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A B S T R A C T

Acquired fear responses often generalize from conditioned stimuli (CS) towards perceptually similar, but harmless
generalization stimuli (GS). Knowledge on similarities between CS and GS may be explicit or implicit. Employing
behavioral measures and whole-head magnetoencephalography, we here investigated the neurocognitive mech-
anisms underpinning implicit fear generalization. Twenty-nine participants underwent a classical conditioning
procedure in which 32 different faces were either paired with an aversive scream (16 CSþ) or remained unpaired
(16 CS-). CSþ and CS- faces systematically differed from each other regarding their ratio of eye distance and
mouth width. High versus low values on this “threat-related feature (TF)” implicitly predicted the presence or
absence of the aversive scream. In pre- and post-conditioning phases, all CS and 32 novel GS faces were presented.
16 GSþ faces shared the TF of the 16 CSþ faces, while 16 GS- faces shared the TF of the 16 CS- faces. Behavioral
tests confirmed that participants were fully unaware of TF-US contingencies. CSþ compared to CS- faces revealed
higher unpleasantness, arousal and US-expectancy ratings. A generalization of these behavioral fear responses to
GSþ compared to GS- faces was observed by trend only. Source-estimations of event-related fields showed
stronger neural responses to both CSþ and GSþ compared to CS- and GS- in anterior temporal (<100 ms) and
temporo-occipital (<150 ms; 553–587 ms) ventral brain regions. Reverse effects were found in dorsal frontal
areas (<100 ms; 173–203 ms; 257–290 ms). Neural data also revealed selectively enhanced responses to CSþ but
not GSþ stimuli in occipital regions (110–167 ms; 330–413 ms), indicating perceptual discrimination. Our data
suggest that the prioritized perceptual analysis of threat-associated conditioned faces in ventral networks rapidly
generalizes to novel faces sharing threat-related features. This generalization process occurs in absence of con-
tingency awareness and may thus contribute to implicit attentional biases. The coexisting perceptual discrimi-
nation suggests that fear generalization is not a mere consequence of insufficient stimulus discrimination but
rather an active, integrative process.
1. Introduction

A quick differentiation of environmental cues predicting threat or
safety is a key aspect of fear learning (€Ohman and Mineka, 2001). To be
adaptive, fear learning needs to be flexible such that stimuli similar to
threat-related stimuli are considered potentially harmful as well. In social
contexts, this ability to generalize fear (for review, see Dymond et al.,
2015) may help to predict behaviors of others and to avoid negative
interactions. However, an overgeneralization of defensive responses is
considered a key feature and maintaining factor of anxiety disorders
m and Biosignalanalysis, Univers
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(Dunsmoor and Paz, 2015; Lissek et al., 2014a). Further, generalization
processes may also play a key role in the evolution of social prejudices
and race biases, which are thought to develop and change through pro-
cesses akin to classical conditioning (De Houwer, Thomas and Baeyens,
2001; Olson and Fazio, 2006). In current political debates, for example, it
is often argued that repeated reports on single immigrants who commit
crimes might negatively affect attitudes and emotions towards people
fleeing war and poverty. When the displayed criminals provide distinct
facial features – in the following referred to as “threat-related features
(TF)” – implicit and explicit generalized biases towards people sharing
ity of Münster, Malmedyweg 15, D-48149, Münster, Germany.
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these features might increase and influence various aspects of social in-
teractions. According to classical conditioning approaches (Pavlov,
1927), such biases might arise because not only criminal individuals (i.e.
conditioned stimuli, CSþ), but also the TFs – shared with non-criminal
individuals – might predict unconditioned aversive events (US, e.g.
crimes).

Decades of research on animals and humans have revealed that
aversively conditioned CSþ induce conditioned responses that resemble
responses to the aversive US (Büchel and Dolan, 2000; Kim and Jung,
2006; Sehlmeyer et al., 2009). CSþ compared to the CS- (CS that is never
paired with the US) typically induce stronger activations of the auto-
nomic nervous system and differentially modulate neural responses in
distributed brain structures of the fear-network (e.g. temporal lobe,
prefrontal cortex; for reviews, see Büchel and Dolan, 2000; Sehlmeyer
et al., 2009). Differential brain responses to CSþ compared to CS- emerge
within the first 100 ms of stimulus processing (Br€ockelmann et al., 2011;
Hintze et al., 2014; Rehbein et al., 2014, 2015; Stolarova et al., 2006).
This means that the brain differentiates threat-related from neutral
stimuli very fast and presumably independent of explicit knowledge on
CS/US contingencies (for review, see Miskovic and Keil, 2012).

Such implicit processes underlying fear acquision may be studied via
MultiCS conditioning. MultiCS paradigms use a multitude of CSþ and CS-
stimuli, e.g. different facial identities (Rehbein et al., 2014, 2015;
Steinberg et al., 2012; for review, see Steinberg et al., 2013b). On a
behavioral level, these studies yielded successful fear acquisition, evi-
denced by higher unpleasantness and arousal ratings of the CSþ
compared to the CS-. Yet, the sensitivity measure d’ in CS/US matching
tasks suggested limited awareness in some MultiCS studies (for review,
see Steinberg et al., 2013b; but see Jungh€ofer et al., 2016; Pastor et al.,
2015). Thus, affective ratings might be partly independent from explicit
knowledge on CS/US associations. On a neural level, MEG-based inverse
source-reconstructions in MulitCS studies consistently indicated stronger
activations to the CSþ compared to the CS- in right-lateralized frontal
brain regions extending to anterior temporal sites (Rehbein et al., 2014;
Steinberg et al., 2013a), and in temporo-occipital and inferior parietal
(visual) brain regions (Steinberg et al., 2013a; Steinberg et al., 2012).
Importantly, these differential effects started at short latencies
(50–80ms) after stimulus onset. Such affect-related extensive activation
of the visual system was suggested to reflect “motivated attention”, in
which “appetitive or defensive motivational engagement directs atten-
tion and facilitates perceptual processing of survival relevant stimuli”
(Bradley et al., 2003, p. 369; c.f. Schupp et al., 2004; Vuilleumier, 2005).
Motivated attention was shown to modulate event-related potentials and
fields (ERPs/ERFs) to various types of learned and biologically prepared
affective stimuli at early (<130ms, e.g. Keuper et al., 2014), mid-latency
(~130–300ms, Early Posterior Negativity, EPN; e.g. Junghoefer, et al,
2001; Keuper et al., 2014) and late processing stages (>300ms, Late
Positive Potential, LPP; e.g. Nelson et al., 2015; Pastor et al., 2015, for
review, see Olofsson and Polich, 2007). ERP/ERF findings from
MultiCS-conditioning studies (Steinberg et al., 2013b) and from studies
presenting supra-versus subliminal affective stimuli (Keuper et al., 2018)
suggest that particularly early and mid-latency emotion effects in visual
brain regions might not depend on awareness of CS/US associations or on
awareness of the affective content of the material, respectively. Thus,
particularly early and mid-latency components seem to reflect relatively
automatic perceptual responses to affective stimuli. However, it is still
unknown, if such automatic responses may generalize to stimuli that
have never been paired with a US, but that share specific features with
the CSþ or CS-.

Lissek et al. (2008) were the first to study fear generalization in
humans using classical conditioning. After a typical acquisition phase,
presenting one CSþ (a large ring) and one CS- (a small ring), they
introduced a generalization phase that presented 8 generalization stimuli
(GS) on a perceptual continuum between CSþ and CS- (8 rings of
different medium sizes) that had never been paired with the US. As a
result, perceived risk ratings as well as fear-potentiated startle (FPS)
2

responses were not only higher for the CSþ compared to the CS-, but also
for GS similar to the CSþ. More specifically, fear responses to the
different GS increased with their increasing perceptual similarity with
the CSþ. Since this seminal study, effects of fear generalization on
behavioral and neurophysiological autonomous correlates of fear (e.g.
SCR, FPS) have been replicated using different US (e.g. electro shocks,
loud noise), and different types of simple and complex visual CS and GS,
including geometric shapes and colors (Lissek et al., 2010; Lissek et al.,
2014a,b; McTeague et al., 2015; Vervliet and Geens, 2014; Vervliet et al.,
2010), morphed faces (Haddad et al., 2012; Haddad et al., 2013; Onat
and Büchel, 2015), and virtual rooms (Andreatta et al., 2015; for reviews,
see Dunsmoor and Paz, 2015; Dymond et al., 2015).

During the last decade, a growing body of studies investigated the
neural underpinnings of fear generalization (Dymond et al., 2015;
Greenberg et al., 2013; Onat and Büchel, 2015). Yet, research on the role
of “motivated attention” and explicit knowledge of CS/US contingencies
in fear generalization is scarce. Some evidence for a generalization of
“motivated attention” from the CSþ to GS comes from a parametric fMRI
study (Lissek et al., 2014a) showing generalized, threat-associated neural
responses in bilateral inferior parietal regions – i.e. in regions involved in
processes of motivated attention (Bradley et al., 2003; Schupp et al.,
2004; Vuilleumier, 2005). In line with that, a study using steady-state
Visually Evoked Potentials (ssVEPs) (McTeague et al., 2015) showed
generalization effects over parietal electrode sites – i.e. stronger ssVEPs
for the CSþ and GS with higher similarity to the CSþ. Interestingly, this
was accompanied by highly discriminative, CSþ-specific enhancements
of ssVEPs over central occipital sites. The only ERP study investigating
the role of motivated attention in fear generalization (Nelson et al., 2015)
focused on the LPP. This late ERP component (>300ms) has been asso-
ciated with activity in temporo-parietal (visual) brain regions (Sabatinelli
et al., 2007) and more elaborate attentional processes (Schupp et al.,
2006). The expected generalization gradient, with higher LPP amplitudes
for CSþ and GS with higher similarity to the CSþ, was found at least in a
subgroup of participants. This subgroup was characterized by low levels
of “intolerance of uncertainty”, a cognitive bias which – with high levels
– promotes anxiety in uncertain situations (Dugas et al., 2004). On the
other hand, participants with high “intolerance of uncertainty” showed
higher LPP amplitudes in response to CSþ relative to perceptually similar
GS. The authors speculated that the lack of generalization effects in these
participants might be a consequence of secondary strategies, such as
attentional avoidance, that were previously shown to influence LPP ef-
fects (MacNamara and Hajcak, 2009). Thus, the LPP may partly reflect a
generalization of stimulus-driven "motivated attention", but this rather
late event-related component may also be influenced by cognitive stra-
tegies based on explicit knowledge on CS/US contingencies.

Due to the lack of event-related electro- and magnetoencephalo-
graphic (EEG, MEG) studies on fear generalization focusing on earlier
components, the role of more automatic and implicit stages of stimulus
processing in fear generalization has remained unclear. In addition, all
three studies revealing generalization effects in areas associated with
motivated attention (Lissek et al., 2014a; McTeague et al., 2015; Nelson
et al., 2015) used GS that differed from the CSþ in a rather obvious
dimension (i.e. the orientation, the size of rings, the width of rectangles).
Thus, it needs to be addressed whether generalization effects in visual
areas rely on explicit information or whether they reflect automatic
perceptual tuning processes (Olson and Fazio, 2006; Steinberg et al.,
2012, 2013b)

Employing behavioral measures and whole-head high-density MEG,
we here investigated the neurocognitive mechanisms of implicit fear
generalization. In this context, the temporal dynamics of fear general-
ization on the one hand and CS/GS discrimination on the other were
examined. In a MultiCS conditioning paradigm, faces of 32 different in-
dividuals were either paired with an aversive auditory US (16 CSþ) or
remained unpaired (16 CS-). CSþ and CS- faces systematically differed
regarding their ratio of eye distance and mouth width – i.e. the threat-
related feature (TF). In a following generalization phase, all 32 CS and



Table 1
Description of the sample (N¼ 29).

M SD Min Max

Age 24.90 5.91 18 42
Years of Education 13.84 2.08 11 19
STAI (overall) 76.86 13.38 54 101
State 37.38 7.72 26 53
Trait 39.48 8.25 27 61
ADS-K 8.03 6.03 0 24
UI-18 42.14 12.42 22 70

M ¼ mean; SD ¼ standard deviation; Questionnaires were obtained to charac-
terize the sample regarding their levels of state and trait anxiety (State Trait
Anxiety Inventory , STAI), depression (ADS-K) and intolerance of uncertainty
(UI-18), as these constructs were shown to influence processes of fear general-
ization (Greenberg et al., 2013; Nelson et al., 2015).
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another 32 GS, i.e. additional faces sharing the TFþ of the CSþ (16 GSþ)
or the TF- of the CS- (16 GS-), were presented. Following MultiCS con-
ditioning, the participants’ TF/US contingency awareness (i.e. explicit
knowledge on associations between the TF and the US) and CS/US
contingency awareness (i.e. explicit knowledge on associations between
individual CS faces and the US) were captured. Moreover, valence-,
arousal-, and US-expectancy ratings in response to CS and GS faces were
collected. Based on previous implicit conditioning (Olson and Fazio,
2006; Steinberg et al., 2013b) and generalization studies (Dymond et al.,
2015; McTeague et al., 2015; Nelson et al., 2015), we expected stronger
unpleasantness, arousal, and US-expectancy ratings of faces with the TFþ
(i.e. CSþ and GSþ) compared to faces with the TF- (CS- and GS-). We
predicted differences between CSþ and CS- to be stronger than between
GSþ and GS-, because the predicted GSþ/GS- differentiation relies on
implicit TF/US contingencies only. On a neural level, we hypothesized
effects of motivated attention to faces with the TF þ compared to the TF-
as indicated by differential brain activation in visual brain areas (Lissek
et al., 2014a; McTeague et al., 2015; Nelson et al., 2015), particularly in
early and mid-latency components reflecting relatively automatic
perceptual responses to affective stimuli. In addition to these effects of
generalization, we predicted CSþ-specific responses in the visual cortex
indicating a successful discrimination of CS and GS (McTeague et al.,
2015).

2. Methods

2.1. Participants

Twenty-nine healthy native German speakers (21 females) with a
mean age of 24.90 years (SD¼ 5.91) participated in this study. All
twenty-nine participants entered the behavioral analyses. For MEG an-
alyses, the neural data of three female subjects were excluded because
the maximum and the mean values of the global power of the relevant
difference topographies (Generalization minus Baseline; see below)
across the time interval of interest (0–600ms) exceeded the median of all
participants by more than three scaled median absolute deviations.1

Participants had normal or corrected-to-normal visual acuity and re-
ported no current or former severe neurological or psychiatric disorder.
The sample was characterized by normal levels of anxiety (German
version of the State Trait Anxiety Inventory, STAI, Laux et al., 1981),
intolerance of uncertainty (German Intolerance of Uncertainty question-
naire, UI-18, Gerlach et al., 2008) and depression (short version of the
German General Depression Scale, ADS-K, Hautzinger and Bailer, 1993;
see Table 1). All participants provided written informed consent for their
participation in this study and were compensated with 20 Euro or course
credit.

3. Material

3.1. Conditioned and generalization stimuli (CS, GS)

One hundred male and female faces with a neutral facial expression
were pre-selected from the Radboud Faces database (Langner et al., 2010)
and the Karolinska Directed Emotional Faces database (KDEF; Lundqvist
et al., 1998). A selection process served the goal to realize the four
experimental cells of our 2 x 2 within-subject design (see Fig. 1B) with
the factors Stimulus Type (CS, GS) and TF (TFþ, TF-): We first excluded
faces with pop-out effects (e.g. highly attractive or highly unattractive
faces). Second, to realize the factor TF, we (1) measured the distance (in
mm) from one pupil to the other (pupil distance), and the distance (in
mm) from the left to the right corner of the mouth (mouth width) in each
face, (2) we calculated the ratio of pupil distance and mouth width, and
1 The scaled median absolute deviation is defined as K*MEDIAN(ABS(A-
MEDIAN(A))) where K is the scaling factor and is approximately 1.48.
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(3) we selected faces with either low or high ratios of pupil distance and
mouth width (low-TF vs high-TF; examples of the male and female in-
dividuals with the lowest and the highest pupil distance to mouth ratio
respectively are presented in Fig. 1A). Note that the ratio between pupil
distance and mouth width naturally varied amongst individual faces. The
ratio of pupil distance and mouth width was chosen as the TF because (1)
differences in this measure between high-vs. low-TF faces were pre-
sumably not obvious (i.e. implicit2) without prior knowledge on the
relevant TF, and because (2) this measure was clearly defined and
measureable in each face of the two data bases.

For the final stimulus selection, we assigned 32 male and 32 female
faces to the 4 sets of stimuli and thereby balanced the amount of female
and male faces in each set (8 male faces, 8 female faces; see Fig. 1B). Two
sets of 16 stimuli each (TF-low-a and TF-low-b) scored equally low on the
average ratio of pupil distance to mouth width (t(30)¼ 0.19, p¼ .84),
while the other two sets (TF-high-a and TF-high-b) scored equally high
on this ratio (t(30)¼ 0.00, p¼ 1.00). As intended, the average TF
strongly differed between the TF-low and the TF-high sets (t(30)¼ 13.32,
p< .001), but did not differ betweenmale and female faces (t(62)¼ 0.50,
p¼ .62). Descriptive statistics for the TFs in these selected faces are
presented in Table 2. Using Adobe Photoshop® Version 11.0 (San Jose,
California, USA), we scaled each face to a chin/vertex distance of 13.0 cm
and a left-ear/right-ear distance of 10.3 cm (not changing the pupil dis-
tance to mouth width ratio). To minimize the influence of other poten-
tially confounding perceptual factors, all faces were converted to gray
scaled images, adjusted in brightness and presented centrally on an iso-
luminant gray background.

3.2. Unconditioned stimulus

The US was a loud, aversive female scream taken from the Interna-
tional affective sound system (Bradley and Lang, 1999) and shortened to
1200ms containing the most emotionally arousing interval. The scream
was presented at 60 dB above the individual hearing thresholds, which
were determined individually for each subject’s ear prior to the experi-
mental tasks in the MEG. With an average loudness of 96.55 dB on the
right ear and 92.24 dB on the left ear, the loudness was comparable with
previous studies on MultiCS conditioning (Rehbein et al., 2015).

3.3. Stylized faces for the pair comparison task

The ability of participants to identify the relevant TF was tested by
comparing the actually used TFþ/TF- with seven “fake TFþ/TF-”. To this
end, we used Adobe Photoshop© to create 8 pairs of stylized and gray-
scaled faces (side by side). The right face of each pair differed from the
left one regarding the ratio or size of two out of six facial features. These
features included the eyes (pupil distance) and the mouth (mouth width),
2 In contrast to potentially obvious facial features such as length of the nose.



Fig. 1. A) Examples of male and female faces with a rather low and a rather high pupil distance to mouth width ratio, i.e. the threat-related feature (TF-low; TF-high).
Pupil distance and mouth width are indicated by arrows. Faces depicted in this figure are adapted from the Karolinska Directed Emotional Faces database (AM32NES,
AM01NES, AF30NES, AF14NES). B) Exemplified stimulus/condition assignment: 32 different faces with high pupil distance to mouth width ratio (TF-high) were
assigned as CSþ and GSþ respectively (16 each). Another 32 faces with low pupil distance to mouth width ratio (TF-low) were assigned as CS- and GS- (16 each). Only
CSþ faces predicted the US (loud scream) while CS-, GSþ and GS- faces were never paired with a US. The assignment of the four face sets to CSþ/GSþ and CS-/GS-
was counterbalanced across participants but CSþ/GSþ and CS-/GS- sets always shared the same TF specification. Arrows and eye/mouth-masks are superimposed for
illustration only and were not presented in the study.

Table 2
Stimulus characteristics and counterbalancing scheme.

Threat-related feature (TF):
(Pupil distance in mm)/Mouth width in mm)

Counterbalancing

Set M SD Min Max a (N¼ 7) b (N¼ 7) c (N¼ 7) d (N¼ 8)

TF-low a 1.10 .05 .97 1.16 CSþ GSþ CS– GS–
b 1.10 .04 1.04 1.16 GSþ CSþ GS– CS–

TF-high a 1.28 .07 1.21 1.44 CS– GS– CSþ GSþ
b 1.28 .06 1.22 1.38 GS– CS– GSþ CSþ

Left: Characteristics of the TF (ratio: pupil distance in mm / mouth width in mm) within each of the four experimental sets (TF-low-a, TF-low-b, TF-high-a, TF-high-b).
Each set consisted of eight female and eight male faces. M ¼mean, SD ¼ standard deviation, Min ¼minimum, Max ¼maximum. Right: For counterbalancing purposes
four experimental versions (a, b, c, d) were employed which differed regarding the assignments of sets to the 4 experimental conditions (CSþ, GSþ, GS–, CS–). N ¼
number of participants receiving each of the 4 versions.
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as well as the nose, the ear, the eyebrows, and the head shape. For
example, the stylized face pair representing the actually used TF showed
two stylized faces with different ratios of pupil distance to mouth width.
The two features (TF or “fake TF”) that distinguished the two faces of a
pair were highlighted in red.

3.3.1. Procedure
All participants were tested at the Institute of Biomagnetism and

Biosignalanalysis, University Hospital Münster. Ethical approval was
obtained from the Ethics Committee of the Medical Faculty of the Uni-
versity of Münster. Ethical standards of the Declaration of Helsinki were
strictly followed.

After giving informed consent, participants completed self-report
questionnaires. The participants’ head shapes were digitized using a
3D tracking device (Polhemus, Colchester, VT, USA; http://www.polh
emus.com/). Participants were then seated in the MEG-chamber and
landmark coils in each earlobe and on the nasion monitored their head
4

position. The overall experimental procedure (see Fig. 2) adhered to
methodological guidelines for fear conditioning research as described by
Lonsdorf et al. (2017). Before the MEG measurements, the experiment
started with baseline valence and arousal ratings of all stimuli (Base-
line-Rating, details see below). Next, MEG was measured during the
MultiCS paradigm (Baseline-MEG, Conditioning-MEG and
Generalization-MEG). Upon completion of all MEG measurements, all
stimuli were rated again (Generalization-Rating). Participants were then
guided to the behavioral lab, in which three additional behavioral tasks
were conducted in the following order: 1) CS/US Matching Task, 2)
US-Expectancy Task, 3) Pair Comparison Task. All tasks were pro-
grammed using Presentation® Version 19.0. Overall, this experiment
lasted for 2 h.

3.4. MultiCS paradigm

In all phases of the MultiCS paradigm, including Baseline-MEG,

http://www.polhemus.com/
http://www.polhemus.com/


Fig. 2. Experimental procedure. A) Sequence of experimental tasks. B) MultiCS paradigm used in the MEG. In the Conditioning-MEG phase, multiple faces were either
always paired (CSþ) or remained always unpaired (CS-) with an auditory aversive scream (US). CSþ and CS- differed systematically in the relationship between
pupil distance and mouth width (TF: TF þ or TF-). In the Baseline-MEG phase before and the Generalization-MEG phase after Conditioning-MEG, CSþ, CS- and
additional generalization stimuli (GS) were presented. Thereby, half of the GS shared the TF of the CSþ (TFþ), i.e. GSþ faces, whereas the other half shared the TF of
the CS- (TF-), i.e. GS- faces. The assignment of the four face sets to CSþ/GSþ and CS-/GS- was counterbalanced across participants. Faces depicted in this figure are
adapted from the Karolinska Directed Emotional Faces database (AF09NES, AF14NES, AF022NES, AM13NES, AM01NES, AM29NES).
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Conditioning-MEG and Generalization-MEG (Fig. 2), participants
passively viewed the displayed faces without any task. Participants were
informed that loud screams (US) would be presented in the conditioning
and the generalization phase, but received no information regarding CS/
US and TF/US contingencies. Faces were presented one by one in the
center of the screen with a viewing angle of 8.26� � 6.55� (edge to edge).
Each trial started with a fixation cross that was presented for 1800�200
ms and replaced by a face that was presented for 600 ms. In each phase,
faces were presented 4 times in a pseudorandomized order with not more
than three consecutive repetitions of the same condition (CSþ, CS-, GSþ
or GS-). Stimuli did not repeat until the complete set of 64 individual face
stimuli had been presented once.

In the Conditioning-MEG phase, each CSþ face was always followed
by the US, while CS- faces were never paired with the US (100%
5

contingency). Overall, 128 trials were presented (16 face stimuli per set x
2 conditions (CSþ, CS-) x 4 presentations). Because CSþ and CS- face sets
differed with regard to the TF (low or high pupil to mouth width ratio),
CSþ/US associations were linked to both the face identity and the TF.
The assignment of TF-low (a or b) and TF-high (a or b) faces to the CS- or
CSþ condition was counterbalanced across participants.

The conditioning phase was preceded by a Baseline-MEG phase and
followed by a Generalization-MEG phase. Both phases presented all face
sets (CSþ, CS-, GSþ, GS-) and comprised 256 trials each (16 face stimuli
per set x 4 conditions (CSþ, CS-, GSþ, GS-) x 4 repetitions). In the
baseline phase, the US never appeared. In contrast, in the generalization
phase, the CSþ continued to predict the US with 100% contingency.
Importantly, the US was never paired with CS-, GSþ or GS- faces.
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3.5. MEG recording and MEG data Preprocessing

During all three MEG phases, ERFs were acquired using a 275-
sensor whole-head MEG system (Omega 275, CTF, VSM MedTech
Ltd., Coquitlam, Canada) with first-order axial SQUID gradiometers.
Continuous signals in a frequency range of 0 Hz–150 Hz were ac-
quired with a sampling rate of 600 Hz. Neurophysiological data were
further processed and analyzed with the Matlab-based Electromagnetic
Encephalography Software EMEGS (Version 2.9, Peyk et al., 2011).
Offline, data were first filtered using a 0.1 Hz zero-phase high-pass
filter (forward/backward 2nd-order Butterworth-filter) and a 48 Hz
low-pass filter (4th order) and then down-sampled to 300 Hz. Signals
within epochs from 200 ms before to 600ms after stimulus onset were
baseline-adjusted for an interval from �150 ms to stimulus onset.
Artifact detection and rejection was performed with an established
method for the statistical control of artifacts in high-density electro-
and magnetoencephalography data (Jungh€ofer et al., 2000). This
procedure (1) detects individual sensor artifacts; (2) detects global
artifacts; (3) replaces artifact-contaminated sensors by spherical
spline interpolation statistically weighted on the basis of all remain-
ing sensors; and (4) computes the variance of the signal across
trials to document the stability of the averaged waveform. The
rejection of artifact-contaminated trials and the interpolation of
artifact-contaminated sensors relies on the calculation of statistical
parameters for the absolute measured magnetic field amplitudes over
time, their standard deviation over time, as well as on the determi-
nation of boundaries for each parameter based on their distribution
across trials. If the goodness of test topography interpolations based
on the residual sensor configuration within a given trial did not reach
a predefined minimum criterion (k¼ 0.01; identical for each subject
and run) the respective trial was rejected. On average 2.4 trials out of
64 trials (16 faces x 4 repetitions) per condition per person were
rejected. A one-way ANOVA confirmed that each condition contained
comparable mean numbers of trials (F(3, 75)¼ 0.41, p ¼ .748; CSþ:
M¼ 61.61, SD¼ 2.10; CS-: M¼ 61.61, SD ¼ 2.23; GSþ: M¼ 61.73,
SD¼ 2.09; GS-: M¼ 61.46, SD ¼ 2.25). No subject was excluded
because of a deviating number of rejected trials (>3 scaled median
absolute deviation distance from the sample median). The signal was
averaged across trials and separately for each participant, baseline
and generalization phases, and each face set (CSþ, CS-, GSþ, GS-).
3.6. L2-minimum norm estimation (L2-MNE)

After averaging, we estimated the underlying neural sources of the
recorded ERFs using the L2 minimum norm approach (L2-MNE,
H€am€al€ainen and Ilmoniemi, 1994). This inverse modelling approach
yields estimates of distributed cortical network activity without prior
assumptions regarding the number and/or location of current sources
(Hauk, 2004). The L2-MNE was based on a spherical head model with
350 evenly distributed dipole pairs (azimuthal and polar direction) and
a source shell radius of 87% of the individually fitted head. The
Tikhonov regularization parameter Lambda was set to 0.1. This resulted
in topographies of neural activity for the baseline, conditioning and
generalization phases. Note that the acquisition of conditioned fear
responses as a function of repeated pairings of CSþ faces with the US
during the acquisition phase is a presupposition for generalization
processes. Therefore, analyses and results of the conditioning phase can
be found in the supplementary materials S1. Examining neurocognitive
processes of generalization and CSþ/GS discrimination, this work fo-
cuses on neural responses in the generalization phase compared to
baseline. To reduce variance due to perceptual stimulus characteristics
of the individual faces employed as CSþ, CS-, GSþ, and GS-, difference
topographies (Generalization – Baseline) were computed. For visuali-
zation purposes, L2-MNE results were projected on standard 3D brain
models.
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3.7. Statistical analysis of L2-MNE

The obtained difference topographies (Generalization – Baseline)
were analyzed using a pointwise repeated-measures 2 x 2 ANOVA with
the within-subject factors Stimulus Type (CS, GS) and TF (TFþ, TF-). To
test our hypothesis that implicitly acquired CSþ/US associations of the
TFþ would generalize from CSþ to GSþ faces, we first focused on main
effects of the factor TF (TFþ, TF-) as an index of generalization. Second,
to explore differential effects of CS and GS, we additionally computed the
interaction of TF and Stimulus Type as an index of discrimination. To
account for multiple testing of the point-wise ANOVA, we applied a non-
parametric statistical testing approach (Maris and Oostenveld, 2007). As
part of this procedure, so-called clustermasses within the time window of
interest (0–600ms after stimulus onset) were calculated. Clustermasses
represent the sum of F-values of test-dipoles that revealed significant
effects at α ¼ .05 (sensor-level criterion) in at least five spatially neigh-
boring dipoles and five temporally consecutive time points. Observed
clustermasses were then tested against a distribution of the maxima of
random clustermasses that were generated via Monte-Carlo simulations
of identical analyses based on 1000 random permutations of the exper-
imental conditions. Only clustermasses that exceeded an alpha level of α
¼ .05 (cluster-level criterion) within the test interval from 0 to 600ms
were reported. Bonferroni-corrected post-hoc t-tests (critical p-value: p/6
¼ .05/6 ¼ .008) were computed within all clusters revealing significant
interaction effects of Stimulus Type (CS vs. GS) and TF (TFþ vs. TF-).
3.8. Behavioral tasks

3.8.1. Valence and arousal ratings
We used a computerized version of the Self-Assessment-Manikin

(SAM) scale (Bradley and Lang, 1994) to obtain ratings of valence and
arousal for all faces. Each dimension was rated on a scale ranging from 1
to 9 by mouse clicks, with higher numbers indicating higher pleasantness
or arousal, respectively. Ratings of all 64 faces were obtained directly
before (Baseline-Rating) and after (Generalization-Rating) the MEG
measurement. For each rating dimension (valence, arousal) and condi-
tion (CSþ, CS-, GSþ, GS-) difference scores (Generalization-Rating –

Baseline-Rating) were computed. First, we tested the hypothesis that
stimuli sharing the TFþ (CSþ, GSþ) were rated as more unpleasant and
arousing after conditioning by means of Bonferroni-corrected (one--
sample t-tests (one-sided, critical p-value: p/4 ¼ .05/4 ¼ .0125). In
particular, difference scores (Generalization-Rating – Baseline-Rating) of
CSþ, CS-, GSþ and GS- were compared with 0. Second, difference scores
were analyzed using within-subject 2 x 2 ANOVAs with the factors
Stimulus Type (CS, GS) and TF (TFþ, TF-). Significant interaction effects
were further delineated using Bonferroni-corrected paired t-tests. Based
on the expectation of higher unpleasantness and arousal ratings specif-
ically of the CSþ and (possibly to a lesser extend) the GSþ, one-sided
t-tests were used, if applicable (one-sided: CSþ >¼ GSþ, CSþ > CS-,
CSþ > GS-, GSþ > CS-, GSþ > GS-, two-sided: CS- vs. GS-, critical
p-value: p/6 ¼ .05/6 ¼ .008).
3.9. US-expectancy rating

In the US-expectancy rating, participants indicated for all faces (CSþ,
CS-, GSþ, GS-) whether they would expect a scream after its presentation.
Ratings were obtained via mouse click on a computerized 8-point Likert
scale ranging from 0% (“I am sure there will be no scream”) to 100% (“I
am sure there will be a scream”). To maintain the expectancy of US
presentations and prevent extinction within this task, each rating of a
CSþ face was followed by a scream, while ratings of CS-, GSþ and GS-
faces were not. Data were analyzed using a within-subject 2 x 2 ANOVA
with the factor Stimulus Type (CS, GS) and the factor TF (TFþ, TF-). If
applicable, one-sided Bonferroni-corrected paired t-tests (see valence and
arousal ratings) were used to further delineate interactions.
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3.10. CS/US matching task

The CS/US matching task measuring the level of CS/US contingency
awareness was validated by and adopted from Rehbein and colleagues
(Rehbein et al., 2015). For each CSþ and CS- face (but not for the GS),
participants indicated by mouse click whether it was paired with the US
by means of an 8-point Likert scale ranging from �4 (“There was defi-
nitely no scream”) to 4 (“There was definitely a scream”). Thereby,
negative and positive values indexed an assignment to the CS- and CSþ
condition, respectively. The level of awareness concerning the stimulus
category was assessed by means of the sensitivity measure d’ (Wickens,
2002). The absolute value of the response served as a measure of cer-
tainty (1¼weak certainty to 4¼ strong certainty). Subjective certainties
of negative (i.e. correct rejections, misses) and positive (i.e. hits, false
alarms) responses were further investigated using two separate Wilcoxon
signed rank tests.

3.11. Pair comparison task

The pair comparison task was employed to investigate individual
levels of TF/US contingency awareness. It started with a partial
debriefing, informing the participants that the presentation of the US was
not random but associated with certain facial features. In a forced-choice
pair comparison task, participants were instructed to indicate by a left or
right mouse click, whether they considered the distinctive features of the
left or of the right pair of stylized faces more likely to predict the US. In
each trial of this task, participants were confronted with two pairs of
stylized faces, which were presented on the left and the right side of the
screen. For example, stylized faces of the left pair might differ from each
other regarding the ratio of pupil distance to mouth width, i.e. the
actually used TF. Stylized faces of the right pair might differ regarding
the size of the eyes relative to the vertical placement of the ears, i.e. a
“fake TF”. Upon participants’ selection of one pair, the next trial started.
Each of the eight stylized face pairs was presented once with any of the
other seven stylized face pairs, resulting in overall 28 comparisons.
Thereby, the order of comparisons as well as the assignment of pairs to
the right or left side of the screen was completely random and differed
across participants. In the end of the task, participants were asked 1)
whether they knew the correct answer and consistently chose the cor-
responding pair of stylized faces, or 2) whether they just guessed, or 3) if
they followed a certain response pattern. Responses were documented by
the experimenter.

To evaluate participants’ TF/US contingency awareness, the fre-
quency of choices for each pair of stylized faces was analyzed using
frequency rankings and Laplace-probabilities for each pair. Indicated by
the probability function of the binomial distribution, in cases of n¼ 7
comparisons of each pair with other pairs and a guessing probability
p¼ .5, k¼ 3 correct answers are expected at chance level. According to
the cumulative distribution function, the likelihood of k> 5 choices of a
given pair is significant at a level of α< 0.05. Thus, participants with
k>¼5 choices of the actually used TF were defined as aware of TF/US
associations, if they additionally indicated that they knew the correct
answer and consistently chose the corresponding pair of stylized faces. In
this case this participant would be excluded from further analyses.

4. Results

4.1. Behavioral measures of generalization and contingency awareness

4.1.1. Valence and arousal ratings
One-sample t-tests on the valence and arousal difference scores

(Generalization – Baseline) revealed that both CSþ and GSþ were eval-
uated as more unpleasant (CSþ: t(28)¼ 3.61, p< .001, d ¼ 0.67; GSþ:
t(28)¼ 1.88, p¼ .035, d ¼ 0.35) and more arousing (CSþ: t(28)¼ 3.87,
p< .001, d¼ 0.72; GSþ: t(28)¼ 1.96, p¼ .030, d¼ 0.36) after compared
to before the conditioning procedure. Effects for GSþ stimuli need to be
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interpreted with caution, as they lost significance after Bonferroni
correction (critical p-value: p/4 ¼ .05/4 ¼ .0125). One-sample t-tests on
the respective difference scores for CS- and GS- were non-significant,
indicating that valence (CS-: t(28)¼ 0.45, p¼ .653, d¼ 0.08; GS-:
t(28)¼ 1.18, p¼ .245, d¼ 0.22) and arousal (CS-: t(28)¼ 0.67, p¼ .512,
d¼ 0.12; GS-: t(28)¼ 1.07, p¼ .294, d¼ 0.20) ratings in these conditions
did not change as a function of learning.

In the valence ratings, the 2 x 2 ANOVA on the difference scores
(Generalization – Baseline, Fig. 3 left) revealed a main effect of the factor
TF (F(1,28)¼ 7.48, p¼ .005, η2 ¼ 0.211), with overall more unpleasant
ratings of faces with the TFþ compared to faces with the TF-. As indicated
by the significant interaction of Stimulus Type x TF (F(1,28)¼ 4.72,
p¼ .038, η2 ¼ 0.144), this effect was mainly driven by more unpleasant
ratings of the CSþ compared to the CS- (t(28)¼ 3.12; p¼ .002, d¼ 0.62),
while more unpleasant ratings of the GSþ compared to the GS- were non-
significant (t(28)¼ 0.75, p¼ .23, d ¼ 0.431). CSþ elicited more un-
pleasant ratings than GSþ faces (t(28)¼ 2.49, p¼ .010, d¼ 0.40), while
CS- and GS- faces were rated similarly (t(28)¼ 0.95, p¼ .352, d ¼ 0.13).
Indicating fear generalization, GSþ faces were rated as more unpleasant
compared to CS- faces (t(28)¼ 1.71, p¼ .049, d¼ 0.30). After Bonferroni
correction, however, differences between GSþ and CS-, but also differ-
ences between CSþ and GSþ lost significance (critical p-value: p/6 ¼
.05/6 ¼ .008).

Difference scores of arousal ratings (Generalization – Baseline, Fig. 3
middle) revealed a similar pattern. Again, we observed a main effect of
the factor TF (F(1,28)¼ 15,40, p< .001, η2 ¼ 0.355). TFþ compared to
TF- faces were rated as more arousing. Further, a significant interaction
of Stimulus Type x TF (F(1,28)¼ 8.72, p¼ .006, η2 ¼ 0.238) indicated
that this main effect was mainly driven by higher arousal ratings of CSþ
compared to CS- (t(28)¼ 4.88, p< .001, d¼ 0.61). Higher arousal ratings
of the GSþ compared to the GS- were not significant, but followed a trend
in the hypothesized direction (t(28)¼ 1.43, p¼ .083, d ¼ 0.18). CSþ
elicited higher arousal ratings than GSþ (t(28)¼ 2.31, p¼ .014,
d¼ 0.36), while CS- and GS- arousal ratings did not differ (t(28)¼ 0.82,
p¼ .418, d ¼ 0.01). GSþ faces were rated as more arousing compared to
CS- (t(28)¼ 2.01, p¼ .027, d ¼ 0.244). Again, after Bonferroni correc-
tion, differences between GSþ and CS-, marginal differences between
GSþ and GS-, but also differences between CSþ and GSþ lost significance
(critical p-value: p/6 ¼ .05/6 ¼ .008).

4.2. US-expectancy ratings

Like in valence and arousal ratings, the 2 x 2 ANOVA on US-
expectancy ratings revealed a significant main effect of the factor TF
(F(1,28)¼ 15.54, p< .001, η2 ¼ 0.357) with higher US-expectancy rat-
ings for TFþ compared to TF- faces (Fig. 3 right). We further observed a
significant main effect of the factor Stimulus Type (F(1,28)¼ 17.22,
p< .001, η2¼ 0.381) with higher US-expectancy ratings of CS compared
to GS. A significant interaction of Stimulus Type x TF (F(1,28)¼ 11.64,
p< .001, η2¼ 0.294) indicated that both main effects were mainly driven
by higher US-expectancy ratings in response to the CSþ compared to the
CS- (t(28)¼ 4.11, p< .001, d ¼ 1.19) and the GSþ (t(28)¼ 4.14,
p< .001, d¼ 1.20), respectively. In tendency, GSþ induced the predicted
higher US-expectancy ratings than GS- (t(28)¼ 1.44, p¼ .087, d ¼ 0.21,
non-significant after Bonferroni correction), while no difference was
observed between GSþ and CS- (t(28)¼ 0.01, p¼ .49, d¼ 0.00)

4.3. CS/US-matching task

The sensitivity measure d’ for the stimulus category (CSþ vs CS-)
differed significantly from zero (M¼ 1.381, SD¼ 0.998, t(28)¼ 7.46, p
< .001, 95% Confidence Interval [CI] ¼ 1.00, 1.76), indicating that
participants acquired at least partial CSþ/US contingency awareness for
individual CS faces. The Wilcoxon signed rank test indicated that cer-
tainty ratings (1–4) were significantly higher for correct vs. incorrect
positive responses (“There was definitely a scream”, hits: M¼ 2.557,



Fig. 3. Behavioral measures of generaliza-
tion. Left: Mean difference scores (General-
ization (Gen) minus Baseline (Base)) of
valence ratings in response to CSþ, CS-, GSþ
and GS-. Negative values indicate more un-
pleasant valence ratings after versus before
conditioning. Middle: Mean difference scores
(Gen minus Base) of arousal ratings. Positive
values indicate higher arousal ratings after
versus before conditioning. Right: Mean US-
expectancy ratings in %. Error bars indicate
95% confidence intervals of the means. The
Bonferroni-corrected significance level of
differences between conditions (above) and
of changes within conditions (Gen minus
Base; below) is indicated (*p < .05, **p <

.01, ***p< .001, t p< .1, effects that did not
survive Bonferroni correction are indicated in
parentheses).
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SD¼ 0.687, false alarms: M¼ 1.812, SD¼ 0.788, Z¼ 3.781, p< .001).
For negative responses (“There was definitely no scream”), certainty
ratings did not differ between correct rejections (M¼�2.225,
SD¼ 0.564) and misses (M¼�2.386, SD¼ 0.630, Z¼ 1.117, p¼ .264).
4.4. Pair comparison task

The pair of stylized faces showing the actually used TF (pupil distance/
mouth width) was selected in M¼ 2.79 (SD¼ 1.30) out of 7 pair com-
parisons, i.e. at chance level (k¼ 3). Mean choices of other pairs all
ranged betweenM¼ 2.52 andM¼ 4.24. Each of the eight observedmeans
significantly remained below the critical frequency of 6 (t(28)¼ 4.96 to
13.43, all p’s< .001, critical p-value: p¼ .05/8¼ .006), revealing that, on
a group level, participants did not – correctly or incorrectly – link any of
the depicted features to the US. To further explore whether individual
participants reported contingencies between the relevant TF and US
presentations, we looked at each mean separately. One participant
correctly selected the relevant TF in 6 out of 7 comparisons i.e. signifi-
cantly above chance level. However, in the post questionnaire this
participant stated that she just guessed. Consequently, both group sta-
tistics and individual investigations suggest that participants were fully
unaware of contingencies between the actually used TF and the US.

Behavioral findings in the subset of participants (N¼ 26) that entered
the following MEG analyses are qualitatively identical to the results
presented above (see supplementary materials S2).
4.5. MEG correlates of generalization (main effect: TF)

4.5.1. Ventral clusters with higher neural activation to faces with the TFþ
compared to the TF.

The cluster-based permutation test for the main effect of TF revealed
three significant clusters with relatively increased neural responses to
faces with the TFþ compared to those with the TF- (red clusters in Fig. 4).
While the first two clusters occurred at early latencies (Cluster V1:
67–90ms, F(1,25)¼ 30.13, p< .001, η2¼ 0.547; Cluster V2:
103–147ms, F(1,25)¼ 16.42, p< .001, η2¼ 0.396), the third cluster V3
was found at late latencies shortly before face offset (553–587ms,
F(1,25)¼ 30.55, p< .001, η2 ¼ 0.550). Cluster V1 spanned from right
anterior temporal to inferior frontal regions. Cluster V2 was found in left
occipito-temporal brain regions. Note that a cluster with very similar
spatiotemporal characteristics (90–130 ms, left occipito-temporal)
revealed an emerging differentiation of CSþ and CS- as a function of
learning in the conditioning phase (see supplementary materials S1,
Fig. S1). Similar to Cluster V2, Cluster V3 was located in left occipito-
temporal brain areas, now extending to parietal regions. Thus, all three
clusters were found in ventral brain regions of the visual stream.
Importantly, and in contrast to the behavioral measures, in all three
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clusters the Stimulus Type x TF interactions were non-significant,
showing that the main effect of TF was not mainly driven by differen-
tial CSþ and CS- processing but to a similar extent also by differential
GSþ and GS- processing.

4.5.2. Dorsal clusters with lower neural activation to faces with the TFþ
compared to the TF.

Thepermutation test for themain effect of TF revealed three additional
significant clusterswith relatively reducedbrain activations in response to
faceswith the TFþ compared to thosewith the TF- (blue clusters in Fig. 4).
The first cluster D1 was found at an early latency (43–84ms,
F(1,25)¼ 36.91, p< .001, η2¼ 0.596),while the second and third clusters
were found at mid-latency time intervals (Cluster D2: 173–203ms,
F(1,25)¼ 17.40, p< .001, η2¼ 0.410; Cluster D3: 257–290ms,
F(1,25)¼ 18.67, p< .001, η2 ¼ 0.428). Cluster D1 occurred at left fronto-
parietal regions. Cluster D2 and D3 also spanned left anterior parietal
regions and extended to central prefrontal brain regions. Thus, all three
clusters were found in dorsal brain regions. Again, in all three clusters the
Stimulus Type x TF interactions were non-significant. Thus, differential
CSþ/CS- and GSþ/GS- processing yielded similar effects.
4.6. MEG correlates of CS/GS discrimination (interaction: TF x Stimulus
Type)

To further explore the neurocognitive basis of the observed behav-
ioral interaction effects, with pronounced unpleasantness, arousal, and
US expectancy ratings that were rather specific to the CSþ, we conducted
a second analysis which focused on spatiotemporal clusters revealing
interactions of TF and Stimulus Type. We expected to replicate McTeague
et al. (2015) who – in addition to generalization effects - showed clear
signs of CSþ/GS differentiation at occipital sites.

The cluster-based permutation test on these interactions in fact
revealed two significant clusters in occipital brain regions (black clusters
in Fig. 5). The first cluster occurred in central occipital sites between
110ms and 167ms (Cluster O1: F(1,25)¼ 13.11, p< .001, η2¼ 0.344).
In this cluster, we found stronger brain activation in response to the CSþ
compared to the CS- (t(25)¼ 3.64, p¼ .001, d¼ 0.52) and –marginally –
to the GSþ (t(25)¼ 2.84, p¼ .009, d¼ 0.37, non-significant after Bon-
ferroni correction). Other t-tests were all non-significant after Bonferroni
correction (critical p-value: p/6 ¼ .05/6 ¼ .008): CSþ vs. GS-
(t(25)¼ 0.52, p¼ .61, d ¼ 0.07; CS- vs. GSþ: (t(25)¼ 0.68, p¼ .50,
d¼ 0.10; CS- vs. GS-: t(25)¼ 2.49, p¼ .02, d ¼ 0.45, GSþ vs. GS-:
t(25)¼ 1.90, p¼ .07, d¼ 0.31).

The second cluster extended towards more dorsal occipital sites at
rather late latencies (Cluster O2: 330–413ms, F(1,25)¼ 18.08, p< .001,
η2 ¼ 0.420). In this cluster, CSþ again elicited stronger neural responses
than CS- (t(25)¼ 3.67, p¼ .001, d ¼ 0.47) and GSþ (t(25)¼ 3.89,



Fig. 4. Neural correlates of fear generaliza-
tion indicated by the main effect of the
threat-related feature (TF þ vs TF-). Signifi-
cant spatiotemporal clusters of the main ef-
fect TF were projected onto a 3D standard
brain for visualization purposes. Top: Red
clusters in ventral regions (V1, V2, V3) reveal
higher neural activations to faces with the TF
þ compared to those with the TF-. Bottom:
Blue clusters in dorsal areas (D1, D2, D3)
show the reverse effect. Bar plots depict the
regional mean neural activity (Generalization
minus Baseline) within the respective clus-
ters. Note that, within these clusters, TF x
Stimulus Type interactions were all non-
significant indicating undistinguishable dif-
ferential effects of CSþ/CS- and GSþ/GS-
processing. Error bars indicate 95% confi-
dence intervals of the means.
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p¼ .001, d ¼ 0.63). Additionally, we found marginally lower responses
to GSþ compared to GS- (t(25)¼�1.68, p¼ .016, d ¼ 0,19, non-
significant after Bonferroni correction), while all other t-tests were
non-significant (CSþ vs. GS-: t(25)¼ 1.09, p¼ .29, d¼ 0.18; CS- vs. GSþ:
t(25)¼ 0.67, p¼ .50, d¼ 0,11; CS- vs. GS-: t(25)¼ 1.68, p¼ .105,
d¼ 0.30).

Importantly, both clusters revealed a clear discrimination not only
between CSþ and CS- faces, but also between CSþ and GSþ faces. Thus,
in addition to generalization of neural responses from CSþ to GSþ
(Clusters V1-3, D1-3), we also found evidence for a sharp discrimination
of CSþ and GSþ stimuli in the occipital cortex.

5. Discussion

We set out to investigate the neurocognitive mechanisms of implicit
fear generalization based on conditioned facial threat-related features
(TF) by means of a MultiCS conditioning paradigm. As intended, par-
ticipants were unable to identify the relevant TF in the pair comparison
task, rendering TFþ/US associations fully implicit. However, in the CS/
US matching task, participants associated CS and US above chance level,
indicating successful learning of facial identities predicting the US. In
addition, our supplementary analyses of the conditioning phase (see
supplementary materials S1) revealed an emerging amplification of
neural responses to the CSþ compared to the CS- as a function of
learning. Confirming previous electrophysiological studies suggesting
acquired fears to alter sensory processing (Miskovic and Keil, 2012), this
effect was localized in left temporo-occipital, i.e. ventral brain regions
(90–130 ms, see Fig. S1). Supporting our main hypothesis of implicit fear
generalization based on the TF, we observed a main effect of the factor TF
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in the generalization phase, i.e. stronger fear-associated behavioral and
neural responses in sensory brain regions to all stimuli with the TFþ
(CSþ, GSþ) compared to those with the TF- (CS-, GS-). Beyond these
predicted effects, dorsal brain regions revealed reduced brain activity for
CSþ compared to CS- and for GSþ compared to GS-. Particularly, the
observed GSþ/GS- differentiations in ventral and dorsal brain regions in
combination with similar tendencies in arousal and US-expectancy rat-
ings provide support for implicit generalization mechanisms based on an
implicit representation of the threat-related feature (TF). We also
observed interactions between Stimulus Type and CS on the behavioral
and on the neural level. As predicted, behavioral ratings (valence,
arousal, US expectancy), and stimulus-induced activity in the occipital
cortex indicated a successful discrimination of CSþ and GSþ stimuli
(McTeague et al., 2015). In the light of results from the CS/US matching
task, this finding might (partly) be influenced by explicit knowledge on
CSþ/US contingencies. In the following, we will discuss our findings in
the light of the literature and in light of existing models of fear
generalization.

5.1. Behavioral effects: generalization and discrimination

In line with the expected generalization of fear, not only the CSþ, but
– in tendency – also the GSþ were evaluated as more unpleasant and
more arousing after versus before conditioning. By contrast, CS- and GS-
ratings did not change as a function of learning. Further, faces with the
TFþ compared to faces with the TF- revealed higher unpleasantness and
arousal ratings as well as higher expectancy ratings. However, significant
Stimulus Type x TF interactions indicated that this was mainly driven by
a strong CSþ/CS- differentiation, while the GSþ/GS- differentiation was



Fig. 5. Neural correlates of CS/GS discrimination indicated by the interaction
effect of the TF (TFþ vs TF-) and the Stimulus Type (CS vs GS). Significant
spatiotemporal clusters of the interaction effect of TF and Stimulus Type were
projected onto a 3D standard brain for visualization purposes. Black clusters in
occipital regions (O1 and O2) reveal higher neural activations to CSþ compared
to CS- and GSþ faces. Bar plots depict the regional mean neural activity
(Generalization minus Baseline) within the respective clusters. Error bars indi-
cate 95% confidence intervals of the means. To further characterize interaction
effects, we employed 6 paired-sample t-tests. The Bonferroni-corrected signifi-
cance level of differences is indicated (*p < .05, **p < .01, ***p< .001, t p< .1,
effects that did not survive Bonferroni correction are indicated in parentheses).
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only marginal in the arousal and US-expectancy ratings. The affective
quality of the GSþ was rated in between the CSþ and CS- in all three
behavioral outcome measures. On the one hand, GSþwere rated as more
unpleasant and arousing compared to the CS-, pointing towards fear
generalization. On the other hand, GSþwere also rated as less unpleasant
and arousing compared to the CSþ, pointing towards the ability of par-
ticipants to discriminate GSþ from CSþ. After Bonferroni correction,
only differences between CSþ and both CS- and GS- remained significant,
but not the discrimination of CSþ and GSþ. Due to only marginal sig-
nificance levels, behavioral evidence for generalization should be inter-
preted with caution. Based on these findings, we conclude that implicit
behavioral generalization effects might be rather weak. This is in line
with previous findings of behavioral conditioning effects under condi-
tions of limited contingency awareness, which have been reported in
some (Br€ockelmann et al., 2011; Rehbein et al., 2014; Steinberg et al.,
2012, 2013), but not all studies (Tabbert et al., 2011; Tabbert et al.,
2006).
5.2. Ventral effects: enhanced motivated attention during fear
generalization

Our study suggests that early-starting effects of motivated attention in
ventral brain regions underpin fear generalization based on implicit
facial features. The observation of generalization effects in occipito-
temporal and inferior parietal, attention-related brain structures con-
verges with generalization studies employing fMRI and ssVEP (Lissek
et al., 2014a; McTeague et al., 2015). Further, our finding of late
generalization effects (553–587ms) in occipito-temporal and inferior
parietal brain regions converges with Nelson et al.’s (2015) finding that
fear generalization modulates the late positive potential (LPP), at least in
participants with low but not high “intolerance of uncertainty”. These
authors suggested that the absence of generalization in highly intolerant
participants may result from secondary strategies, such as attentional
avoidance, presumably (partly) based on explicit knowledge on the
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dimension of generalization. The lack of TFþ/US contingency awareness
in our study might have prevented such deliberate avoidance, facilitating
the finding of a late generalization effect in our sample.

Beyond these late effects of generalization, the current study showed
that also fast neural retuning processes in sensory systems extend from
conditioned stimuli to novel stimuli (i.e. GSþ) that have never been
paired with aversive events, but that share subtle perceptual features (i.e.
the TFþ) with CSþ. In line with previous MultiCS studies (Rehbein et al.,
2014; Steinberg et al., 2013a), we found enhanced neural responses to
faces with the TFþ compared to those with the TF- in an anterior tem-
poral and inferior frontal cluster as early as 67–90 ms after stimulus
onset. Further, we found evidence for a mid-latency occipito-temporal
differentiation (103–147 ms) for stimuli with the TFþ compared to those
with the TF-, resembling the previously described late effect (553–587
ms). Interestingly, this sequence of effects converges with results of a
previous MultiCS study, showing a transfer of conditioned responses
from the originally conditioned CSþ/CS- faces to same-identity faces
with different expressions during similar processing stages (64–96 ms,
68–92 ms, 108–160 ms, 412–452 ms) in the EEG (Rehbein et al., 2018).
Importantly, the spatiotemporal activation pattern observed here may
indicate that late sustained attentional processes to generalization stimuli
(e.g., Nelson et al., 2015) are initiated already at early perceptual pro-
cessing stages. The recurrence of effects with a similar topography at
different temporal processing stages (see also Steinberg et al., 2012,
2013) is in line with multiple-wave-models of affective processing
(Pessoa and Adolphs, 2010), which assume that affective visual infor-
mation is activated in ‘multiple waves’ that initiate and refine neural
responses at a given processing stage. Overall, the spatio-temporal
characteristics of the observed effects fit with previous research
showing prioritized perceptual processing of motivationally relevant
stimuli (Bradley et al., 2003; Schupp et al., 2004; Vuilleumier, 2005) and
highlight that fast and automatic bottom-up processes indexing moti-
vated attention play a key role in fear generalization.

5.3. Dorsal effects: reduced top-down control during fear generalization

Interestingly, reduced neural responses to stimuli with the TFþ
compared to those with the TF- in dorsal fronto-parietal brain regions
also emerged already at very early processing stages (43–83 ms) – i.e.
temporally overlapping with ventral effects described above. Similar
effects with dorsal topographies extending to central prefrontal brain
regions again showed up at mid-latency time intervals (173–203 ms,
257–290 ms). We can only speculate on the functional significance of
these effects. An influential model of attentional control in the brain
(Corbetta and Shulman, 2002) distinguishes between more ventral
stimulus-driven attentional systems and dorsal goal-directed control
systems. In the context of affective processes, fast signatures of motivated
attention can nicely be reconciled with the stimulus driven ventral sys-
tem, while the dorsal structures, especially the dorsolateral prefrontal
cortex have been linked to processes of top-down emotion regulation
including attentional control over emotional distraction (Bishop et al.,
2004). Support for a causal influence of dorsal structures on motivated
attention comes for instance from studies that applied repetitive trans-
cranial magnetic stimulation (rTMS) on dorsolateral prefrontal structures
(Keuper et al., 2018; Notzon et al., 2018; Roesmann et al., 2019;
Zwanzger et al., 2014). An inhibition of the dorsolateral prefrontal cortex
was repeatedly shown to result in stronger EEG/MEG signatures of
motivated attention in ventral brain regions at early and mid-latency,
relatively automatic stages of stimulus processing (Keuper et al., 2018;
Zwanzger et al., 2014). Considering the early onset of TFþ/TF-
discrimination in dorsal brain regions (43–83 ms), it seems possible that
effects of generalized motivated attention in ventral brain regions
(starting at 67–90 ms) were modulated by the inhibitory influence of
‘associational’ dorsal frontoparietal regions. However, a potential causal
role of frontal functioning on the strength of generalized signatures of
motivated attention still needs to be investigated, for example by means
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of targeted non-invasive neurostimulation techniques. Overall, the
observed interplay between dorsal and ventral brain networks fits well
with the multiple-wave-model of emotion processing (Pessoa and
Adolphs, 2010), which not only assumes multiple waves of activation
within the visual stream, but also describes interactive connections be-
tween the visual cortex and ‘associational’ frontal and parietal regions.

5.4. Implications for existing models of fear generalization

At first sight, the early onset of neural generalization effects in
ventral, visual regions fits well with the perceptual model of fear
generalization (Lissek et al., 2014a), which conceptualizes fear general-
ization as a direct consequence of perceptual similarity or insufficient
differentiation. This model claims that fear generalization arises from
interactions in distributed networks, including regions of “fear--
excitation” (including the amygdala) and prefrontal regions of “fear--
inhibition”. It also assigns a key role to the hippocampus and visual
cortical areas, which are thought to perform comparisons between test
stimuli (GS) and a memory template of the threat-signaling CSþ. In case
of increased perceptual similarity between GS and CSþ the result would
be propagated to areas associatedwith both fear excitation and inhibition
(Lissek et al., 2014a). Thus, the early effects in anterior temporal and
visual areas fit well with the predicted role of the visual cortex in
perceptual comparisons. However, the very early onset of “inhibitory”
generalization effects in dorsal fronto-parietal networks (43–83 ms), and
especially early discrimination effects in occipital regions (110–167 ms;
330–431 ms), revealing a clear neural differentiation of CSþ and all GSþ
stimuli, challenge the key assumption of this model that fear general-
ization is a mere consequence of perceptual CSþ/GS similarity.

In line with the observed selective CSþ processing in occipital re-
gions, ssVEP and fMRI studies have previously shown that generalized
behavioral, neural and autonomic measures may coexist with highly
discriminative neural profiles (McTeague et al., 2015; Onat and Büchel,
2015). Particularly, CSþ specific enhancements of ssVEPs over central
occipital sites (McTeague et al., 2015) fit nicely with the occipital effects
reported here. Based on the finding that the integration of neural
discrimination on the one hand and ambiguity-based uncertainty (Onat
and Büchel, 2015) on the other hand predicted generalization effects in
behavioral responses, Onat and Büchel (2015) conceptualized
fear-generalization as an active, integrative process rather than a passive
perception-driven one. This model might imply a temporal sequence of
discrimination processes preceding generalization processes. However,
our data rather suggest that the onset of generalization preceded the
onset of discrimination. Possibly, the active integration of neural CSþ/GS
discrimination and uncertainty regarding the affective value of GS (Onat
and Büchel, 2015) coexists with other mechanisms resulting in general-
ized fear responses.

To sum up, existing models cannot easily account for the temporal
sequence of the different effects observed in the current study, which
reveal the following key aspects: First, generalization is not (exclusively)
based on the failure to discriminate. Second, processes of perceptual
discrimination and generalization both affect very early stages of stim-
ulus perception. Third, generalization effects may precede discrimination
effects and might thus be (partly) independent from discriminatory
perceptual functions. This last aspect is further supported by evidence
suggesting that fear generalization in humans is not limited to percep-
tually similar stimuli (Dunsmoor and Murphy, 2015).
Perception-independent processes such as category-based induction
(Dunsmoor et al., 2014) and representations of conceptual knowledge
(Dunsmoor and Murphy, 2014) were also shown to induce fear gener-
alization. One possibility to account for early perceptual effects of
generalization might be the assumption of plastic “mnemonic templates”
representing the TF. Such templates might include perceptual, semantic
and conceptual features, and might quickly be activated by potentially
harmful new stimuli that are similar to threat-related stimuli (i.e. GS)
without a full perceptual analysis. An integration of (non-perceptual)
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processes (e.g. “mnemonic templates”) into existing perceptual models of
fear generalization might be helpful to account for fast and implicit
generalization effects.

5.5. General implications and future directions

Irrespectively of the underlying mechanisms, behavioral and neural
generalization effects suggest that (1) newly acquired defensive re-
sponses to threat-signaling faces (CSþ) quickly generalize to new iden-
tities (GSþ), that (2) these generalization processes do not depend on
awareness of the threat-related feature or dimension and that (3) they
may be partly independent of the ability to discriminate. The balance of
fear generalization on the one hand and the ability to discriminate
harmful and safe stimuli on the other is regarded an adaptive mechanism
which may facilitate survival-promoting reactions when facing potential
danger. However, negative consequences of a dysfunctional interplay are
manifold: First, overgeneralization of fear to harmless stimuli can be a
burden to daily life and constitutes a key characteristic of anxiety and
stress-related disorders (Dunsmoor and Paz, 2015). As previous clinical
studies have mainly investigated overgeneralization of fear along
obvious threat-related dimensions (Greenberg et al., 2013; Lissek et al.,
2010), it remains to be disentangled whether pathological over-
generalization in anxiety disorders is grounded in alterations of more
explicit or more implicit mechanisms. It seems likely that different
groups of anxiety-related disorders might even depend on explicit and
implicit generalization mechanisms to different degrees (Grillon et al.,
2004). Future research should address these questions, because a better
understanding of pathological mechanisms may help to improve thera-
peutic strategies aiming to reduce overgeneralization in anxiety
disorders.

Second, our findings are in line with a previous study revealing that
awareness of newly acquired CS/US contingencies is not necessary to
modulate social biases to specific ethnic groups (Olson and Fazio, 2006).
While Olson and Fazio (2006) showed that pre-existing biases can be
reduced by means of implicit conditioning approaches, our study exper-
imentally induced these biases. Both studies converge in the notion that
even implicitly acquired associations of specific features with emotion-
ally relevant events may result in generalized affective responses to
newly encountered individuals sharing those specific features. Thus,
implicit fear generalization and resulting biases affecting early stages of
perception likely underpin the evolution of social prejudices and biases
(c.f. De Houwer et al., 2001; Olson and Fazio, 2006). Notably, there is
evidence that fear generalization and consequential social biases are
modifiable. Discrimination trainings prior the assessment of fear gener-
alization for instance may causally influence fear-related responses to
generalization stimuli (e.g. Ginat-Frolich et al., 2019; Ginat-Frolich et al.,
2017; Lommen et al., 2017). Moreover, if fearful responses rapidly
generalize after aversive conditioning of implicit threat-relevant facial
features, conditioned appetitive associations (Tapia Le�on, Kruse, Stalder,
Stark and Klucken, 2018) of these features might also be generalized or
block fear acquisition and generalization. Thus, it would be interesting to
study effects of explicit and implicit feature-based discrimination train-
ings as well as effects of explicit and implicit appetitive conditioning on
generalized fear responses.

5.6. Limitations

Aiming at the investigation of implicit fear generalization, the
confirmed TFþ/US unawareness was the critical factor in this study.
However, when evaluating the “degree of implicitness” one needs to
acknowledge that participants in this study were rather aware of CSþ/US
associations of individual faces, as they correctly matched CSþ stimuli
with US above chance level. Compared to previous visual MultiCS studies
without CSþ/US contingency awareness (Rehbein et al., 2014, 2015;
Steinberg et al., 2012, 2013b), here the number of CS was smaller and
CS/US associations were more frequent, because CSþ stimuli were
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continuously reinforced in the conditioning and the generalization
phase. Future studies with both absent contingency awareness of
TFþ/US and CSþ/US associations are needed to support our hypothesis
that non-conscious generalization does not depend on any explicit
memory traces. Towards this aim, it is also important to carefully
consider potential effects of task reactivity on (subsequent) behavioral
and neurophysiological tests (cf. Lonsdorf et al., 2017). We acknowledge
that the employed assessment modalities (e.g. offline assessment of
behavioral tasks) and the order of tasks might have influenced the
observed effects of contingency awareness and generalization. Never-
theless, under consideration of these limitations, our study demonstrates
that MultiCS conditioning can facilitate the investigation of fear circuits
that operate non-consciously. Importantly, the study of fear conditioning
in absence of contingency awareness can support the translational
transfer from animal models to models of human fear and anxiety. Such
approach has been proposed as a way forward (LeDoux, 2014) to un-
derstand mechanisms of fear generalization in anxiety patients, who
often show no awareness of fear evoking factors.

A second limitation of our study lies in the absence of a behavioral
sensory discrimination task to directly assess discrimination performance
regarding the employed stimuli. Generalization studies typically use
slightly modified CS as generalization stimuli, e.g. a CS face or CS tone
which was slightly morphed into a GS face or a GS tone (Laufer et al.,
2016; Onat and Büchel, 2015). As aversive conditioning may reduce
individual just noticeable differences between individual generalization
stimuli that are very similar to the threat-signaling CSþ (Laufer et al.,
2016; Shalev et al., 2018), studies employing such stimuli should test
participants’ ability to perceptually discriminate CS and GS before con-
ditioning. Our study differs from these generalization experiments, as CS
and GS stimuli were completely different faces, which just shared the
abstract TF-low or TF-high. Therefore, a perceptual discrimination of
individual faces within and across CS and GS sets could be assumed.
Upon explicit instructions regarding the relevant facial feature, a
perceptual discrimination of TF-high and TF-low faces would also be
expected in discrimination tasks, because eye and mouth regions were
clearly visible in all faces. However, in order to identify (and exclude)
participants with specific discrimination disabilities or to associate pre-
existing discrimination performance with measures of generalization,
future studies in this direction should test participants’ discrimination
ability, for example in a behavioral forced-choice pair comparison task,
comparing different faces regarding their TF. Overall, future Multi-CS
conditioning studies should adopt sensory discrimination tasks to
investigate the interplay of explicit and implicit aversive learning
mechanisms, perceptual discrimination and fear generalization more
directly.

6. Conclusion

Our results show that early amplifications of motivated attention
towards conditioned faces in ventral brain regions generalize to novel
individuals sharing a threat-related feature. This generalization process
occurs in absence of TF/US-contingency awareness and may thus
contribute to implicit attentional biases. Reverse effects in dorsal brain
regions point towards early top-down modulations. The coexistence of
generalized fear responses (indicated by similar CSþ and GSþ re-
sponses), and a clear discrimination (indicated by different CSþ and
GSþ responses) in neurophysiological and behavioral data reveals it
unlikely that the observed generalization effects reflect a mere failure of
perceptual discrimination but rather supports an active, integrative
process.
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