters. Artifact-free epochs (350 ms pre- and 500 ms post-stimulus
onset) were obtained using the SCADS-procedure suggested by Junghöfer and colleagues
(2000). The mean number of artifact free trials per condition was 84 for block 1, 86 for block
2, 87 for block 3 and 86 for block 4.

The artifact free epochs were projected to an estimated source space using the minimum norm
(MN) method proposed by Hauk and collaborators (Hauk, 2004; Hauk et al., 2002). For this
method, we used a 3D source space consisting of four concentric spheres, on which the dipoles
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were placed equidistantly to approximate the brain volume. This source space contained 655
source locations (i.e. the model sources). At each model source location, currents were modeled
for three spatial orientations (2 radial, one tangential with respect to the scalp surface;
orientations were orthogonal relative to each other). This was done to capture voltage gradients
in all possible directions (Hauk, 2004). The four shells had the radii 0.8, 0.6, 0.4, and 0.2 relative
to the electrode radius of 1, respectively. For regularization, we used the Tikhonov-Philips
approach, which is optimized to suppress uncorrelated noise (Hauk, 2004). We selected the
shell at 0.6 of the radius from our 3D source space in the MN analysis, as it represents a
compromise between depth sensitivity and spatial resolution (Hauk et al., 2002). The amount
of data was further reduced by selecting 129 model source locations, which were closest to the
electrode positions. Wavelet analysis (see below) was run for each single epoch, for three
source orientations at the 129 selected model source positions separately.

Wavelet analysis
Estimation of the time-varying spectrum by means of Morlet wavelets has been proposed by
Bertrand and coworkers (Bertrand et al., 1994) and is described in detail elsewhere (Tallon-
Baudry and Bertrand, 1999; Tallon-Baudry et al., 1998). Here, complex Morlet wavelets g
were generated in the time domain for different analysis frequencies f0:

(1)

with A′ depending on the parameter σf, specifying the width of the wavelet in the frequency
domain, the analysis frequency f0 and the user-selected ratio m:

(2)

with

(3)

A constant m = f0/σf = 7 was selected to achieve good time and frequency resolution in the
frequency range of interest, which was 20 to 80 Hz in our study. It should be noted that time
and frequency resolution for oscillations below 20 Hz is sub-optimum with the wavelet family
employed here, and thus these frequencies are not reported in this study. Wavelets were
normalized to have equal amounts of energy. After convolution with the source-space projected
signal at 129 sites on the estimated cortical surface, two different procedures followed, to (i)
obtain the evolutionary spectrum and (ii) measures of inter-site phase locking.

(i) Time-frequency distribution of spectral power—For each artifact-free epoch, time-
varying energy in a given frequency band was obtained as the squared absolute value of the
convolution of the cosine-square-tapered MNE signal with the wavelet. This was done
separately for the three orientations of the MNE at each dipole site. Single trial time-by-
frequency (TF) matrices were averaged in order to obtain the evolutionary spectrum for each
source location, orientation, and experimental condition. After averaging, the model source
orientations at each source location were combined as the Euclidean distance. An epoch from
280 to 100 ms prior to stimulus onset was used as an estimate of general noise. The mean of
this baseline epoch was divided from TF matrices for each frequency and time point for each
electrode, respectively. These change values were expressed as per cent change by subtracting
one and multiplying by 100.
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(ii) inter-site phase-locking—For each artifact-free epoch, the complex instantaneous
phase was obtained by convolution of the source-space projected signal with the wavelet. Three
adjacent (distance < 1 cm) source locations on the estimated brain surface, located at the
occipital pole of the source space were selected as reference sites and were averaged to increase
the signal-to-noise ratio. For each epoch, the difference between this regional mean and all
other dipole sites for each frequency and time point was calculated, and the differences were
averaged across trials to obtain a measure of inter-trial and inter-site phase stability, as
described in (Lachaux et al., 1999). The values representing three dipole orientations at each
site were combined by Fisher-z-transform and averaging. Subsequently, the mean of the
baseline segment was divided from every frequency and time point, resulting in time by
frequency maps for each site on the source space, which reflected the amount of phase locking
between the site itself and the regional mean located in visual cortex. For amplitude and phase
synchrony measures, we conducted repeated measures ANOVA with factors of block (baseline,
acquisition 1, acquisition 2, extinction) and condition (CS+, CS−).

Startle Response
White noise bursts (50 ms; 90 dB) were used as acoustic startle probes and were delivered
binaurally through headphones.

The startle responses were extracted from the vertical EOG-recordings of the right eye by
subtracting the data recorded at the upper-eye electrode from the lower-eye electrode. The 54
startle trials recorded in each block were edited individually for each participant, artifact
contaminated trials were omitted. The complete data sets of one participant were excluded due
to absence of reliable startle responses. The startle magnitude was obtained by subtracting the
peak amplitude within a 20–120 ms post-stimulus window from the mean of a 100 ms pre-
stimulus baseline; the absolute values were then standardized within subjects to decrease inter-
individual variability, and expressed as z-scores. Subsequently, we conducted repeated
measures ANOVA with factors of block and condition to evaluate differences in the magnitude
of the startle response.

Awareness and grating ratings
When asked at the end of the EEG recordings, 13 out of 16 participants were not aware of any
systematic relationship between the gratings and the pictures they saw during the conditioning
blocks, 10 participants reported not to have realized that two different kinds of gratings (45°
and 135°) were shown. Nevertheless, 13 participants rated the stimulus used as CS+ as less
pleasant than the one used as CS−, and no differences were found in any of the other
comparisons, which included two stimuli not shown during the recordings (90° and 180°
gratings). 16 age- and gender- matched controls were recruited to assess if any a priori
differences in the affective valence of the four gratings existed. The analyses revealed no
differences between the two grating patterns used here as CS+ and CS−. In terms of distractors,
control participants rated the two distractor-gratings (90° and 180) as less pleasant (p < .05)
than the 135° grating.

Results
Rating data

As expected, all participants rated unpleasant pictures as less pleasant (mean pleasure = 3.52,
SD = 0.70) than the neutral exemplars (mean = 6.45, SD = 0.84; F(1,15) = 127.3, p < .001).
Categories differed also with respect to self-rated arousal, which was higher for unpleasant
pictures (mean = 6.45, SD = 1.09) than for neutral pictures (mean = 2.92, SD = 1.01; F(1,15)
= 90.4, p < .001). Paralleling pleasure ratings, each participant indicated lower arousal for
neutral pictures.
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Startle response
To evaluate the effectiveness of classical conditioning, startle blink responses (elicited by a 90
dB auditory white noise) were recorded in each block using ocular electrodes. The startle
response is a reliable measure of hedonic valence of foreground stimuli, which increases with
unpleasant content and decreases with pleasantness (Lang, 1995). As expected, a reliable startle
blink enhancement was found in response to the grating specifically predicting aversive scenes
during and after learning (Block X Condition: F(6,90) = 2.6, p < .05; see Fig. 1 B). This specific
enhancement for the grating predicting unpleasant content (i.e. the CS+) over the startle evoked
during the CS− and ITI was most pronounced in the first conditioning block and was still
present in the second conditioning block (F(2,30) = 3.2, p < .05), demonstrating that the
participants associated the gratings with the neutral and unpleasant content, respectively.

Early oscillatory activity
A reliable early (60–90 ms following the onset of the conditioned stimulus) stimulus-locked
oscillatory response in the frequency range between 18 and 35 Hz indicated initial oscillatory
activity in visual cortex (see Figure 2 A). In addition to timing, the distribution of source
densities suggested that this response was generated in the visual cortex (see Figure 2 B). This
early cortical response was specifically enhanced for the CS+ stimuli during conditioning
blocks, compared to baseline and extinction (Block X Condition: F(3, 45) = 4.1, p < .05; see
Fig. 2 C). Importantly, this difference was greater in conditioning block 2 compared to block
1, indicating increased sensory amplification as a function of ongoing learning of the
experimental contingencies (post-hoc ANOVA: F(1, 15) = 4.6, p < .05). No such effect was
observed for the grating predicting neutral pictures. Likewise, other frequency ranges did not
show differential amplitude increase in any of the conditions. Hemispheres did not differ
regarding their sensitivity to blocks or conditions (all Fs < 1.5).

To measure changes in large-scale neural connectivity as a function of learning, we also
examined inter-site phase synchrony between occipital areas and the remaining brain sites, in
the same time-frequency range as described above. Synchrony between brain areas was
determined by first calculating phase differences between brain regions in the frequency range
of interest. These values were averaged across trials, yielding a measure of stability of phase
differences between regions, as suggested by earlier work (Lachaux et al., 1999). Oscillatory
activity originating from sources in medial visual cortex was used as a reference and synchrony
at all other sites was measured relative to these (see above). Changes of inter-site synchrony
with respect to a pre-stimulus baseline were expressed as percent change and entered statistical
analysis. The resulting phase synchrony maps are shown in figure 3, suggesting specific
enhancement of early cross-site synchrony within the extended visual cortex for the CS+
stimulus condition specifically. Paralleling results with the power measure, phase synchrony
within visual regions increased across learning blocks, specifically for the grating stimulus
predicting aversive scenes (F(3, 45) = 3.7, p < .05), and this difference was most pronounced
in the second, compared to the first conditioning block, with both conditioning blocks showing
greater synchrony than baseline and extinction (quadratic contrast, F(1,15) = 9.8, p < .01). No
such effect was observed for gratings predicting neutral pictures (see figure 3). Again, cerebral
hemispheres did not differ regarding their sensitivity to blocks or conditions (all Fs < 1.9).

Late induced gamma activity
As can be seen in figure 1, there was a pronounced induced (i.e. non-phase-locked) gamma
band modulation following the onset of the affective pictures by 150–250 ms. Paralleling the
procedure for the early evoked oscillatory response, we evaluated the mean signal change in
the respective time-frequency window (55–80 Hz; 350–420 ms post-CS) by means of ANOVA.
Paralleling previous work with affective pictures presented to the visual hemifields (Keil et
al., 2001) there was no evidence for affective modulation of the induced gamma activity in this
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time-frequency range. We observed however a significant effect of experimental block (F(3,
45) = 8.5, p < .01), which was due to an increase from baseline to the first acquisition and a
subsequent decrease across the subsequent blocks (quadratic contrast, F(1,15) = 11.2, p < .01).

Discussion
The topic of rapidly directing perceptual resources to relevant features in the field of view has
been a concern of recent studies examining Event-Related Potential (ERP) correlates of
emotional perception. For instance, Pourtois and colleagues (Pourtois et al., 2004) employed
a visual hemifield paradigm with covert orienting to emotional faces. For fearful compared to
happy faces, these authors reported enhancement of the first detectable visual ERP deflection
at 90 ms after stimulus onset, possibly originating in the striate cortex. They concluded that
the emotional relevance of the stimuli might be associated with increased activation in the
primary visual cortex, possibly due to an interaction with sub-cortical structures. Modulations
of very early perceptual processing by affective scenes or faces are typically difficult to
interpret because affective stimulus properties may be confounded with physical
characteristics. Therefore, studies using conditioning approaches have been used to examine
early affective perception and have suggested differential sensitivity to the CS+ and CS− at
early and very early stages of visual analysis (Pizzagalli et al., 2003). Following on such
findings, Stolarova and co-workers (2006) studied the temporal development of such early
modulations across conditioning blocks. They presented grating patterns to the hemifields,
paired with unpleasant or neutral pictures in a delayed classical conditioning paradigm, a
procedure that was also used in the present study. This approach allows to control for the
physical stimulus features of conditioned stimuli (i.e., grating patterns) and to explore the
development of perceptual facilitation across blocks of trials, as a function of learning. As a
main result, this study suggested greater amplitude of the visual ERP for CS+ stimuli versus
CS− stimuli, occurring as early as 65 to 90 ms following stimulus onset. This difference
between CS+ and CS−, although more widespread in the course of learning, did (i) not
gradually increase in amplitude over blocks and (ii) is not indicative of differential synchrony
as are measures of oscillatory activity. The present study therefore aimed to complement the
ERP findings by examining the time course of large-scale oscillations during differential
classical conditioning.

The present study focused on an early evoked oscillatory brain response in the upper beta/lower
gamma range, which shows a high degree of phase consistency across trials and in the visual
system tends to occur very early after onset of a stimulus (Tallon et al., 1995). As compared
to the so-called induced gamma band response, this early phase-locked response has been
associated with somewhat lower peak frequencies, often lying in the 20 to 40 Hz range (e.g.,
Herrmann et al., 2004; Tallon-Baudry et al., 1997). Because it peaks around 70–100 ms after
onset of a stimulus, this measure is suited to examine low-level responses of the human visual
cortex. Even in this early time range, however, caution is warranted in terms of the
interpretation of the neural origin of this early response. ERP work in combination with current
source estimations has suggested that in time segments after 70–75 ms, there is evidence for
extra-striate sources contributing to the measured signal (Foxe and Simpson, 2002), which is
in line with macaque data suggesting very rapid involvement of parietal and ventral cortex. As
a consequence, modulations in the 70 to 90 ms range may reflect local network activity and
re-entrant (i.e. top-down) modulation on a small scale, involving higher-order cortices to some
degree as well. A related topic concerns the frequency range of this early phase-locked response
as observed in our study. Most studies capitalizing on wavelet analysis of EEG epochs obtained
in visual paradigms have reported somewhat higher peak frequencies (e.g., Herrmann et al.,
1999). Data on evoked oscillations in humans with hemi- or quarter-field stimulation are scarce
however, and future work may address in more depth the role of different frequencies in early
large-scale visual cortical processing. A previous study with affective pictures presented to the
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visual hemifields found early evoked oscillations in a frequency range similar to the present
one (Keil et al., 2001). Most interestingly, Axmacher and colleagues have recently suggested
that synchronization at different frequencies may be related to different aspects of neuroplastic
changes associated with memory formation (Axmacher et al., 2006). It is thus conceivable that
the modulations observed in the present study may not only reflect altered perceptual
processing but also the mechanism underlying the reorganization occurring as a consequence
of learning the contingencies.

In the domain of auditory classical conditioning, research has shown learning induced plasticity
in the receptive fields of the primary auditory areas in animals (Diamond and Weinberger,
1984; Weinberger, 2004) and humans (Morris et al., 1998). As a possible underlying
mechanism for such fast experience dependent cortical reorganization, an increase in dopamine
or acetylcholine release has been proposed, possibly leading to long-term potentiation and the
strengthening of neural connectivity. A variety of studies (Li et al., 2004) implicate plasticity
of visual cortex in perceptual learning and that changes in phase synchrony are typically related
to changes in perception (Elbert and Keil, 2000). Adaptive changes of visual receptive fields,
which are similar to the learning induced cortical adaptation in primary auditory areas, have
repeatedly been reported (Gilbert et al., 2000; 2001), but the relevance of these findings for
rapid emotional perception has been unclear. As compared to other studies of stimulus
repetition in the visual system, which typically report repetition suppression across blocks (see
e.g., Grill-Spector et al., 2006), we found increased amplitude and synchrony for the CS+
condition specifically, as long as the conditioning regime was maintained. This could be taken
as evidence that networks involved in CS-processing quickly come to include additional sub-
networks, a process similar to the one observed by Gruber and colleagues during rapid
perceptual learning (Gruber et al., 2002) or during repeated presentation of unfamiliar objects
(Gruber and Müller, 2005) Thus, learning to quickly respond to a stimulus associated with
affective relevance may gradually increase the number of neurons in visual cortex that are
coherently active in the presence of that stimulus. Caution is however warranted when
interpreting synchrony maps derived from surface EEG. Although amplitude and phase are
mathematically independent, it is conceivably that synchrony is more pronounced between
source regions showing good signal-to-noise, i.e., high amplitude. Thus synchrony maps would
nodd greatly add to amplitude data and would not indicate specific changes in synchrony. In
the present data, there is however a pronounced difference between power and synchrony maps,
which made us report synchrony findings in the present study. As can be seen in figure 2, power
maps show a small but still clear frontal maximum throughout conditions, which is not at all
present in the synchrony maps. It is thus unlikely that synchrony just mirrors amplitude

When comparing the time course of startle modulation and spectral changes, there is a gradual
enhancement for the CS+ evoked oscillatory response, but a decrease in the overall startle
amplitude, which might suggest lack of differential affective responding in the second
acquisition block. As an alternative explanation, startle data tend to habituate relatively quickly
(Bradley et al., 1993) and it is likely that after 54 startle trials in the first conditioning block,
the startle amplitude decreased and differential affective responding between stimulus
categories was not obvious in startle recording during the second conditioning block. Self-
report data (preference rankings for CS stimuli) solicited by each participant at the end of the
second conditioning block showed highly significant dislike for the CS+ in almost all
participants however, even in the absence of awareness for the experimental contingencies.
This latter finding corroborates the assumption that differential conditioning was achieved
across blocks, and was accompanied by selective increase of amplitude and synchrony.

The present work demonstrates that the initial sensory response in the human visual cortex is
sensitive to simple features associated with emotionality and that the amplification of this
response increases as a function of experience. This finding is associated with a specific
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enhancement in large-scale synchrony within the extended visual cortex. Based on previous
experience and based on knowledge about context properties, the emotional brain may thus
constantly adapt to key features of relevant stimuli. Continuous adaptation and optimization
of the visual system may thus enable observers to efficiently react to potential threat stimuli at
the earliest stages possible.
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Figure 1.
A: Design used for the four experimental blocks. During baseline and extinction blocks, grating
stimuli having 45° or 135° degrees of orientation were paired with colored checkerboards after
being presented alone for 200 ms. During two subsequent conditioning blocks, gratings were
differentially paired with neutral or highly unpleasant affective pictures, thus serving as
conditioned stimuli. B: Magnitude of the eye blink startle reflex as a function of experimental
block, expressed as z-values. The magnitude of this defensive reflex increased specifically
during viewing of gratings predicting aversive content in the two acquisition blocks. Startle
was measured in specific trials with longer duration (i.e. 1500 ms) of grating stimuli. An
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average across 15 participants is shown, as startle data of one participant were lost because of
equipment problems.
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Figure 2.
A: Baseline-corrected time-frequency representation of the visual oscillatory response
recorded at posterior EEG sensors, across the four experimental blocks (baseline, 1st

conditioning block, 2nd conditioning block, extinction). Power enhancement at frequencies
between 18 and 35 Hz is visible at around 60–90 ms post-stimulus, reflecting early visual
processing. B: Distribution of the early evoked oscillatory response, projected to a standard
brain surface. Sites posterior to the vertical black lines entered the statistical analysis of time-
varying spectral power and phase synchrony as a function of block and experimental condition.
C: Power changes as a function of condition and block for this early response. An increase in
oscillatory activity across time is shown for the response to gratings predicting aversive
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pictures, indicating that primary visual response is increasingly modulated as a function of
aversive arousal. Bars indicate the standard error of the mean.
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Figure 3.
Phase synchrony maps showing the relative changes of synchrony between reference sites in
visual cortex and the other regions examined here with respect to a pre-stimulus baseline. Areas
of high synchrony with visual cortex are shown in red. Data reflect an average across 16
participants.
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