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A B S T R A C T   

Impairments in social functioning are hallmarks of autism spectrum disorder (ASD) and atypical functional 
connectivity may underlie these difficulties. Emotion processing networks typically undergo protracted matu-
rational changes, however, those with ASD show either hyper- or hypo-connectivity with little consensus on the 
functional connectivity underpinning emotion processing. Magnetoencephalography was used to investigate age- 
related changes in whole-brain functional connectivity of eight regions of interest during happy and angry face 
processing in 190 children, adolescents and adults (6–39 years) with and without ASD. Findings revealed age- 
related changes from child- through to mid-adulthood in functional connectivity in controls and in ASD in 
theta, as well as age-related between-group differences across emotions, with connectivity decreasing in ASD, but 
increasing for controls, in gamma. Greater connectivity to angry faces was observed across groups in gamma. 
Emotion-specific age-related between-group differences in beta were also found, that showed opposite trends 
with age for happy and angry in ASD. Our results establish altered, frequency-specific developmental trajectories 
of functional connectivity in ASD, across distributed networks and a broad age range, which may finally help 
explain the heterogeneity in the literature.   

1. Introduction 

A central feature of autism spectrum disorder (ASD) is social 
dysfunction, with a particular deficit in processing emotional faces 
(American Psychiatric Association, 2013). The ability to perceive and 
infer emotions from faces is critical for successful social interactions; 
emotional faces convey an abundance of social cues that help one un-
derstand the expresser’s feelings and intentions (Rump et al., 2009). 
Emotion recognition difficulties in young children through to adults are 
seen in those with ASD (Harms et al., 2010), as demonstrated in two 
meta-analyses showing less impairment for happy faces (Uljarevic and 
Hamilton, 2013), but continued deficits with age (Lozier et al., 2014). 
These difficulties are exacerbated when emotions are complex, subtle or 
implicitly presented (Frith, 2004). 

Recent investigation of brain function in ASD has shifted in theo-
retical approach from the study of dysfunction of discrete ‘social brain’ 

areas to the interconnectedness of brain-wide networks, whereby 
spatially distinct brain regions interact to support socio-emotional 
function (Fries, 2005; Müller and Fishman, 2018). Evidence across 
modalities suggests that there are fundamental differences in functional 
connectivity in the ASD brain, which may underpin emotion processing 
deficits (Kana et al., 2016; Khan et al., 2013; Kleinhans et al., 2008; 
Leung et al., 2014; Mennella et al., 2017a; Safar et al., 2018, 2020; Sato 
et al., 2012). Findings from these studies have shown both increased and 
decreased patterns of connectivity among brain areas involved in 
emotion processing in children, adolescents and adults with ASD rela-
tive to typical controls (Kana et al., 2016; Khan et al., 2013; Kleinhans 
et al., 2008; Leung et al., 2014; Mennella et al., 2017a; Safar et al., 2018, 
2020; Sato et al., 2012). Magnetoencephalography (MEG) studies using 
an implicit emotional faces task have shown reduced interregional 
functional connectivity in the beta and gamma frequency bands to angry 
faces in adults with ASD compared to typical controls (Mennella et al., 
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2017a; Safar et al., 2020). Similarly, using MEG and the same task, 
adolescents with ASD showed reduced connectivity in the beta range 
during implicit angry face processing (Leung et al., 2014). However, 
Safar et al. (2018) found that children with ASD demonstrated increased 
alpha connectivity during happy face perception. This pattern of results 
suggests an altered neurodevelopmental trajectory of emotional face 
processing in ASD. 

In typical development, it is well established that face and emotional 
face processing networks undergo protracted development; studies 
report increases in functional connectivity with development among 
core and extended face processing areas, with continued specialization 
of these networks with age (Cohen Kadosh et al., 2011; He et al., 2015; 
Joseph et al., 2012; Song et al., 2015; Zhou et al., 2016). However, little 
work has considered age-related differences in task-based functional 
connectivity for emotional face processing in ASD (Lynn et al., 2018; 
Mamashli et al., 2018). In a study of 7–21year-olds (48 controls, 37 
ASD), relations between age and functional connectivity during an 
emotional face paradigm were examined using MEG (Mamashli et al., 
2018). They focused only on local alpha-gamma phase-amplitude 
coupling of the right fusiform gyrus, and alpha long-range connectivity 
of the right fusiform to the left precuneus, left anterior cingulate cortex 
and left inferior frontal gyrus. Their results showed a significant positive 
correlation with age in phase-amplitude coupling in typical controls, 
while a negative correlation was found in ASD. Alpha connectivity was 
also positively correlated in typical controls, yet negatively correlated in 
those with the disorder. Although interesting, this study was very 
limited in scope, analyzing long-range connectivity only of the right 
fusiform and in the alpha frequency band. Investigating maturational 
changes in extended functional networks underlying emotion processing 
in ASD and typical controls across a wide age range, and identifying 
differences between ASD and typical development, is necessary to better 
understand the neurodevelopmental trajectory of social dysfunction in 
ASD. 

Using MEG, we investigated age-related changes in task-based 
whole-brain functional connectivity of eight regions of interest (ROIs) 
during the implicit perception of happy and angry faces in 190 children, 
adolescents and adults (6–39years) with and without ASD. The bilateral 
fusiform gyri, amygdalae, insulae and anterior cingulate cortices (ACC) 
were selected as ROIs as they are core and extended face processing 
regions (Haxby et al., 2002) and in previous research from our group 
were sensitive to differences in functional connectivity in ASD (Safar 
et al., 2018). MEG is well-suited to study neurophysiological functional 
connectivity, as it affords both high temporal and good spatial resolution 
(Hari and Salmelin, 2012). We hypothesized age-related changes in 
functional connectivity to emotional faces across childhood through to 
middle adulthood in ASD and in typical development. We also expected 
flattened developmental trajectories of functional connectivity to 
emotional faces in ASD participants to angry faces, based on research 
showing a lack of improvement in angry face recognition accuracy with 
age in ASD relative to their typically developing counterparts (Rump 
et al., 2009); thus, emotion-specific differences in functional connec-
tivity with age between groups. Based on the MEG findings described 
above and the unique role of neural oscillations in distinct frequency 
bands for emotion processing, we expected that age-related group dif-
ferences in functional connectivity would implicate different frequency 
ranges, offering insight into the diverse processes that differ in ASD. 

2. Methods 

2.1. Participants 

Data from 190 children, adolescents and adults were included in the 
analysis: 83 with ASD (Mage = 19.5 years, SD = 9.17, Mdnage = 19.18 
years, range = 7.02–39.52 years, 59 males) and 107 age- and sex- 
matched typically developing (TD) controls (Mage = 19.92 years, SD =
8.83, Mdnage = 20.98 years, range = 6.62–38.79 years, 74 males). Data 

from 20 additional participants were excluded from the analysis due to: 
inadequate number of clean MEG trials in each condition (n = 15), poor 
accuracy in task performance (n = 3), poor head localization (n = 1), 
and IQ > 3 SD from the mean (n = 1). All participants with ASD were 
high functioning, with Full Scale IQ scores within the normal range. 
Information regarding IQ and clinical ASD diagnoses can be found in the 
Supplemental Information. The Hospital for Sick Children Research 
Ethics Board approved the study protocol. All adult participants and 
parents provided informed written consent; all child participants gave 
informed verbal assent. 

2.2. The emotional faces task 

Participants completed an implicit emotional faces task during MEG 
data recording. Happy and angry faces (25 faces per condition, 12 
males) were extracted from the NimStim Set of Facial Expressions 
(Tottenham et al., 2009). Each trial consisted of a happy or angry face 
paired with a scrambled version of that same face (the target stimulus) 
on either side of a central fixation cross for 80 ms followed by a 
1300–1500 ms inter-stimulus-interval. Participants attended to the fix-
ation cross and rapidly indicated the left or right position of the target 
stimulus relative to the fixation cross using a button-box, ignoring the 
emotional faces, probing implicit emotion processing. Implicit 
emotional face processing is suggested to be more challenging for those 
with ASD versus explicit judgment, due to its automatic and rapid pro-
cessing requirements (Frith and Frith, 2008; Frith, 2004). Participants 
saw a total of 50 trials per emotion, presented twice in each hemifield, 
totalling 200 randomized trials. For further details on the task stimuli, 
see Safar et al. (2020). 

2.3. MEG and MRI data acquisition 

A 151-channel CTF system (CTF MEG International Services LP, 
Coquitlam, BC, Canada) was used to acquire MEG data. Data were 
continuously sampled at 600 Hz with an online 150 Hz antialiasing 
filter. A third-order spatial gradient was applied to attenuate external 
noise. To track continuous head movement, fiducial coils were placed at 
left and right pre-auricular and nasion locations. Following MEG data 
acquisition, fiducial coils were substituted for radio-opaque markers for 
MRI co-registration. 

MRI data were acquired on either a Siemens 3.0 T MAGNETOM Trio 
(with a 12 channel head coil) or PrismaFIT (with a 20 channel head and 
neck coil) scanner. A T1-weighted structural image was acquired for 
every participant (Trio: TR/TE = 2300/2.96 ms, FA = 9 ◦, FOV = 240 ×
256 mm, # slices = 192, resolution = 1.0 mm isotropic; PrismaFIT: TR/ 
TE = 1870/3.14 ms, FA = 9 ◦, FOV = 240 × 256 mm, # slices = 192, 
resolution = 0.8 mm isotropic). 

2.4. MEG preprocessing and source estimation 

MEG preprocessing and source estimation were performed using the 
FieldTrip toolbox (Oostenveld et al., 2011) in MATLAB. Correct trials 
were epoched from -500–1500 ms relative to stimulus onset by 
emotional face, and independent component analysis was applied to 
suppress ocular and cardiac artefacts; components were rejected based 
on visual inspection. Additionally, trials were rejected if the MEG signal 
exceeded 2000 fT or if head movement exceeded 5 mm from the initial 
median head position. There was no difference in head movement be-
tween ASD (M=0.97, SD=0.62, Mdn = 0.77) and control (M=0.84, 
SD=0.63, Mdn=0.57) groups, (U = 3711, z=− 1.94, p = 0.052; for 
further details see Supplemental Information). The number of happy and 
angry face trials included in the analyses following artefact rejection did 
not differ between groups (Happy: U = 3740 z=− 1.864, p = 0.062; 
Angry: U = 3825.5, z=− 1.638, p = 0.101). 

The continuous MEG data were filtered using a 4th order Butter-
worth band-pass filter at 1–150 Hz, and a discrete Fourier transform 
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notch filter at 60 and 120 Hz was used to suppress line noise. A single- 
shell head model for each participant was generated based on anatom-
ical data from their structural MRI. The centroids of the 90 cortical and 
subcortical source locations of the Automated Anatomical Labelling 
(AAL) atlas (Tzourio-Mazoyer et al., 2002) were computed in standard 
template space (ICBM 152; Fonov et al., 2009) and nonlinearly warped 
to analogous head space locations for each individual. A linearly con-
strained minimum variance beamformer (Van Veen et al., 1997) with 
5% regularization was used to estimate the broadband time series of 
source activity for each of the 90 AAL sources. The amplitudes of the 
reconstructed time series at each source were normalized by the esti-
mated amplitude of projected noise to obtain the neural activity index 
(Van Veen et al., 1997). 

2.5. Functional connectivity 

Following source estimation, the time series data at each source 
location were filtered into theta (4–7 Hz), alpha (8–14 Hz), beta (15–29 
Hz) and gamma (30–55 Hz) frequency bands. The Hilbert transform was 
computed to extract the time series of instantaneous phase values for 
each source location and frequency. The phase data were epoched into 
1000 ms segments, -400–600 ms relative to stimulus onset. Functional 
connectivity was measured using the phase difference derivative (PDD; 
Tewarie et al., 2019) between each pair of regions. PDD measures the 
stability of phase relations by assuming that phase-locking occurs when 
the phase difference between the two timeseries remains approximately 
constant over time (Tewarie et al., 2019). 

PDD values between the eight selected AAL ROIs (bilateral fusiform 
gyri, amygdalae, insulae and ACC) and each of the other 90 AAL brain 
regions were extracted yielding a 90-by-8 adjacency matrix for each 
sample in the timeseries, for each emotion and frequency band, for each 
participant. PDD values were normalized relative to the baseline period 
(-200–0 ms). The time window of interest chosen for statistical analysis 
was 200–400 ms following stimulus onset and the normalized PDD 
values were averaged across this time window. This time window was 
selected based on assessment of task-based changes in mean whole brain 
PDD strength across the time series, collapsed across participants, group 
and emotion, and is consistent with previous neurophysiological reports 
that have found between-group differences in interregional phase syn-
chronization during this latency window to emotional faces (Mennella 
et al., 2017a; Wright et al., 2012). 

2.6. Statistical analyses 

To test for between-group differences in reaction time and accuracy, 
we conducted a 2-by-2 repeated measures ANCOVA (with emotion 
(happy, angry) as a within subjects factor, and group (control, ASD) as a 
between subjects factor) controlling for age. For functional connectivity, 
the network based statistics (NBS), a non-parametric approach that is 
optimal for the analysis of large networks while accounting for the 
family-wise error rate (FWER), was used (Zalesky et al., 2012, 2010). We 
tested the full ANCOVA model, presented term by term in the Results, to 
gain a comprehensive understanding of the networks underpinning 
group differences in emotion processing and interactions with age and 
emotion, for each of the frequency bands. 

First, relations between age and functional connectivity, within 
control and ASD groups, for each emotion were tested. Second, we tested 
the main effect of group on functional connectivity, with age as a co-
variate, and the group-by-age interaction to emotional faces. Third, we 
tested the main effect of emotion, with age as a covariate, and the 
emotion-by-age interaction. Last, we tested the group-by-emotion 
interaction, and the group-by-age-by-emotion interaction. The primary 
component-forming thresholds were chosen based on the sparsity of the 
networks, such that the networks comprised 5% of total possible 
network connections. Post-hoc Pearson correlations were run between 
age and the mean network connectivity strength for significant group- 

by-age and group-by-age-by-emotion interactions, and relations be-
tween within-group functional connectivity and age to determine 
directionality of effects and to provide a measure of effect size (Pearson 
r); a post-hoc paired t-test was run on the mean network connectivity 
strength to determine the effect size (Cohen’s d) for the main effect of 
emotion. 

3. Results 

3.1. Behavioural 

For reaction time, there were no main effects of emotion (F(1187) =
1.79, p = 0.182, ηp

2 = 0.009) or group (F(1187) = 0.013, p = 0.911, ηp
2 

= 0.000067), and no emotion-by-group (F(1187) = 0.967, p = 0.327, ηp
2 

= 0.005) or emotion-by-age (F(1187) = 1.685, p = 0.196, ηp
2 = 0.009) 

interactions. Age was significantly related to reaction time, (F(1187) =
103.883, p < 0.001, ηp

2 = 0.357) with faster reaction times with 
increasing age. 

Similarly for accuracy, there were no main effects of emotion (F 
(1187) = 1.975, p = 0.162, ηp

2 = 0.01) or group (F(1187) = 0.058, p =
0.809, ηp

2 = 0.0003), and no emotion-by-group (F(1187) = 0.151, p =
0.698, ηp

2 = 0.001) or emotion-by-age (F(1187) = 2.101, p = 0.149, ηp
2 

= 0.011) interactions. The covariate age was significantly related to 
accuracy (F(1187) = 45.13, p < 0.001, ηp

2 = 0.194) as accuracy 
increased with age. 

3.2. Within-group functional connectivity changes with age 

Functional connectivity in the ASD group was positively correlated 
with age in the theta frequency band to happy (F = 6.45, 35 edges, 30 
nodes, pcorr = 0.004 (FWER-corrected and Bonferroni-corrected for 
multiple comparisons across emotion; r = 0.768, pcorr< 0.001), and 
angry (F = 7.85, 35 edges and 28 nodes, pcorr<0.002; r = 0.708, 
pcorr<0.001) faces (Fig. 1a). In the TD group, we also found a positive 
correlation between functional connectivity and age in the theta band to 
happy (F = 8.1, 35 edges, 32 nodes, pcorr<0.002); (r = 0.661, 
pcorr<0.001) and angry (F = 8.425, 35 edges, 33 nodes, pcorr<0.002; r =
0.658, pcorr<0.001) faces. 

Other within group effects were seen only in the TDs. In the beta 
band, decreased functional connectivity with age to happy faces (F =
7.05, 35 edges, 30 nodes, pcorr = 0.002; r= − 0.636, pcorr<0.001) 
(Fig. 1b), with hubs in the right ACC and fusiform gyrus; in the gamma 
band, increased connectivity with age to angry faces (F = 5.30, 35 edges, 
32 nodes, pcorr = 0.022; r = 0.553, pcorr<0.001) (Fig. 1c), with largely 
inferior connections, anchored in the right hemisphere. Further infor-
mation can be found in Supplemental Information. 

3.3. Emotion-specific functional connectivity 

The only main effect of emotion, while controlling for age, was in the 
gamma frequency band (F = 5.25, 35 edges, 30 nodes, pcorr = 0.01; t 
(189)= − 8.265,p<0.001, d = 1.14, Fig. 2), showing greater functional 
connectivity to angry than happy faces. The network encompassed five 
ROIs (bilateral fusiform gyri, amygdalae and right insula), with most 
connections anchored in the right hemisphere, particularly in the right 
insula and amygdala. The right insula was connected to occipital, pa-
rietal, temporal, limbic, and subcortical regions. The right amygdala 
connections were mainly between occipital, temporal and limbic brain 
areas. No significant emotion-by-age interactions were found (all 
pcorr>0.05, FWER-corrected). 

3.4. Between-group differences in functional connectivity 

No main effects of group were found on functional connectivity 
across emotion while controlling for age, in any of the frequency bands, 
nor group-by-emotion interactions (all pcorr>0.05, FWER-corrected). 
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However, a significant group-by-age interaction was found in the 
gamma frequency band across emotions (F = 5.1, 36 edges, 33 nodes, 
pcorr = 0.016; Fig. 3), indicating a different age-related trajectory of 
functional connectivity to emotional faces depending on group. In ASD, 
age was negatively correlated with mean network connectivity strength 
(r= − 0.395, p = 0.0002), but positively correlated in TDs (r= 0.557, p <
0.0001). The network contained connections involving six ROIs (bilat-
eral fusiform gyri, amygdalae, right insula and left ACC), with many 
inferior connections extending to orbital frontal brain areas. The ma-
jority of network connections were anchored in the right amygdala and 

fusiform gyrus. The right amygdala was connected to limbic, parietal 
and temporal brain areas, as well as the left superior frontal gyrus. The 
right fusiform connections were primarily to orbitofrontal and limbic 
regions. 

A significant group-by-emotion-by-age interaction was found in the 
beta frequency band (F = 4.9, 35 edges, 34 nodes, pcorr = 0.025). In ASD, 
age was positively correlated with mean network connectivity strength 
to happy faces, r = 0.276, p = 0.012, while to angry faces, age was 
negatively correlated with mean network connectivity strength, r=
− 0.24, p = 0.029. In the TD group, to happy faces, age was negatively 

Fig. 1. Functional connectivity correlations with age in ASD and TD, 200-400 ms following face onset. In the theta band, increased functional connectivity with age 
was found to happy and angry faces in ASD and TD (a). In the beta band, in controls only, we found decreased functional connectivity with age to happy faces (b), 
while in the gamma band, in TDs, increased functional connectivity with age to angry faces was found (c). All networks are represented in the glass brains, where 
node size is scaled by degree. The mean network connectivity strength across age for each of these networks is plotted in the scatter plots on the right. 

Fig. 2. Main effect of emotion on functional connectivity, 200-400 ms following face onset. In the gamma band, a significant main effect of emotion was found, 
indicating increased functional connectivity to angry compared to happy faces. The network is represented in the glass brain, where node size is scaled by degree. The 
mean network connectivity strength for happy and angry faces for the network is plotted in the bar graph on the right. 
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correlated with mean network connectivity strength (r= − 0.312, p =
0.001), while no significant correlation was found between age and 
connectivity strength to angry faces (r= 0.109, p = 0.265). The network 
included connections involving six ROIs (bilateral ACC, amygdalae, left 
fusiform gyrus and right insula), with the highest number of connections 
in the left ACC (Fig. 4). The left ACC was functionally connected to 
parietal brain areas, as well as the left thalamus, right middle occipital 
lobe and right superior temporal gyrus. The right insula and amygdala 
were also highly connected within the network. The right insula to 
primarily limbic brain areas; the right amygdala was connected to the 
right thalamus, occipital and superior temporal regions and right frontal 
areas. 

4. Discussion 

We leveraged MEG to investigate age-related changes in functional 
connectivity from early childhood to mid-adulthood during the implicit 
processing of happy and angry faces in ASD and typical development, in 

the largest study to date. We found age-specific changes in happy and 
angry face processing networks in ASD and TD, as well as age-related 
group differences in functional connectivity. We also observed 
enhanced functional connectivity to angry faces, irrespective of group, 
while emotion-specific age-related differences in connectivity were seen 
between groups. We did not see significant differences between groups 
in either theta or alpha bands. This suggests that the long-range con-
nectivity patterns underlying face processing (in theta) are largely intact 
in ASD, and that some of the attentional and/or mnemonic processes 
associated with faces were also largely intact with this task. Between- 
group differences were found only in the higher frequency bands, 
particularly gamma, which plays an important role in excitatory inhib-
itory imbalance in the brain, which is thought to be an underlying deficit 
in ASD (Rojas and Wilson, 2014). We discuss these various findings in 
detail below. 

Fig. 3. Group-by-age interaction on functional connectivity to emotional faces, 200-400 ms following face onset. In the gamma band, a significant group-by-age 
interaction was found to emotional faces. The network showed increasing functional connectivity with age in the TDs, but decreasing with age in the ASD group. 
This network is represented in the glass brain, where node size is scaled by degree. The mean network connectivity strength across age for the network for each group 
is plotted in the scatter plot on the right. 

Fig. 4. Group-by-age-by-emotion interaction on functional connectivity to emotional faces, 200-400 ms following face onset. In the beta band, this significant group- 
by-age-by-emotion interaction was found to emotional faces, showing distinct age-related patterns of connectivity depending on emotion and group. This network is 
represented in the glass brain, where node size is scaled by degree. The mean network connectivity strength across age for the network is plotted for the two emotions 
by group in the scatter plots on the right. 
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4.1. Age-related differences in functional connectivity between ASD and 
TD groups 

ASD and TD groups demonstrated differing age-related patterns of 
functional connectivity following the presentation of emotional faces in 
the gamma frequency range. We found that functional connectivity 
increased with age in TD but decreased in ASD. This pattern of results is 
consistent with a developmental model, which proposes that heteroge-
neity in the direction of functional connectivity reported in the literature 
is influenced by developmental factors, initiated by the onset of 
adolescence (Uddin et al., 2013). Adolescence is a stage of major 
structural and functional changes in neural development, along with 
increased social pressure and is a particularly vulnerable period for 
those with ASD (Picci et al., 2015; Uddin et al., 2013). By tracking 
changes in functional connectivity from early childhood to 
mid-adulthood, we are the first to determine that those with ASD show 
an altered maturational course of functional connectivity for emotional 
face processing compared to a TD population, demonstrating support for 
the disordinal developmental model (an option suggested by Uddin, 
2015). 

A similar pattern of age-related altered long-range connectivity in 
ASD has been reported using MEG to emotional faces in the alpha range 
(Mamashli et al., 2018). The authors reported a positive correlation 
between age and coherence among the four regions investigated in 
controls, while coherence was negatively correlated with age between 
the right fusiform and inferior frontal gyrus in ASD. However, this study 
was limited in sample size and age range, and coherence was only 
examined in alpha and among the four areas. Thus, in contrast, we 
demonstrate an atypical maturational trajectory of emotional neural 
circuitry, with whole-brain analyses, in an extended network in the 
gamma band and over a broader age range, which encompasses many 
brain areas known to be critically involved in diverse mechanisms for 
emotion processing (Adolphs, 2002) and undergoes very protracted 
developmental change. 

Gamma band synchrony is fundamental to sensory and perceptual 
processing (Simon and Wallace, 2016) including implicit and explicit 
emotion perception (Luo et al., 2007; Safar et al., 2020; Uhlhaas et al., 
2011), and is a key mechanism in the perceptual binding/integration of 
emotion details from faces (Liu et al., 2012; Sun et al., 2012). Alterations 
in gamma activity during the perception of faces and emotional faces 
have been reported in ASD (Sun et al., 2012; Wilson et al., 2007; Wright 
et al., 2012). For instance, Wright et al. (2012) found reduced early 
visual gamma responses in occipital brain areas to emotional faces in 
those with ASD, providing evidence for disrupted integration of facial 
features/holistic face processing, or a bias for distinct features – 
consistent with the central coherence theory in ASD (Happé, 2005; 
Jolliffe and Baron-Cohen, 1997). An imbalance in excitatory and 
inhibitory synaptic transmission mediating the generation of synchro-
nous gamma oscillations is thought to contribute to disrupted local 
gamma function and long-range connectivity in autism (Canitano and 
Pallagrosi, 2017; Rojas and Wilson, 2014). 

The gamma network (Fig. 3) included connections among core and 
extended face and emotional face processing regions, with the right 
fusiform and right amygdala being the most highly connected. We 
observed that the right fusiform was primarily connected to orbital 
frontal areas. Dynamic causal modelling studies also report task- 
modulated feedforward and feedback connectivity between right fusi-
form and the prefrontal cortex during the perception of emotional and 
socially rewarding information from faces and top-down enhancement 
of visual perception, respectively (Fairhall and Ishai, 2007; Ishai, 2008; 
Mechelli et al., 2004; Summerfield et al., 2006; Zhao et al., 2018). 
Furthermore, we found that the right amygdala was highly connected to 
widespread limbic, parietal, temporal and prefrontal brain areas within 
the network. The amygdalae play an integral role in evaluating and 
directing attention to salient and biologically relevant affective infor-
mation from faces (Pessoa and Adolphs, 2010; Phelps and LeDoux, 

2005). Several studies have suggested a role for increased gamma band 
activity in the amygdala in automatic processing and evaluation of 
emotional faces in early perception, as well as the binding of perceptual 
representations with emotional meaning (Liu et al., 2015; Oya et al., 
2002; Sato et al., 2011). Buttressing our results of decreasing connec-
tivity in this gamma-based network with age in autism, task-based 
studies of emotional face processing have shown altered functional 
connectivity of the amygdalae in autism (Monk et al., 2010; Sato et al., 
2019; Swartz et al., 2013). Of particular relevance, the fusiform gyri and 
amygdalae were shown to be recruited when facial expressions are 
perceived in an implicit manner (Critchley et al., 2000), and the 
engagement and functional connectivity of these regions were found to 
be reduced in adults with ASD during the implicit processing of 
emotional information, yet preserved for explicit processing (Kana et al., 
2016; Kovarski et al., 2019; Wong et al., 2008). In the present study, 
reduced connectivity of the right fusiform gyrus and amygdala with age 
in ASD may reflect the disrupted or delayed maturation of 
well-established emotional face processing areas and their circuitry, 
while age-related increased functional connectivity in controls demon-
strates the protracted development of connectivity of these regions into 
adulthood. It is well established that phase synchrony mediated inter-
regional functional connectivity enables dynamic communication 
among brain areas coordinating information transfer and supporting 
perceptual and cognitive processes across the brain (Fries, 2005, 2015). 
Therefore, our findings of decreasing gamma band connectivity with age 
suggest atypical recruitment and integration of the key brain regions 
mediating the processing of emotional faces in ASD, particularly in the 
evaluation and direction of attention to faces. 

4.2. Increased functional connectivity to angry faces 

A main effect of emotion, while controlling for age, revealed greater 
functional connectivity to angry than happy faces, also in the gamma 
range (Fig. 2). This is concordant with electroencephalography (EEG) 
studies that showed early enhanced gamma band activity and interre-
gional phase synchrony to negatively valenced or aversive stimuli over 
positively valenced or neutral stimuli (Keil et al., 2001; Martini et al., 
2012), and to auditory stimuli presented in a negative affective context 
(Garcia-Garcia et al., 2010). Increased gamma oscillations to emotional 
faces of high (i.e., anger and fear) and low arousal (i.e., happy and sad) 
have also been reported (Balconi and Lucchiari, 2008), as well as 
heightened high gamma activity to arousing emotional stimuli versus 
neutral stimuli (Keil et al., 2001). 

The right insula and amygdala were the major hubs within the 
network. The right insula is critical for the interoceptive perception and 
experience of affective information, such as anger and disgust, related to 
bodily states (Craig, 2002; Menon and Uddin, 2010). In addition, the 
bilateral insulae are engaged in processing angry faces (Ziaei et al., 
2017), and the right insula is recruited in scenarios of angry behaviour of 
others (Mazzola et al., 2016). The amygdalae are known to be critically 
involved in the processing of emotionally salient facial expressions, such 
as those expressing threat (Morris et al., 1998, 1996; Öhman, 2002; 
Suslow et al., 2006). Recent work in mice showed that the central 
amygdalae are a relay station, receiving top-down connections from the 
insular cortex, which directly excites amygdala output (Ponserre et al., 
2020). Furthermore, the insulae and the amygdalae are two components 
of the salience network (Seeley et al., 2007), along with the ACC, which 
identifies, integrates and directs attention to salient bio-
logical/emotional internal states and external stimuli (Menon, 2011). 

Interestingly, there were no group-by-emotion effects. Previous 
studies have shown that despite reported amygdala atypicalities (Monk 
et al., 2010; Sato et al., 2019; Swartz et al., 2013), those with ASD 
demonstrate, similar to controls, a threat-detection advantage (i.e., 
quicker and more accurate detection of angry vs. happy faces), however 
in ASD the effect is not as robust (Ashwin et al., 2006; Krysko and 
Rutherford, 2009). Therefore, we suggest that greater involvement of 
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our gamma network to angry faces anchored in the right amygdala and 
insula supports enhanced angry detection across both ASD and controls, 
over a wide age range. Importantly, it is this same network that supports 
enhanced angry processing in both TD and ASD groups. This may be 
specific to gamma and this network, as a few studies do report atypical 
MEG broadband neural activity in ASD to angry vs. happy faces (Leung 
et al., 2018, 2019). 

The greater involvement of these core regions in our network, across 
age, to angry more than happy faces suggests enhanced recruitment and 
communication among these key regions and further underscores the 
critical role they have for angry face processing and the greater salience 
of angry faces. Our results also highlight the important role of gamma in 
processing negative affect. It is worth noting that the group-by-age 
interaction to emotional faces in the gamma band was found in a 
different network than the emotion main effect, anchored in the right 
amygdala and fusiform, with the right fusiform highly connected to 
orbitofrontal areas. Thus, when examining the effect of age on emotional 
face processing in ASD and controls, we observed this distinct network 
of reduced connectivity underlying emotion processes (i.e., evaluation 
and direction of attention to faces) in ASD compared to controls. 

4.3. Emotion-specific age-related group differences in functional 
connectivity 

We observed emotion-specific differences in functional connectivity 
with age in ASD compared to TD in the beta frequency band (Fig. 4). 
Beta oscillations have been associated with the processing of visual and 
emotional stimuli (Güntekin and Başar, 2014, 2010; Luckhardt et al., 
2017), while in autism, reduced beta connectivity in emotional face 
processing tasks was reported in adolescents and young adults (Leung 
et al., 2014; Mennella et al., 2017a). Across a wide age range, we 
demonstrated that functional connectivity to happy faces in beta 
increased with age in ASD, while connectivity to angry faces decreased 
with age. In contrast, in controls, functional connectivity decreased with 
age to happy expressions, while no age-related association was seen for 
angry expressions. In typical development, the earliest expression to be 
discriminated and recognized is happy (Leppänen and Nelson, 2006), 
while the recognition of negatively valenced expressions, such as angry, 
undergoes prolonged development into adolescence (Thomas et al., 
2007). Several studies have reported impaired recognition of negatively 
valenced faces in ASD compared to typical controls; but difficulties 
recognizing happy faces are less established (Greimel et al., 2014; Harms 
et al., 2010; Humphreys et al., 2007). Unlike typical development, 
proficiency in recognizing negative expressions in those with ASD does 
not show the same advances with age (Rump et al., 2009), suggesting 
that adults with ASD do not reach comparable performance to typical 
adults. 

Functional connectivity studies report disrupted angry face connec-
tivity in adults with ASD, while the neural circuitry underpinning happy 
face processing is largely preserved (Leung et al., 2014; Mennella et al., 
2017a; Safar et al., 2020). These findings are consistent with our results 
of angry-specific connectivity decreasing with age in ASD. In addition, it 
is possible that atypically heightened engagement of neural circuitry 
underpinning happy faces from child to adulthood in ASD suggests 
increased compensatory recruitment with age underlies the relatively 
intact happy face processing in ASD (see Uljarevic and Hamilton, 2013), 
while the TDs require less engagement with age to process happy faces, 
the easiest emotion to recognize. Beta oscillations play a central role in 
the top-down attentional control of affective information (Miskovic and 
Schmidt, 2010; Schnitzler and Gross, 2005; Kajal et al., 2020), and beta 
phase synchronization has been shown to be modulated by task diffi-
culty, such that increased beta phase synchrony is associated with 
greater task difficulty and performance errors (Rueda-Delgado et al., 
2017). Furthermore, the most highly connected region in this network 
was the left ACC. Similar to our beta network, previous research has 
shown that the left anterior cingulate is engaged during top-down face 

processing as part of a network, involving the right fusiform, bilateral 
amygdalae, right hippocampus, left inferior parietal lobule, 
occipito-temporal areas and left STS (Li et al., 2009). In addition, in TD 
children compared to adolescents and adults, increased functional 
connectivity of the anterior cingulate during enhanced top-down 
attention was thought to reflect a compensatory response due to 
reduced functional integrity of this brain area (Hwang et al., 2014). 
Thus, although those with ASD can process happy faces, our findings of 
age-related atypically increased beta phase synchronization, primarily 
involving the left ACC, is consistent with the notion that happy face 
processing does not become easier with age in those with ASD, requiring 
increased engagement of the beta band network to maintain good per-
formance. However, because we did not collect behavioural emotion 
recognition data in the current study, specific relations between func-
tional connectivity and emotion recognition ability cannot be assessed, 
limiting our conclusions. 

A limitation of the present study is that it is unclear whether our 
results will hold when facial expressions are presented explicitly. The 
implicit task in this study entails automatic and rapid processing of 
facial expressions, where deficits in perception cannot be compensated 
by learned strategies and increased experience with age. This can be 
achieved for the explicit processing of emotions in ASD (Frith and Frith, 
2008; Frith, 2004) and thus explicit emotion recognition can be rela-
tively preserved (Kana et al., 2016; Kovarski et al., 2019). It will be 
important for future work to investigate the neurodevelopmental tra-
jectory of explicit emotional face processing in those with the disorder. 
Another area of future work would benefit from the inclusion of a 
number of different time windows, to assess either early perceptual 
processes (50− 150 ms) or later consolidation or memory effects 
(300− 600 ms) with emotional faces, or frequency-specific time win-
dows of maximal connectivity. A final limitation is our inclusion of only 
high-functioning participants, due to the difficulty in obtaining reliable 
neuroimaging measures during task performance in lower functioning 
individuals. Thus, our results are not generalizable to either those with 
or without autism who are lower functioning. 

In conclusion, we observed age-related changes in MEG connectivity 
underpinning implicit emotion processing in ASD and in typical con-
trols, as well as age-related between-group differences across emotions. 
These findings demonstrate that emotional neural networks undergo 
protracted maturational change in those with and without ASD, and 
highlight an altered developmental trajectory of emotional processing 
networks in those with ASD in the higher frequency bands. We also 
found emotion-specific differences in functional connectivity with age 
between groups, suggesting that even happy faces remain difficult to 
process in those with ASD. These distinct patterns of development sup-
port the model that discrepancies in the reported functional connectivity 
in the literature can be resolved by accounting for age, a critical 
contribution to a greater understanding of the neurodevelopmental 
trajectory of social dysfunction in this population. The results are also 
important in demonstrating frequency specific changes, further helping 
us understand the neural underpinning of emotional face processing in 
both typical and atypical development. 
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