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Introduction

Facial emotion recognition (FER) is one of the most fre-
quently studied neurocognitive functions in autism spec-
trum disorders (ASD), as it contributes to the social com-
munication and interaction deficits characteristic for 
the condition (American Psychiatric Association 2013). 
Numerous studies have applied a variety of different meth-
ods, trying to quantify FER deficits in ASD, but results 
remain heterogeneous (Harms et  al. 2010). Investigating 
which factors produce this variability is important to under-
stand the nature of FER deficits in ASD. An important 
factor in this respect, that has rarely been examined, is the 
difference between implicit and explicit FER tasks. Neuro-
imaging studies have shown that different neural networks 
underlie implicit versus explicit FER (Critchley et al. 2000; 
Gorno-Tempini et al. 2001). Behavioral studies of affective 
reactivity suggest that FER might be more strongly affected 
during implicit tasks in ASD (Kamio et al. 2006; Mathersul 
et  al. 2013). This might be related to a lack of perceived 
relevance of emotional stimuli and therefore less alloca-
tion of attentional resources to affective stimulus content. 
Furthermore individuals with ASD seem to be able to over-
come these deficits when they are explicitly instructed to 
take emotional content into account (Begeer et  al. 2006). 
This suggests that either implicit and explicit FER net-
works might not be affected to the same degree in ASD, 
or that FER deficits in ASD are related to reduced saliency 
of emotional stimuli during implicit processing which can 
be overcome by intentional allocation of attention during 
explicit FER.

To better understand underlying mechanisms of implicit 
versus explicit FER in ASD it is important to study their 
neural basis. Here, event-related potentials (ERPs) are par-
ticularly useful and have advantages over other imaging 
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methods, as ERPs (1) have a very high temporal resolu-
tion, (2) are a direct measure of neural activity, and (3) 
can resolve the time course of discrete face processing 
steps. ERPs have frequently been used to examine general 
face processing abilities in ASD and several studies report 
abnormal ERP responses with regard to structural face 
processing and the processing of face familiarity (McPart-
land et al. 2004; Hileman et al. 2011; Churches et al. 2010; 
Webb et al. 2012).

However, only few studies have investigated FER defi-
cits in children and adolescents with ASD using ERPs, 
and findings remain highly variable across studies. For 
instance, one study implementing an implicit FER task 
did not report differences in early ERPs regarding FER in 
children with ASD (Apicella et al. 2013). Another study, in 
contrast, found pronounced differences in P100 and N170 
(Batty et  al. 2011). The only study using an explicit FER 
task compared ERPs across adults and children with and 
without ASD and found differences in FER performance 
and early ERPs only between the adult groups (O’Connor 
et al. 2005).

To date, only one study has directly investigated the 
influence of implicit versus explicit FER processing on 
ERP correlates in ASD. Wong et  al. (2008) compared 
children with ASD and TDC aged 6–10 years across an 
implicit (gender discrimination) and explicit FER task 
(emotional vs. neutral expressions). Both groups showed 
the same level of behavioral performance, and similar task 
dependent ERP modulation. Source analysis showed that 
activity of neural generators in brain regions relevant for 
face processing were significantly reduced and slower in 
participants with ASD relative to TDC for both conditions. 
However this pioneering study has several limitations: 
First, the explicit task used in this study was simple, only 
demanded the discrimination of neutral versus emotional 
faces. Thus, the lack of behavioral and ERP differences 
might have been due to ceiling effects. Second, the study 
only investigated early ERPs reflecting visual and structural 
processing (P100 and N170) but did not take into account 
later ERPs reflecting cognitive processing. The late positive 
potential (LPP) for example is sensitive to emotional con-
tent and perceived significance of stimuli and thereby also 
the allocation of attention related to these factors (Schupp 
et  al. 2004; Hajcak and Olvet 2008; Ferrari et  al. 2010).
The LPP is consequently well suited to examine motiva-
tional and attentional aspects of FER in ASD. All in all, 
more detailed research is needed to provide a better under-
standing of the complex neural processing mechanisms 
underlying explicit and implicit FER in ASD. Comparing 
early visual and cognitive ERPs for implicit versus explicit 
FER will show whether deficits are actually more promi-
nent during implicit processing, as suggested by behavioral 
studies, and reveal underlying mechanisms.

In addition to ERPs, which can illustrate the discrete 
time course of facial emotion processing, other meth-
ods need to be implemented to study network effects, as 
FER involves complex interaction of different brain areas 
(Haxby et  al. 2000). For example, fMRI based studies 
have shown that not only the activity of single brain areas 
(Schultz et al. 2000; Koshino et al. 2008) but also connec-
tivity between different areas is affected in general face pro-
cessing (Koshino et al. 2008; Kleinhans et al. 2008; Lynn 
et al. 2016), as well as during explicit FER in ASD (Monk 
et al. 2010; Wicker et al. 2008).

EEG-based measures of coherence can quantify func-
tional cortical connectivity by looking at the synchroniza-
tion of oscillations between different areas (Nunez et  al. 
1997; Sporns et al. 2000). Like ERPs EEG-coherence relies 
on direct measure of neuronal activity and does not depend 
on indirect measures such as blood flow. The majority of 
EEG-based studies have focused on differences of connec-
tivity patterns at rest (Murias et al. 2007; Coben et al. 2008; 
Duffy and Als 2012; Mathewson et  al. 2012). In addition 
there is evidence suggesting that functional coherence is 
affected in ASD (e.g. Isler et al. 2010; Carson et al. 2014; 
Jaime et al. 2016).

Again, only few studies have investigated cortical 
coherence during face processing in ASD and none have 
directly compared implicit and explicit FER. One study 
used magnetoencephalography to investigate coherence 
during implicit FER in adolescents with ASD. Reduced 
interregional coherence between the right fusiform gyrus 
and insula were found in the beta band (Leung et al. 2014). 
The only existing study contrasting implicit and explicit 
processing looked at neutral faces compared to objects. 
Results showed reduced interhemispheric coherence as 
well as less task dependent modulation of coherence in the 
ASD group (Catarino et  al. 2013). Taken together, these 
findings indicated that both differences in inter- and intra-
hemispheric connectivity might contribute to FER defi-
cits in ASD: On the one hand interhemispheric coherence 
is found to be reduced during visual processing in ASD 
(Isler et al. 2010; Catarino et al. 2013) which is related to 
deficits in integration of visual features and impaired per-
ceptual abilities in ASD (Peiker et  al. 2015). This is also 
relevant for FER, as it typically relies on the integration of 
different facial features. On the other hand previous studies 
reported differences in intrahemispheric coherence (Leung 
et  al. 2014). This finding indicates that the integration of 
information across brain areas and feedback between these 
areas are also affected during facial emotion processing in 
ASD. Both patterns of inter-and intrahemispheric coher-
ence might differ for implicit versus explicit FER. As it has 
been suggested that implicit FER is more strongly affected 
in ASD, there might also be reduced patterns of cortical 
coherence for implicit FER.
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Taken together, the aim of the current study was to char-
acterize the neural basis of FER deficits in ASD by com-
paring neural correlates of implicit versus explicit process-
ing during early visual as well as later cognitive ERPs, and 
intra- and interhemispheric coherence. For this purpose we 
employed a task that exclusively examined negative emo-
tions to avoid ceiling effects. Because negative and com-
plex facial expressions are more difficult to process for 
ASD individuals than positive emotions (Corden et  al. 
2008; Wallace et  al. 2008; Bal et  al. 2010). Furthermore, 
we examined the LPP in addition to early visual ERP com-
ponents to evaluate motivational and attentional aspects of 
FER deficits in ASD. Also, we aimed to examine possible 
differences between groups in EEG-coherence at occipital, 
temporal and parietal electrodes for implicit versus explicit 
FER.

It was hypothesized that compared to TDC, ASD indi-
viduals would show (1) more errors in the behavioral FER 
task, (2) greater ERP differences in the implicit versus the 
explicit condition, indicative of a lack of automatic alloca-
tion of attention and perceived emotional significance dur-
ing implicit FER, and (3) aberrant patterns of intra- and 
interhemispheric cortical coherence.

Methods

Participants

Twenty-one individuals with ASD (12.5 ± 2.2 years) and 16 
typically developing controls (TDC, 13.0 ± 2.9 years) were 
included in our study. Groups were matched for age, gen-
der, handedness (Oldfield 1971), and IQ (see Table 1). Both 
groups included significantly more males than females 
(ASD-group: females N = 1, TDC-group: females N = 3), 
which reflects the male-bias in ASD prevalence in the 
general population. We excluded individuals with a learn-
ing disability (i.e. IQ ≥ 70), a history of neurological dis-
orders (including epilepsy), and impaired eye-sight (except 
if this was corrected via glasses). Cognitive abilities (i.e. 
full scale IQ) were assessed by a short form of the WISC 
or WAIS respectively (“Wechsler Intelligence Scale for 
Children”, Petermann and Petermann 2010; and “Wechsler 
Adult Intelligence Scale”; Aster et  al. 2006; German ver-
sions, four tasks were used: “Vocabulary”, “Letter-Num-
ber-Sequencing”, “Matrix Reasoning”, “Symbol Search”; 
Waldmann 2008).

Participants with ASD were diagnosed with either 
Autism (N = 6), Asperger Syndrome (N = 9) or atypical 
autism (N = 6) according to ICD-10 criteria (World Health 
Organization 1992). Both, the German version of the 
Autism Diagnostic Interview-Revised (ADI-R, Bölte et al. 

Table 1  Sample description 
and behavioral data

Significant differences (p < .05) are given in bold and marked with an asterisk

Sample description ASD (N = 21) TDC (N = 16) T-score (df)/χ2 (df) P-score

Age
 Mean (SD) 12.5 (2.2) 13.0 (2.9) −0.643 (35) 0.525
 Range 8.7–16.4 8.7–17.8

IQ
 Mean (SD) 103.4 (8.90) 106.9 (6.55) −1.383 (35) 0.175

Gender
 Male 95.2% 81.3% 1.843 (1) 0.296
 Female 4.8% 18.7%

Handedness
 Right 85.7% 87.5% 0.025 (1) 1.000
 Left 14.3% 12.5%

Diagnosis
 F84.0 28.6%
 F84.1 28.6%
 F84.5 42.8%

Behavioral data
 d′
  Mean (SD) 1.58 (0.76) 2.28 (0.67) −2.940 (35) 0.006*

 Reaction time (ms)
  Mean (SD) 1622.5 (367.3) 1384.1 (195.7) 2.533 (35) 0.016*
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2006), and the Autism Diagnostic Observation Schedule 
(ADOS, Rühl et  al. 2004) were administered by experi-
enced clinicians (psychiatrists, clinical psychologists). We 
excluded individuals with comorbid psychiatric disorders 
such as Attention-Deficit–Hyperactivity Disorder, schizo-
phrenia, bipolar disorder, social phobia, obsessive–com-
pulsive disorder, major depressive disorder with suicidal 
ideation, or any personality disorder according to ICD-10 
as assessed by the Diagnostic Interview for Children and 
Adolescents (Kinder-DIPS; Schneider et  al. 2009). Also 
none of the participants were taking any kind of psycho-
tropic medication.

Typically developing controls (TDC) were included if 
they had no personal or family history of ASD, or any other 
psychiatric disorders. This was verified using the “Social 
Responsiveness Scale” (SRS, Bölte et al. 2005, mean raw 
score for TDC 16.31, SD 10.93), as well as the “Social 
Communication Questionnaire” (SCQ, Bölte and Poustka 
2008, mean score for TDC 1.94, SD 2.18).

All participants and their caregivers gave informed con-
sent. The study was approved by the local ethical commit-
tee in accordance with the declaration of Helsinki.

Stimuli and Procedure

Participants were seated in a darkened room approximately 
80  cm from a 30 × 37.5  cm screen on which the stimuli 
were presented. Facial expression stimuli consisted of color 
photographs of 50 young adults (25 male/25 female) each 
portraying angry, sad and disgusted emotional expres-
sions, which were taken from a standardized set of facial 
expression stimuli (FACES database, Ebner et  al. 2010). 
The experiment comprised two conditions. In both condi-
tions the same emotional facial expression stimuli were 
shown, only in different randomized order. Two different 
task-instructions were used to shift the focus of attention 
either towards the emotional expressions in the explicit 
condition or away from them in the implicit condition. Dur-
ing the implicit task participants were instructed to attend 
to people’s hair color, and had to respond with a button 
press whenever they saw someone who was blond. In the 
explicit task the instruction was to concentrate on emo-
tional expressions and respond whenever an angry facial 
expression was shown. Stimuli were shown for 3  s each 
with 1.5–2.5  s inter-trial interval, during which a fixation 
cross was shown. Stimuli were presented using Presenta-
tion™ software (Neurobehavioral Systems, Inc., Berkeley, 
CA, http://www.neurobs.com).

Participants’ responses on the explicit FER-task were 
recorded and analyzed with respect to reaction times (aver-
aged for target/anger trials) and task performance. Perfor-
mance on the facial emotion recognition task was computed 

as d′ (“D-PRIME”), which is defined as the difference of 
the z-transformed values of hit rate (H) and false alarm rate 
(F).

where hit rate (H) is defined as the number of correct 
responses divided by the number of target trials, and false 
alarm rate (F) as the ratio between the number of false posi-
tive responses and the number of trials where no response 
should have been given (Macmillan and Creelman 2004).

EEG Recordings

For data recording 64-channel equidistant electrode caps 
(Easycap GmbH, Herrsching, Germany) with sintered 
Ag–AgCl electrodes were used. Fpz was used as recording 
reference while impedances were kept below 10 kΩ. Data 
was recorded using Brain Vision Recorder software and 
Brain Vision MR-Plus amplifiers (Brain Products GmbH, 
Munich, Germany) with an online anti-aliasing low-pass 
filter with 250  Hz high cut-off and a sampling rate of 
500 Hz. Eye movements and blinks were recorded by ver-
tical and horizontal electro-occulograms from electrodes 
placed 1 cm above and below the left eye and lateral to the 
outer canthi.

ERP Analysis

Offline data was re-referenced to average reference and 
high pass filtered using Brain Vision Analyzer 2 software 
(Brain Products GmbH, Munich, Germany). A 0.1 Hz high 
pass filter (Butterworth zero phase filter, 24dB/octave) was 
applied for the further analysis of the LPP, while a 1  Hz 
high pass filter (Butterworth zero phase filter, 24 dB/oct) 
was used for the analysis of the P100 and N170 compo-
nents to remove DC artefacts which could have hampered 
the analysis of these components. Artefacts were removed 
using independent component analysis (ICA) as imple-
mented in EEGLAB (Delorme and Makeig 2004), a freely 
available open source software toolbox (EEGLAB toolbox 
for single-trial EEG data analysis, Swartz Center for Com-
putational Neurosciences, La Jolla, CA; http://www.sccn.
ucsd.edu/eeglab) running under MATLAB (The Math-
Works, Inc., Natick, Massachusetts, United States). To 
facilitate independent component separation, the data was 
cleaned manually from gross artifacts such as excessive 
muscle tension. Afterwards, ICA was performed (using the 
“runica” command), and components representing artifacts 
caused by e.g. muscle tension, blinks or line noise were 
removed. In a next step data was epoched into 600 ms seg-
ments (100  ms baseline, 500  ms post stimulus) to assess 
P100 and N170 and 1300 ms segments for the LPP (300 ms 

d’ = z(H) − z(F)

http://www.neurobs.com
http://www.sccn.ucsd.edu/eeglab
http://www.sccn.ucsd.edu/eeglab
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baseline, 1000  ms post stimulus).In both cases a maxi-
mum of 150 segments could be obtained for each condition 
(implicit/explicit).

While a minimum of two-thirds of trials had to be arti-
fact-free for a subject to be included in the analyses, the 
number of artifact free trials was also compared across 
groups using t-tests. On average participants with ASD 
and TDC had the same number of artifact-free trials for 
LPP [t(35) = 0.68, p = .50; TDC M = 93.2% SD = 5.6%, 
ASD M = 92.1% SD = 4.2%] and coherence analysis 
[t(35) = 0.70, p = .49; TDC M = 88.3% SD = 7.4%, ASD 
M = 86.8% SD = 5.8%], while there was a slight difference 
of less than 10% regarding P100/N170 analysis [t(35) = 3.0, 
p = .01;TDC M = 87.2% SD = 7.8%, ASD M = 80.0. % 
SD = 6.8%].

In a next step a 30 Hz low-pass filter was applied (But-
terworth Zero Phase Filter, 48 dB/oct) and averages 
were computed for both conditions (implicit/explicit) 
respectively.

ERPs were analyzed using semi-automatic peak detec-
tion. Time- windows and electrodes of interest were derived 
both from previous literature (especially on children and 
individuals with ASD, Batty et  al. 2011; Hileman et  al. 
2011), and observed maxima of grand average data. P100 
peaks were examined at O1 and O2 and observed latencies 
ranged from 76 to 162 ms. N170 peaks were inspected at 
left and right temporo-parietal clusters consisting of P7/
TP7 and P8/TP8, and peaks were found between 142 and 
238  ms. The broad range in peak latencies likely reflects 
the specific sample of this study that comprises a relatively 
large age range as well as a patient group, which are known 
for more variable peak latency (Milne 2011). Individual 
peaks were determined separately for each hemisphere/
channel and peak amplitude was exported as a mean value 
of ±6 ms around the peak.

The LPP was assessed as the mean activity of an occip-
ito-parietal cluster of electrodes (O1, O2, Oz, PO1, PO2) in 
a time window of 400–600 ms after stimulus onset. Elec-
trodes and time-widow of interest were based on grand 
average data and previous literature on the LPP in children 
(Bal et al. 2010).

Coherence Analysis

For the analysis of frequency content and coherence, implicit 
and explicit conditions were contrasted to assess the influ-
ence of intentional processing. Data were re-referenced to 
average reference, filtered with a 1 Hz high-pass filter, gross 
artifacts were rejected manually and the data was then addi-
tionally cleaned using ICA, analogous to the preprocessing 
of the ERP data. Afterwards 1  s segments were extracted 
which started at stimulus onset. A low-pass filter of 40 Hz 
was used and a fast fourier transform (FFT) with a 10% 

Hanning Window and a maximum resolution of 0.977  Hz 
was applied. Afterwards power and magnitude squared 
coherence (MSC) were computed in the alpha (8–12 Hz) and 
beta (13–25 Hz) frequency range, as implemented in Brain-
Vision Analyzer 2. Where MSC is defined as:

With Gxy(ω) being the cross power spectrum at fre-
quency ω between signals x(t) and y(t), and Gxx(ω) and 
Gyy(ω) being the autospectra of x(t) and y(t) (Challis and 
Kitney 1991).

Alpha and beta band were chosen as they are closely 
related to attentional and cognitive processes (e.g., Rowland 
et al. 1985; van Ede et al. 2011; Klimesch 2012). Electrode 
pairs of interest, evaluating intra-hemispheric (O1–P7, 
O1–TP7, P7–TP7 left and O2–P8, O2–TP8, P8–TP8 right) 
as well as inter-hemispheric (O1–O2, P7–P8, TP7–TP8) 
coherence, were chosen to assess coherence between the 
areas generating the observed ERPs typical for FER in the 
visual system. Thereby we aimed to examine coherence 
between areas of early visual processing, namely the pri-
mary/secondary visual cortex and the fusiform gyrus, as a 
lack of connectivity between these areas has been suggested 
in fMRI studies (Lynn et al. 2016; Bird et al. 2006) and it is 
thought that social perceptual deficits in ASD already begin 
during early visual processing. Studies on cortical coher-
ence during visual processing also suggest reduced inter-
hemispheric connectivity in ASD (Isler et  al. 2010; Cata-
rino et al. 2013), which was therefore also assessed at the 
electrodes of interest.

Statistical Analysis

Behavioral performance measured as d′ and reaction times 
were compared across groups using independent sample 
t-tests. Sample data was approximately normally distrib-
uted. When the assumption of homogeneity of variances 
was violated corrected values are reported.

P100 and N170 amplitudes and latencies were analyzed 
with repeated measures analysis of variance (ANOVA), 
with the between-subject factor GROUP (ASD/TDC) and 
within-subject factors CONDITION (implicit/explicit) and 
HEMISPHERE (left/right). For the LPP mean activity dur-
ing the time window of interest was also analyzed using a 
repeated measures ANOVA with between-subject factor 
GROUP (ASD/TDC) and within-subject factor CONDI-
TION (implicit/explicit).

MSC was analyzed separately for each frequency band 
(alpha/beta) and the type of coherence (inter-hemispheric/
intra-hemispheric). Looking at inter-hemispheric coherence 
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a repeated measure ANOVA was performed with GROUP 
(ASD/TDC) as between-subject factor and within-subject 
factors CONDITION (implicit/explicit) and ELECTRODE-
PAIR (O1–O2/P7–P8/TP7–TP8). For intra-hemispheric 
coherence the between-subject factor GROUP (ASD/TDC) 
and within-subject factors CONDITION (implicit/explicit) 
as well as ELECTRODE-PAIR (occipital-parietal/occipi-
tal-temporo-parietal/parietal-temporo-parietal) and HEMI-
SPHERE (left/right). Emotion type was not taken into 
account for these analyses, as no differences were expected.

To establish that possible group differences in MSC 
were not caused by group differences in overall strength 
in alpha and beta power an ANOVA was also carried out 
for alpha and beta power respectively with GROUP (ASD/
TDC) as a between-subject factor and within-subject fac-
tors CONDITION (implicit/explicit) as well as ELEC-
TRODE-LOCATION (occipital/parietal/ temporo-parietal) 
and HEMISPHERE (left/right).

When interaction effects were observed, Bonferroni cor-
rected post-hoc tests were subsequently applied. As fre-
quency and coherence data were not normally distributed 
log transformation was applied to ensure that the distri-
bution of the data and its residuals fulfilled the prerequi-
sites for the statistical analyses. Otherwise residuals were 
approximately normally distributed. In the case that the 
assumption of sphericity was violated Greenhouse-Geisser 
correction was applied. Statistical analyses were conducted 
using STATISTICA software (StatSoft, Tulsa, USA).

Results

Behavioral Measures

The TDC group performed significantly better on the FER-
task than the ASD group [t(35) = −2.5, p = .01]. A simi-
lar pattern was observed when examining reaction times 
[t(31.8) = 2.5, p = .02], with the ASD group showing slower 
responses than controls (see Table 1).

ERP Measures

P100

While no significant effects were observed in P100 latency 
(see Supplementary Table  1), we found a main-effect 
of CONDITION  (F1,35 = 4.5, p = .04), i.e. a larger P100 
amplitude was present in the explicit compared to the 
implicit condition. Additionally, an interaction between 
GROUP, CONDITION and HEMISPHERE was found 
 (F1,35 = 4.81, p = .04). This interaction was caused by a 
larger P100 amplitude in the right compared to the left 
hemisphere during the explicit task in TDC (p = .03), which 

was absent in the ASD group (p = 1.00). Furthermore we 
observed a larger P100 in the right hemisphere in TDC dur-
ing the explicit condition compared to the implicit condi-
tion (p = .01). No significant effects between implicit and 
explicit conditions were found in the ASD group (p = 1.00) 
(see Fig. 1 and Supplementary Table 2).

N170

There were no significant main- or interaction effects in 
N170 latency (Supplementary Table  3; Supplementary 
Fig. 1). For the N170 amplitude a trend for a main effect 
of CONDITION was observed  (F1,35 = 3.8, p = .06, Supple-
mentary Table 4), which indicates a higher N170 amplitude 
in the explicit condition.

LPP

For the LPP, there were no significant main or interac-
tion effects. However, there was a trend for an interac-
tion of GROUP and CONDITION  (F1,35  = 3.63; p = .07), 
with the ASD group showing a tendency towards slightly 
higher amplitudes in the implicit compared to the explicit 
condition (Fig.  2, Supplementary Table  5). Post hoc tests 
however showed that these differences did not reach signif-
icance (ASD implicit versus explicit p = .32, all other com-
parisons p = 1.00).

Frequency and Coherence Analysis

Frequency

For the alpha frequency band a main effect of ELEC-
TRODE  (F1.5,52.1 = 77.7, p < .001) was evident. Alpha 
activity was stronger at occipital compared to parietal and 
temporo-parietal electrodes (O > P with p < .001, O > TP 
with p < .001), and at parietal compared to temporo-pari-
etal sites (P > TP with p < .001). Additionally, an interac-
tion between the factors CONDITION, ELECTRODE and 
HEMISPHERE  (F2,70 = 3.3, p = .04) showed a slightly dif-
ferent pattern of alpha activity during the explicit condition 
between hemispheres (see Supplementary Table 6).

A main effect of ELECTRODE was also evident in the 
beta range  (F1.441,50.429 = 47.6, p > .001) with higher beta 
power at occipital compared to parietal and temporo-pari-
etal electrodes (O > P with p = .03, O > TP with p < .001), 
and parietal compared to temporo-parietal electrodes 
(P > TP with p < .001, Supplementary Table 7).

No group differences were found for any analyses 
regarding alpha and beta frequency.
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Fig. 1  P100 ERP waveforms 
and topographical maps (80–
140 ms time window) for TDC 
(left N = 16) and ASD (right 
N = 21) during the explicit 
(solid black line) and implicit 
(dashed red line) FER condi-
tion. (Color figure online)

Fig. 2  LPP waveforms and 
topographical maps (400–
600 ms) for TDC (left N = 16) 
and ASD (right N = 21) during 
the explicit (solid black line) 
and implicit (dashed red line) 
FER condition. (Color figure 
online)
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MSC Interhemispheric

Looking at interhemispheric coherence in the alpha 
range a main effect of ELECTRODE-PAIR was observed 
 (F1.7,60.0 = 370.8, p < .001). Coherence was higher between 
occipital electrodes compared to parietal (p < .001) and 
temporo-parietal ones (p < .001, Supplementary Table  8). 
The same pattern was found for inter-hemispheric coher-
ence in the beta range  (F1.6,56.6 = 212.0, p < .001, Supple-
mentary Table 9).

MSC Intrahemispheric

Intra-hemispheric coherence in the alpha range also showed 
a main effect of ELECTRODE-PAIR  (F1.7,60.0 = 370.81, 
p < .001; O-P > P-TP > O-TP with p < .001 for all compari-
sons, Supplementary Table 10).

The same pattern was observed for the beta range 
 (F2,70 = 558.8, p > .001). Additionally, an interaction of 
HEMISPHERE by GROUP  (F1,35 = 4.5, p = .04, Supple-
mentary Table  11) was found. Post-hoc tests revealed a 
trend towards stronger intra-hemispheric MSC in the right 
hemisphere in the ASD group (p = .054 for left versus right 
hemisphere, TDC p = 1.0).

A three-way interaction was found between CONDI-
TION, ELECTRODE-PAIR and GROUP  (F2,70 = 3.2, 
p = .05). The TDC showed a task dependent modulation 
in coherence. During the implicit condition coherence 
was equally strong between occipital and parietal and 
between parietal and tempo-parietal electrodes (O–P ≈ 
P–TP), and lowest between occipital and tempo-parietal 
electrodes (O–P > O–TP, p < .001 and P–TP > O–TP, 
p < .001). During the explicit condition coherence between 
occipital and parietal electrodes increased and became 
stronger than the coherence between the other electrodes 
(O–P > P–TP > O–TP; all p < .001). The ASD group 
showed no task dependent modulation, but the same coher-
ence pattern for both conditions (O–P > P–TP > O–TP; with 
p < .001 for all comparisons, Supplementary Fig. 2).

Discussion

The present study examined the neural correlates of 
implicit versus explicit processing of FER in medication 
free participants with ASD compared to age, IQ, and gen-
der matched TDC. We observed behavioral differences in 
task performance between ASD individuals and controls, 
which were accompanied by between-group differences on 
the neural level.

On the behavioral level, we found impaired task per-
formance and increased reaction time during the explicit 
FER task. This shows that individuals with ASD had 

problems to identify facial expressions even when they 
were explicitly instructed to pay attention to emotional 
content. Hence, FER deficits in ASD cannot be explained 
by a lack of attention to affective content of facial stimuli 
alone. Our results rather indicate that, among other fac-
tors, task difficulty plays an important role. Similarly 
previous investigations have shown behavioral deficits in 
FER to be especially prominent in ASD when challeng-
ing tasks (i.e. more difficult tasks) are used (Harms et al. 
2010; Enticott et  al. 2014). Our findings also highlight 
that the particular choice of task is of importance when 
examining FER in ASD individuals, and that the para-
digm employed in our study was sufficiently powered (in 
terms of task difficulty) to detect between-group differ-
ences in FER abilities.

Looking at early visual ERPs we found two differences 
in the P100 response between individuals with ASD and 
TDC, namely (1) a lateralization-effect of the P100 dur-
ing explicit processing with higher amplitudes in the right 
compared to left hemisphere in the TDC but not the ASD 
group. (2) TDC showed task dependent modulation of the 
P100 amplitude, with higher amplitudes during the explicit 
versus implicit condition in the right hemisphere. Partici-
pants with ASD did also not show this effect.

These findings confirm that between group differences 
can be observed when comparing implicit versus explicit 
FER. However results do not show stronger deficits in the 
ASD group during implicit processing, but rather point 
towards a lack of a task-dependent increase in neural 
activation.

Similar results have been reported regarding a lack of 
attention dependent modulation of the N170 in ASD for 
tasks shifting attention between neutral faces and other 
objects (Churches et al. 2010). A comparable lack of atten-
tion-dependent modulation during face processing has also 
been found in an fMRI study, which suggested decreased 
connectivity between V1 and extrastriate areas as possible 
underlying mechanism (Bird et al. 2006). The P100 repre-
sents early stages of holistic face processing which are sen-
sitive to top-down attentional processes (Taylor 2002) and 
can therefore be modulated by task demands. The observed 
lack of task-dependent P100 modulation might also be 
related to behavioral FER deficits in ASD, as top down 
modulation of the P100 has been linked to other important 
cognitive processes such as working memory performance 
(Rutman et al. 2010). Similar disruptions in the P100 and 
lack of top-down control have also been reported for non-
social visual stimuli in ASD (Maekawa et al. 2011) point-
ing towards a general deficit in this domain.

Furthermore TDC showed a strong right lateralization 
during the explicit task, which the ASD group did not. Lat-
eralization abnormalities during face processing are pos-
sible markers of ASD emerging early during development 
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(McCleery et  al. 2009; Keehn et  al. 2015) and indicate 
atypical development of hemispheric specialization.

Interestingly both lack of task dependent modulation 
and lateralization are evident in the P100 and not the N170, 
suggesting that attention dependent modulation might hap-
pen already during very early visual processing steps for 
FER. Taken together our findings highlight the importance 
of comparing implicit and explicit processing when FER 
deficits are examined in ASD.

We did not only examine early visual processing but 
also later occurring cognitive components, associated with 
attentional and emotional relevance of stimuli. Regard-
ing the LPP, there were no between group differences, but 
a trend towards abnormal LPP modulation with higher 
amplitudes during the implicit task in ASD. Previous stud-
ies have reported reduced motivational response to facial 
stimuli in ASD with decreased LPP amplitudes for facial 
stimuli but increased amplitudes for objects in ASD (Ben-
ning et al. 2016). The LPP is a potential, which represents 
motivational and attentional processes in the context of the 
perception of emotional stimuli (Schupp et  al. 2000), and 
is therefore an interesting component for studying implicit 
versus explicit FER. However, the LPP is usually evaluated 
in the context of highly emotional (positive or negative) 
compared to neutral stimuli (Schupp et  al. 2004; Hajcak 
and Olvet 2008; Ferrari et al. 2010). As no neutral or posi-
tive emotional stimuli were used in the current study it was 
not possible to make this comparison. Future studies inves-
tigating LPP differences for implicit versus explicit FER 
should therefore also include neutral and positive facial 
stimuli, to examine these effects in more detail.

Moreover, inter- and intra-hemispheric coherence was 
examined in the context of implicit versus explicit FER. 
Overall observed differences in coherence between TDC 
and ASD group were not as marked as in previous studies 
(Murias et al. 2007; Coben et al. 2008; Carson et al. 2014; 
Jaime et al. 2016), and again we did not find the expected 
pattern of result. We were not able to confirm our hypothe-
sis that coherence would be reduced during the implicit but 
not the explicit FER task in ASD.

Also, there were no group differences regarding inter-
hemispheric coherence, indicating that the integration of 
visual information between hemispheres was not altered in 
ASD. Instead an interaction effect illustrated different task 
dependent intra-hemispheric coherence patterns in the beta 
frequency range for the ASD and TDC group. TDC showed 
an increase in coherence between occipital and parietal 
electrodes during the explicit compared to the implicit con-
dition. Participants with ASD on the other hand showed no 
difference in coherence patterns between conditions. These 
results again point towards a lack of task dependent modu-
lation in the ASD group, while integration between occipi-
tal and parietal regions seems to be modulated in TDC 

during explicit processing. Similar patterns of lacking task-
dependent modulation in connectivity have been reported 
in studies where attention was shifted between faces and 
objects (Catarino et  al. 2013; Bird et  al. 2006), suggest-
ing that this pattern applies to face processing in general 
and not only FER. These findings might also be related to 
attentional deficits, as the beta band has been linked to top-
down control mechanisms (Buschman and Miller 2007). 
Interestingly, similar results were observed for FER in the 
theta range reflecting affective processing, showing that 
children and adolescents with ASD lacked modulation of 
coherence for emotional compared to neutral facial expres-
sions (Yeung et  al. 2014). Evidence that the frontal lobe 
plays an important role in disrupted connectivity in ASD 
(Kitzbichler et al. 2015) further strengthens the hypothesis 
of disrupted top-down control mechanisms in this context.

Limitations

To increase task difficulty and avoid ceiling effects in 
behavioral FER performance no neutral expressions were 
used as comparison categories in the current study. How-
ever, this did not allow us to study whether the effects that 
were found were specific to FER, or can be applied to face 
processing in general. But similar patterns of results have 
been reported in studies comparing neutral face and object 
processing, suggesting that effects are comparable for neu-
tral face processing and FER (Churches et al. 2010; Cata-
rino et al. 2013).

Another limitation is that eye-tracking was not used dur-
ing EEG acquisition and therefore viewing patterns cannot 
be compared between groups. It is possible that our results 
were influenced by this factor, as it is known that individ-
uals with ASD tend to avoid looking at the eye region of 
facial stimuli (Kliemann et  al. 2010). The increased P100 
in TDC might have been related to the control group focus-
ing more strongly on the eye-region during the explicit 
task, while the ASD group might not have done so. Still, 
studies do not agree on whether the P100 is affected by 
which facial feature is fixated (Zerouali et al. 2013) or not 
(McPartland et al. 2010). A direct study on the correlation 
between fixation and ERP amplitude would be needed to 
confirm a link between the two in the context of implicit 
versus explicit FER.

Moreover FER is an ability that undergoes rapid devel-
opment in early childhood and continues throughout ado-
lescence, with different developmental trajectories for 
different emotional categories (see Golarai et  al. 2006 for 
an overview). TDC typically improve at recognizing nega-
tive emotions such as fear or disgust (Herba et  al. 2006), 
but individuals with ASD do not improve at the same 
rate (Lozier et  al. 2014; Rump et  al. 2009) and show 
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developmental delay of theses abilities. Even though our 
data did not suggest any group differences with regard to 
age related improvement in FER abilities or its neurophysi-
ological correlates, investigating this factor could elucidate 
the progress of typical and impaired development of FER.

Finally, we used static facial expressions in our study 
which are less ecologically valid than dynamic facial stim-
uli. As social impairments in ASD occur during dynamic 
social interactions in real live, using dynamic stimuli might 
give even more insight into disrupted FER mechanisms. 
Also studies have shown that face processing deficits in 
ASD are linked to disrupted integration of movement of 
different facial features (Shah et al. 2016). Moreover FER 
deficits become more pronounced when dynamic expres-
sions are examined, as individuals with ASD lack modu-
lation of activity in parts of the social brain related to 
dynamic stimulus processing (Pelphrey et al. 2007). There-
fore the use of dynamic facial stimuli might further add to 
a better understanding of differences in FER abilities and 
its neural correlates when examining implicit and explicit 
processing strategies in ASD.

Conclusion

The current study is the first to examine FER linking task 
performance to ERP abnormalities and EEG coherence 
measures in the context of implicit versus explicit process-
ing strategies. By comparing well characterized, matched 
and un-medicated ASD and TDC individuals, differences 
were found on the behavioral as well as neural levels. While 
reduced task performance indicates impairments in identi-
fying the target emotion in ASD, ERP results point towards 
deficits in early visual perception and attentional top-down 
processing. Moreover, results of the coherence analysis 
indicate a lack of task dependent modulation in ASD. The 
study highlights the importance of taking implicit versus 
explicit processing into account, while also confirming that 
early visual perceptual processes and deficits in attentional 
top-down processing play an important role in FER deficits 
in ASD.
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