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ARTICLE INFO ABSTRACT
Keywords: Background: Impairment in social cognition, particularly eye gaze processing, is a shared feature common to
Amygdala autism spectrum disorder (ASD) and schizophrenia. However, it is unclear if a convergent neural mechanism also
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underlies gaze dysfunction in these conditions. The present study examined whether this shared eye gaze
phenotype is reflected in a profile of convergent neurobiological dysfunction in ASD and schizophrenia.
Methods: Activation likelihood estimation (ALE) meta-analyses were conducted on peak voxel coordinates across
the whole brain to identify spatial convergence. Functional coactivation with regions emerging as significant was
assessed using meta-analytic connectivity modeling. Functional decoding was also conducted.

Results: Fifty-six experiments (n = 30 with schizophrenia and n = 26 with ASD) from 36 articles met inclusion
criteria, which comprised 354 participants with ASD, 275 with schizophrenia and 613 healthy controls (1242
participants in total). In ASD, aberrant activation was found in the left amygdala relative to unaffected controls
during gaze processing. In schizophrenia, aberrant activation was found in the right inferior frontal gyrus and
supplementary motor area. Across ASD and schizophrenia, aberrant activation was found in the right inferior
frontal gyrus and right fusiform gyrus during gaze processing. Functional decoding mapped the left amygdala to
domains related to emotion processing and cognition, the right inferior frontal gyrus to cognition and perception,
and the right fusiform gyrus to visual perception, spatial cognition, and emotion perception. These regions also
showed meta-analytic connectivity to frontoparietal and frontotemporal circuitry.

Conclusion: Alterations in frontoparietal and frontotemporal circuitry emerged as neural markers of gaze im-
pairments in ASD and schizophrenia. These findings have implications for advancing transdiagnostic biomarkers
to inform targeted treatments for ASD and schizophrenia.

1. Introduction overlapping clinical symptoms of impairments in social cognitive func-
tioning (American Psychiatric Association, 2013; Fernandes et al., 2018;
Autism spectrum disorder (ASD) and schizophrenia share Martinez et al., 2019; Morrison et al., 2017; Pinkham et al., 2020),
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despite broad differences in symptom presentations, ages of onset, and
developmental courses. Emerging evidence also suggests that social
cognitive impairment, such as face and eye gaze perception, is a po-
tential marker for ASD and schizophrenia (Martinez et al., 2019; Oliver
et al,, 2021). Given the interest in cross-disorder or transdiagnostic
research on social cognition that is consistent with the NIMH Research
Domain Criteria framework—which prioritizes circuits and systems for
improving functional outcomes—examination of social cognitive func-
tioning across ASD and schizophrenia can advance understanding of
convergent neural disruptions in social cognitive circuitry that may lead
to related but distinct diagnostic presentations (Gur and Gur, 2016;
Sasson et al., 2011; Tso et al., 2020). Thus, identification of neural
disruptions across ASD and schizophrenia has potential to contribute to
development of brain-based biomarkers to inform screening/early
detection, diagnosis, and/or targeted treatments (Sasson et al., 2011;
Sasson et al., 2021). The current study investigates neural circuit dis-
ruptions in ASD and schizophrenia across domains of eye gaze
processing.

1.1. Eye gaze processing impairments common to ASD and schizophrenia

ASD is a developmental disorder characterized by impairment in
social communication and interaction (American Psychiatric Associa-
tion, 2013) including emotion recognition (Rutherford et al., 2002),
reduced eye contact, and eye gaze abnormalities (Frazier et al., 2017).
Impairments in higher-order social cognitive skills are also common in
ASD, such as the ability to represent the mental states of others or
mentalizing (i.e., ‘theory of mind’) (Baron-Cohen et al., 1985; Senju
et al., 2009). Similarly, impairments in social communication, interac-
tion, and cognition are prominent features of schizophrenia (Brekke
et al., 2005; Eack et al., 2010) including abnormalities in emotion
perception (Chung et al., 2014; Kohler et al., 2010; Pinkham et al., 2007;
Sasson et al., 2011), mentalizing (Bora et al., 2009; Chung et al., 2014;
Sprong et al., 2007), making complex social judgments (Baas et al.,
2008; Haut and MacDonald I1I, 2010), and emotional expression such as
reduced eye gaze (American Psychiatric Association, 2013; Tso et al.,
2012). Studies directly comparing ASD and schizophrenia suggest
convergent abnormalities in social cognitive processes (Bliksted et al.,
2016; Chung et al., 2014; Fernandes et al., 2018; Pinkham et al., 2008;
Sasson et al., 2011) including emotion recognition and solving emotion-
based problems (Eack et al., 2013), and mentalizing (Bliksted et al.,
2016). Studies that have directly compared individuals with ASD and
schizophrenia report similar levels of impairments in social cognitive
tasks relative to unaffected controls (Martinez et al., 2019; Pinkham
et al., 2020). In support of this, a recent meta-analysis comparing ASD
and schizophrenia reported similar deficits across subdomains of social
cognition including emotion processing, theory of mind, and eye gaze
processing (Oliver et al., 2021). There is also evidence to suggest similar
impairment levels in those with ASD and schizophrenia vs typically
developing individuals on tasks spanning domains of eye gaze process-
ing (Dalton et al., 2005; Li et al., 2020; Loughland et al., 2002; Oliver
et al., 2021). For example, studies directly comparing ASD and schizo-
phrenia during eye gaze processing reported less time fixating on face
stimuli than controls as well as reduced accuracy and visual attention
during congruent emotional contexts (Sasson et al., 2007; Sasson et al.,
2016) (see Supplemental Background: Gaze Processing Deficits in ASD
and Schizophrenia). However, it is unclear if a convergent neural
mechanism also underlies this gaze dysfunction within and across dis-
orders. Thus, the current study investigates whether shared or differ-
entiated neural correlates underpin eye gaze impairments in ASD and
schizophrenia using an activation likelihood estimation (ALE) meta-
analysis.

On a neural systems level, impairments are observed in ASD and
schizophrenia across different gaze processing paradigms (Itier and
Batty, 2009; Pinkham et al., 2011; Tso et al., 2020). Imaging studies
have consistently shown functional abnormalities during gaze and eye
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movement paradigms within frontotemporal and frontoparietal circui-
try—implicated in social cognition and cognitive control—in ASD
(Dalton et al., 2005; Davies et al., 2011) and schizophrenia (Kohler et al.,
2010; Pinkham et al., 2011). For instance, hypoactivation in the superior
temporal sulcus (Pelphrey et al., 2005; Vaidya et al., 2011), tempor-
oparietal junction (von dem Hagen et al., 2014), and lateral prefrontal
cortex (Davies et al., 2011; Zurcher et al., 2013) has been shown in ASD
during gaze perception. Amygdala (Kliemann et al., 2012; Tottenham
et al., 2014; von dem Hagen et al., 2014) and fusiform gyrus (Corbett
et al., 2009; Critchley et al., 2000; Dalton et al., 2005; Pelphrey et al.,
2007; Pierce et al., 2001) hypoactivation are also implicated in ASD
during the perception of gaze (Baron-Cohen et al., 1999; Pinkham et al.,
2008). In schizophrenia, disruptions in frontoparietal circuitry have
been shown during eye movement paradigms, such as smooth eye pur-
suit and antisaccades (Dyckman et al., 2011; McDowell et al., 2002;
Nagel et al., 2007; Rodrigue et al., 2018). Similar to ASD, perturbations
in lateral prefrontal cortex, fusiform gyrus and amygdala are also shown
in schizophrenia during gaze processing tasks (Kohler et al., 2010;
Pinkham et al., 2011). Additionally, disruptions in frontotemporal and
frontoparietal circuits have been shown in ASD and schizophrenia across
broader social cognition tasks, such as face, emotion, and eye gaze
processing (Barlati et al., 2020; Nair et al., 2020; Samaey et al., 2020).
However, no imaging meta-analysis to date has examined if a shared
neural mechanism underlies gaze dysfunction across these disorders.

1.2. Evaluating a neurobiological mechanism of gaze processing
impairments in ASD and schizophrenia

The primary aim of the current study was to quantitatively summa-
rize the existing imaging literature to identify convergent patterns of
neural disruptions associated with gaze processing within ASD and
schizophrenia samples. Analyses assessed regions associated with
aberrant activation in ASD and schizophrenia relative to unaffected
controls. Sub-analyses were then conducted to test for the contribution
of gaze processing paradigms and activation patterns (hyper- vs hypo-
activation). Based on prior studies (Di Martino et al., 2009; Dickstein
et al., 2013; McTeague et al., 2017; McTeague et al., 2020; Pinkham
et al., 2008; Pinkham et al., 2011; Sasson et al., 2011), we hypothesized
that ASD and schizophrenia samples would each show deficits in fron-
totemporal and frontoparietal circuitry implicated in social perception
(amygdala, fusiform gyrus, medial prefrontal cortex) and cognitive
control (lateral prefrontal cortex).

The second aim was to examine cross-disorder convergence in ASD
and schizophrenia across domains of gaze processing. Thus, we pooled
coordinates of differential activation across both disorders compared to
controls to assess aberrant activation in hubs associated with gaze pro-
cessing. Sub-analyses were conducted to test for the contribution of
paradigms and patterns of hyper- vs hypoactivation. We hypothesized
that disruptions in frontotemporal and frontoparietal circuitry would
emerge as a convergent neural marker across disorders.

The third aim was to examine the connectivity and functionality of
the identified activation clusters using meta-analytic connectivity
modeling (MACM) and functional decoding with regions emerging as
significant in the ALE analysis. Here, MACM was conducted to identify
patterns of coactivation with clusters resulting from the meta-analysis,
which can then be described in terms of behavior constructs and
linked to functional properties. Similarly, functional decoding was
conducted on identified ALE clusters. Consistent with recent meta-
analytic studies leveraging MACM and functional decoding (Buhle
et al., 2014; Cortese et al., 2016; Kohn et al., 2014; Langner et al., 2018;
Tahmasian et al., 2017), we used these approaches exploratorily to gain
insight into the pathophysiology of gaze abnormalities in ASD and
schizophrenia. Thus, we did not have a priori hypotheses for MACM and
functional decoding given that these approaches served to interrogate
regions emerging as significant.



K. Ibrahim et al.

2. Methods and materials
2.1. Study selection

The literature review and selection of manuscripts was conducted
according to the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines (Moher et al., 2015; Shamseer et al.,
2015). Functional MRI (fMRI) studies investigating the neural correlates
of gaze processing in subjects with ASD or schizophrenia were identified
through a literature search for functional neuroimaging (fMRI or posi-
tron emission tomography) experiments examining eye gaze, eye
movement, and gaze cueing conducted in ASD and/or schizophrenia
samples (exact terms and detailed search strategy are in the Supple-
mental Methods). The search was conducted using the Cochrane,
PubMed, Ovid MEDLINE, Embase, CINAHL, PsycINFO, Web of Science,
ERIC, and Sociological Abstracts databases as well as additional searches
through reference lists of included studies. The web-based software
platform Covidence (https://www.covidence.org) was used for inde-
pendent title and abstract screening, full text review and data extraction.
See Fig. S1 for the PRISMA flow chart.

The inclusion criteria for studies were: 1) full text was written in
English and published between January 1990 and December 2021 in a
peer-reviewed journal; 2) measured brain function using task-based
fMRI or blood flow positron emission tomography across domains of
gaze processing; 3) examined ASD or schizophrenia vs healthy control
contrasts; and 4) foci of significant activations were reported in stan-
dardized stereotaxic space (Talairach or Montreal Neurological Institute
[MNI] atlases). Exclusion criteria were as follows: 1) studies that used a
region-of-interest (ROI) approach with a priori hypotheses related to
specific regions, or 2) was a review or meta-analysis of other literature.
Please note that only fMRI studies conducting analyses using a whole-
brain approach (i.e., inclusion of a voxel-wise analysis with co-
ordinates reported across the entire brain) were included in the current
meta-analysis to avoid inflating or biasing significance for particular
regions (Miiller et al., 2018; Samea et al., 2019). Studies were also
inspected to confirm that they reported results from independent sam-
ples. If overlapping samples were reported, data from only one report
were included in the meta-analysis. Group-x-Condition interactions
were included if studies provided relevant contrasts for sub-analyses.

After abstract screening, full texts were reviewed by two reviewers
for inclusion (I.I.-S., M.V.). Disagreements were resolved with a third
reviewer (K.L). For all studies meeting inclusion criteria, data was
extracted regarding sample characteristics, fMRI task design, statistical
analyses, stereotaxic coordinates and statistical values of BOLD re-
sponses, and a summary of brain regions showing significant activation.
A common coordinate system was used for the ALE meta-analysis, which
was MNI space. Where relevant, stereotaxic coordinates of included
studies using Talairach space were converted to MNI space prior to
conducting the ALE analysis.

2.2. Statistical analysis

2.2.1. Activation likelihood estimation

A quantitative synthesis was conducted using Activation Likelihood
Estimation (ALE) (Eickhoff et al., 2009). The revised ALE algorithm,
implicated in MATLAB, was used to identify regions of spatial conver-
gence of reported coordinates for ASD and schizophrenia vs healthy
controls for gaze processing tasks that were higher than expected under
a random spatial association across the whole brain (Eickhoff et al.,
2012; Eickhoff et al., 2009; Turkeltaub et al., 2012). The ALE algorithm
treats the reported foci as centers for 3D Gaussian probability distribu-
tions (not as single points) to capture the spatial uncertainty associated
with each focus. The width of these uncertainty functions was deter-
mined based on empirical data on between-subject variance (i.e., un-
certainty of spatial localizations between different subjects) and
between-template variance (i.e., uncertainty of spatial localizations
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between different spatial normalization strategies). The between-subject
and between-template variance represent the main components of this
uncertainty. Importantly, the between-subject variance is weighted by
the number of examined subjects per study, accommodating the notion
that larger sample sizes should provide greater reliability and approxi-
mations of the true activation effect. The modelled uncertainty is scaled
by the number of subjects to accommodate higher uncertainty of find-
ings from smaller samples. The probabilities of all foci reported in each
experiment were then aggregated for each voxel to create a modelled
activation map for each experiment (Turkeltaub et al., 2012). The union
across modelled activation maps yields voxel-wise ALE scores describing
the convergence of results at each location of the brain. ALE scores were
then compared to an analytically derived null-distribution. Thus, a
random-effects inference was implemented. The resulting non-
parametric p values were thresholded using a cluster-level family-
wise-error-corrected p < 0.05 and a cluster-forming threshold of p <
0.001, which were then transformed into Z scores for visualization.

To investigate neural markers of gaze impairment in ASD and
schizophrenia, we pooled across coordinates for hypo- and hyper-
activation for ASD/schizophrenia vs controls to identify Group-x-
Condition interactions representing potential hubs of aberrant activa-
tion. ALE sub-analyses were then conducted for activation coordinates
to identify patterns of hyperactivation (ASD/schizophrenia > controls)
and hypoactivation (controls > ASD/schizophrenia). Sub-analyses
tested for the contribution of diagnostic group (ASD, schizophrenia),
age (children vs adults), and paradigms (e.g., gaze cueing, gaze direc-
tion, face perception, saccades). Given that fMRI results tend to repre-
sent Group-x-Condition interactions, often with heterogeneous effects of
the baseline condition, we reasoned that pooling hyper-/hypoactivation
across domains of gaze processing would also circumvent concerns due
to directionality of activation patterns masked by decreased activation
of healthy controls in the paradigm control condition (i.e., increased
activation in patients vs controls driven by decreased activation in
controls at baseline). Sub-analyses were then conducted to further
characterize directionality of activations by examining contributions of
individual experiments or gaze domains and study characteristics to the
observed clusters of convergence emerging as significant from the ALE
analyses. It is important to note that we modelled analyses based on
recent fMRI ALE meta-analytic studies of psychopathology leveraging a
similar workflow for consistency in methodology and to facilitate
comparison of findings (Cortese et al., 2016; Langner et al., 2018;
McTeague et al., 2020; Morawetz et al., 2020).

2.3. Meta-analytic connectivity modeling

Meta-analytic connectivity modeling (MACM) consists of testing
whole-brain coactivation patterns of a seed region across large imaging
datasets (Eickhoff et al., 2011; Laird et al., 2009). This approach iden-
tifies brain areas of coactivation above chance with a particular seed
region (i.e., here, each region emerging from the primary ALE meta-
analyses) across imaging experiments in the BrainMap database
(Eickhoff et al., 2011). To conduct MACM, the BrainMap database was
used, which includes coordinates of activation foci and meta-data for
imaging studies (accessed April 2021, >20,000 studies at time of anal-
ysis). Consistent with prior work (Cortese et al., 2016; Kohn et al.,
2014), we constrained MACM analyses to activations and experiments
from normal mapping imaging studies (no interventions or group
comparisons) in healthy participants. See the Supplemental Methods
for more details.

For comparison of findings with recent meta-analytic connectivity
work, we also conducted a modified version of MACM using the specific
co-activation likelihood estimation algorithm (SCALE), which controls
for the base rate (Langner and Camilleri, 2021; Langner et al., 2014). See
the Supplemental Methods for more details. We reasoned that the
heightened specificity of SCALE could be helpful for defining networks
and informative for future studies of biomarkers that aim to develop
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targeted or neuroscience-informed treatments. While we primarily
conducted MACM using the standard algorithm for consistency with
prior ALE studies, we also present findings from both the standard
MACM and revised algorithm (SCALE) for the interested reader.

2.4. Functional decoding

To further unpack findings, functional decoding was performed on
regions emerging as significant in the ALE analyses. Functional char-
acterization of gaze processing derived clusters from the ALE analyses
was based on ‘Behavioral Domain’ and ‘Paradigm Class’ meta-data
categories available in the BrainMap database (Fox and Lancaster,
2002). We reasoned that leveraging the BrainMap database for func-
tional decoding would allow comparison to other transdiagnostic
studies of cognitive control networks based on the same database
(Cortese et al., 2016; Yeo et al., 2015). Consistent with prior work
(Cortese et al., 2016; Kohn et al., 2014), studies from BrainMap were
included that reported experiments (i.e., within-group contrasts be-
tween two experimental conditions) in healthy participants. See the
Supplemental Methods for more details.

2.5. Code and data availability

To promote data transparency, code and data that support the
findings of this study are available from the corresponding author upon
reasonable request.

3. Results
3.1. Characteristics of included studies

The final set of experiments consisted of 56 experiments from 36
articles (see Fig. S1 and Tables S1-S2 in the Supplemental Methods).
This included 30 experiments with ASD patients and 26 experiments
with schizophrenia patients. For ASD, this represented a total of 354
individuals with ASD (Mean age = 19.6 years; 86.4 % males) and 348
healthy controls (Mean age = 19.5 years; 82.2 % males). For schizo-
phrenia, this represented a total of 275 individuals with schizophrenia
(Mean age = 30.0 years, 70.6 % males) and 265 healthy controls (Mean
age = 29 years; 65.4 % males). On the task level, ASD experiments
represented the following gaze processing domains: gaze direction (n =
12) and gaze cueing (n = 18). Schizophrenia experiments represented
the following gaze processing domains: saccades/antisaccades (n = 10),
smooth pursuit (n = 13), and face perception (n = 3). See Tables S1-S3
for a summary of medication status for participants.

3.1.1. Analyses based on ASD

Within ASD studies (n = 20), aberrant activation was observed in the
left amygdala (Table 1 and Fig. 1). Experiments with gaze cueing and
gaze direction paradigms contributed to the convergence in the amyg-
dala cluster. In addition, both child and adult samples contributed to this
convergent finding. Aberrant amygdala activation was also character-
ized by patterns of hypo- and hyperactivation in ASD during gaze pro-
cessing. Results of contribution sub-analyses are shown in Fig. 1 inset
and in Supplemental Table S4. As a follow-up, repeating all analyses
with an alternative, potentially more liberal statistical threshold (i.e.,
threshold-free cluster enhancement [TFCE]) (Smith and Nichols, 2009),
fully corroborated these amygdala results and revealed significant
convergence in the right inferior frontal gyrus (see Supplemental
Information).

3.1.2. Analyses based on schizophrenia

Analyses were then conducted within schizophrenia studies (n = 16),
which showed aberrant activation in the right inferior frontal gyrus and
right supplementary motor area (Table 1 and Fig. 2). Saccade and face
perception tasks contributed to convergence for the inferior frontal
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Table 1
Peak coordinates of clusters for activation within ASD and schizophrenia versus
healthy controls.

Region BA H  Cluster size MNI coordinates
3 e
(mm’) X y z Z
value
Aberrant activation in ASD vs healthy controls
Amygdala L 720 24 -6 -20 42

Aberrant activation in schizophrenia vs healthy controls

Inferior frontal gyrus 44/ R 944 46 20 4 5.5
45
Supplementary 6 R 1368 2 8 54 5.7

motor area

Note. ASD = Autism Spectrum Disorder; BA = probable Brodmann area; H =
hemisphere; L and R = left and right hemispheres, respectively; x, y, and z = the
Montreal Neurological Institute (MNI) coordinates corresponding to the left-
right, anterior-posterior, and inferior-superior axes, respectively. Clusters
denote the maximum peak value.

gyrus cluster, while predominately saccades tasks contributed to
convergence for the supplementary motor area cluster. Both clusters
were characterized by hypoactivation in schizophrenia vs controls
(Supplemental Table S4). Follow-up analyses using TFCE revealed a
highly similar pattern of convergence in the right inferior frontal gyrus
and supplementary motor area (see Supplemental Information).

3.2. Analyses across ASD and schizophrenia

Next, we examined shared neural correlates of gaze processing
pooling across disorders (n = 20 for ASD and n = 16 for schizophrenia).
Aberrant patterns of activation were observed in the right inferior
frontal gyrus and right fusiform gyrus (Fig. 3). The corresponding
clusters and Z values are shown in Table 2. Gaze cueing, gaze direction,
saccadic and face perception tasks contributed to convergence (inset of
Fig. 3 and Supplemental Table S5). Importantly, data from both ASD
and schizophrenia studies contributed to these clusters. Follow-up an-
alyses using TFCE fully corroborated these findings and convergence in
the right inferior frontal gyrus and fusiform gyrus (see Supplemental
Information).

Next, sub-analyses tested for convergent patterns of hyper- vs
hypoactivation across ASD and schizophrenia (i.e., pooled across dis-
orders) vs controls. Hypoactivation in ASD and schizophrenia was
observed in the right inferior frontal gyrus and right supplementary
motor area (Table 2 and Fig. 4). Paradigms including gaze cueing and
direction, saccades, and face perception contributed to convergence in
both clusters (Supplemental Table S5). For the inferior frontal gyrus,
both ASD and schizophrenia studies contributed to the convergence. For
the supplementary motor area, predominately saccades tasks and
schizophrenia samples contributed the most to convergence (Supple-
mental Table S5). Follow-up analyses using TFCE fully corroborated
these findings and convergence in the right inferior frontal gyrus and
supplementary motor area (see Supplemental Information). No re-
gions emerged as significant for convergent patterns of hyperactivation
across disorders.

As an additional check on our findings of shared disruption in the
inferior frontal gyrus across ASD and schizophrenia during gaze pro-
cessing, we conducted a conjunction analysis (i.e., ASD is different from
controls and schizophrenia different from controls). A conjunction
analysis of hypoactivation across both disorders showed a shared
dysfunction in the right inferior frontal gyrus (see Supplemental In-
formation Fig. $12).

3.3. Meta-analytic connectivity modeling (MACM)

To further explore the findings of the ALE analyses (Tables 1-2,
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Aberrant activation in ASD vs healthy controls

Percent contribution to
amygqdala cluster

Paradigm class
Gaze cueing
Gaze direction

50.8
49.2

Age group
Child
Adult

68.2
31.8

Contrast
HC>ASD
ASD>HC

48.3
51.7

Fig. 1. Regions of aberrant activation within ASD during gaze processing. Aberrant activation in the left amygdala emerged in ASD. Sub-analyses pooled coordinates
across hyper- and hypoactivation in ASD vs healthy controls. The right panel indicates the contribution of paradigm type or gaze subdomains, age group, and contrast

(indicating hyper- vs hypoactivation in ASD) to the convergence on this region.

Figure 1, 2, 3 and 4)—which includes volumes of interest for the left
amygdala (MNI peak coordinates: -24, -6, -20), right inferior frontal
gyrus (MNI peak coordinates: 48, 20, 4), right fusiform gyrus (MNI peak
coordinates: 30, -52, -14), and supplementary motor area (MNI peak
coordinates: 2, 10, 54)—we conducted MACM to identify coactivation
with other regions. The functional coactivation patterns of each volume
of interest are displayed in Fig. 5. The amygdala showed convergent
coactivation with the fusiform gyrus, subcortex (caudate, putamen,
thalamus, hypothalamus), medial prefrontal cortex, lateral prefrontal
cortex including the dorsolateral and ventrolateral prefrontal cortices,
insula, middle temporal gyrus, and posterior cingulate. The inferior
frontal gyrus showed convergent coactivation with the lateral prefrontal
cortex, frontal eye fields, superior temporal gyrus, and parietal regions
including the supramarginal gyrus. The fusiform gyrus showed conver-
gent coactivation with the visual cortex, lateral prefrontal cortex
including the inferior frontal gyrus, supplementary motor area, and
parietal cortex including the angular gyrus. The supplementary motor
area showed convergent coactivation with the lateral prefrontal cortex,
frontal eye fields, fusiform gyrus, cerebellum, and parietal cortex. De-
tails for all MACM results including peak clusters, coordinates and Z
values are shown in Supplemental Tables S6-S9.

Repeating MACM analyses using the revised algorithm (SCALE)
revealed a highly similar pattern of co-activation for each volume of
interest (left amygdala, right inferior frontal gyrus, right fusiform gyrus,
and supplementary motor area). The functional coactivation patterns of
each volume of interest are displayed in Fig. 5. As expected with SCALE,
these patterns tended to be smaller relative to MACM, but aligned
closely with similar frontoparietal, frontotemporal and frontolimbic
circuitry as found with standard MACM. For the interested reader, de-
tails for all SCALE results including peak clusters, coordinates and Z
values are also shown in Supplemental Tables S12-S15.
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3.4. Functional decoding

Functional decoding was then conducted on regions emerging as
significant in the ALE analyses. The amygdala volume of interest was
associated with domains related to emotion processing (including pos-
itive and negative emotions), sensory perception, and cognition (mem-
ory) (Fig. 6A). The inferior frontal gyrus volume of interest was
associated with domains related to cognition including music and lan-
guage (e.g., music comprehension and production, speech and language,
attention), emotion processing, perception and somesthesis, and audi-
tion (Fig. 6B). The fusiform gyrus volume of interest was associated with
domains related to action (e.g., motor learning, speech), visual percep-
tion, emotion processing, cognition (e.g., spatial perception, and exec-
utive function including memory) (Fig. 6C). The supplementary motor
area volume of interest was associated with domains related to visual
perception, action (e.g., speech, motor, inhibition), and cognition (e.g.,
language and speech, music, spatial processing) (Fig. 6D). For the
interested reader, we also provide uncorrected and FDR corrected
findings for each region (Supplemental Figs. $2-S9).

3.5. Follow up supplemental analyses of gaze task domains

As a point of reference for the pooled analyses across domains of gaze
processing, we also conducted exploratory term-based meta-analyses
using Neurosynth (https://neurosynth.org) to identify the neural cor-
relates for gaze domains included in the current study. Findings from
Neurosynth show that the neural correlates of different task domains
examined in the current study (using the terms: ‘gaze’, ‘eye movement’,
‘visual cueing’, ‘saccades’, and ‘face recognition’ for separate meta-
analyses in Neurosynth) are similar to one another and elicit activa-
tion in frontoparietal and frontotemperal circuits spanning regions
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Aberrant activation in schizophrenia vs healthy controls

Inferior
frontal gyrus

AT
AR
N

-

Percent contribution to
IFG cluster

Paradigm class
Saccades
SPEM
Face perception
Contrast
HC>Schizophrenia
Schizophrenia>HC

57.1
23.6
19.3

98.6
1.4

Supplementary

motor area

Percent contribution to
SMA cluster

Paradigm class
Saccades
SPEM
Face perception
Contrast
HC>Schizophrenia
Schizophrenia>HC

90.2
9.8
0

100
0

Fig. 2. Aberrant activation in the right inferior frontal gyrus and supplementary motor area in schizophrenia during gaze processing. Sub-analyses pooled co-
ordinates across hyper- and hypoactivation in schizophrenia vs healthy controls. The right panel indicates the contribution of paradigm type or gaze subdomains and
contrast (indicating hyper- vs hypoactivation in schizophrenia) to the convergence on these regions.

Table 2
Peak coordinates of clusters for activation pooled across disorders versus healthy
controls.

Region BA H  Cluster size MNI coordinates
(mm®)
X y z Z
value
Aberrant activation across ASD and schizophrenia vs healthy controls
Inferior frontal gyrus 45 R 1144 48 20 4 5.5
Fusiform gyrus 37 R 744 30 —-52 —14 4.5
Hypoactivation across ASD and schizophrenia vs healthy controls
Inferior frontal gyrus 45 R 1144 48 20 4 5.8
Supplementary 6 R 880 2 10 54 5.0
motor area

Note. ASD = Autism Spectrum Disorder; BA = probable Brodmann area; H =
hemisphere; L and R = left and right hemispheres, respectively; x, y, and z = the
Montreal Neurological Institute (MNI) coordinates corresponding to the left-
right, anterior-posterior, and inferior-superior axes, respectively. Clusters
denote the maximum peak value.

including the medial and lateral prefrontal cortices, sensorimotor cor-
tex, supplementary motor area, fusiform gyrus, amygdala, and visual
cortex. For the interested reader, we provide findings from these sup-
plementary Neurosynth meta-analyses of gaze domains in the Supple-
mental Information. To complement this, we also include an overview
of normative neural substrates implicated in gaze processing in the
Supplement (see Supplemental Background: Brain Regions Involved in
Gaze Processing).
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4. Discussion

The primary aim of this meta-analysis was to examine convergent
neural correlates of gaze processing impairments in ASD and schizo-
phrenia. Analyses also tested cross-disorder convergence in ASD and
schizophrenia across domains of gaze processing. Two key findings were
observed. First, sub-analyses within each disorder identified conver-
gence of disorder-specific patterns of aberrant activation in the amyg-
dala for ASD and in the inferior frontal gyrus and supplementary motor
area for schizophrenia during the processing of gaze relative to unaf-
fected controls. Second, aberrant activation was found in the inferior
frontal gyrus across ASD and schizophrenia during gaze processing. As
hypothesized, a pattern of aberrant activation in frontoparietal and
frontotemporal circuitry—implicated in cognitive control and social
perception—was observed in ASD and schizophrenia across domains of
gaze processing. These findings may suggest deficits in the functional
brain organization associated with gaze processing impairments in ASD
and schizophrenia that spans emotion processing, cognitive control and
sensorimotor processes.

4.1.1. Aberrant activation of the amygdala in ASD during eye gaze
processing

Primary analyses within ASD studies indicated aberrant amygdala
activation, which is consistent with prior work implicating this region in
social cognitive deficits. Social deficits of ASD are associated with dis-
ruptions in frontoparietal and frontotemporal networks involved in so-
cial cognition including the amygdala (Di Martino et al., 2009; Nomi and
Uddin, 2015; Philip et al., 2012). The amygdala is also involved in the
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Aberrant activation across disorders vs healthy controls

Inferior
frontal gyrus

Percent contribution to
IFG cluster

Paradigm class
Gaze cueing
Gaze direction
Saccades
SPEM
Face perception

Disorder
ASD

Schizophrenia

9.1
227
374
16.7
141

31.9
68.1

Percent contribution to
FG cluster

Paradigm class
Gaze cueing
Gaze direction
Saccades
SPEM
Face perception

Disorder
ASD
Schizophrenia

Fusiform
gyrus

Fig. 3. Regions of aberrant activation across ASD and schizophrenia during gaze processing. Aberrant activation in the right inferior frontal gyrus and right fusiform
gyrus emerged across ASD and schizophrenia. Primary ALE analyses pooled coordinates across hyper- and hypoactivation in ASD and schizophrenia vs healthy
controls. The right panel indicates the contribution of gaze subdomains and disorder subgroups to the convergence on these regions.

processing of eye gaze (Adams Jr. et al., 2003; Kawashima et al., 1999;
Sato et al., 2004). In addition, amygdala hypoactivation has been
implicated in ASD during the perception of gaze (Kliemann et al., 2012;
Perlman et al., 2011; Sato et al., 2017; Tottenham et al., 2014; von dem
Hagen et al., 2014). Our finding of aberrant amygdala activation in ASD
is also notable in light of prior meta-analyses investigating broader so-
cial cognitive deficits in ASD (e.g., theory of mind, emotion processing,
language/prosody processing). For instance, Di Martino et al. (2009)
reported perturbed activation in the amygdala in ASD during social tasks
relative to controls. A recent meta-analysis of ASD from Dickstein et al.
(2013) observed a similar pattern of aberrant activation in the amygdala
during social cognitive tasks. However, inspection of the contribution of
the amygdala cluster of aberrant activation irrespective of directionality
(Fig. 1 and Table S4 in the supplement) indicated that patterns of hyper-
and hypoactivation contrasts in autistic individuals contributed equally
(51 % and 48 % of all contrasts, respectively), which suggests neural
heterogeneity in response profiles. This heterogeneity has implications
for identifying ASD subtypes that could also help inform personalized
interventions (Lefort-Besnard et al., 2020).

While the amygdala is implicated in the processing of affect from
faces (Fusar-Poli et al., 2009), empathic concern for others (Decety et al.,
2008; Mutschler et al., 2013), and theory of mind (Di Martino et al.,
2009), this region also plays a key role in mediating the cognitive con-
trol of emotion (Kohn et al., 2014; Ochsner et al., 2012; Pozzi et al.,
2021). For instance, interactions between the amygdala and prefrontal
control regions are involved in the top-down regulation of emotion
(Buhle et al., 2014; Ibrahim et al., 2019, 2022; Silvers et al., 2016).
Similarly, aberrant activation of the amygdala is also reported in ASD
during emotion regulation tasks involving reappraisal (Pitskel et al.,
2014; Richey et al, 2015). Thus, our findings of amygdala
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hypoactivation during gaze processing may reflect disruptions in the
recruitment of neural resources involved in the top-down regulation of
emotion as well as alterations in the perceived salience of social vs non-
social cues involving gaze. Alternatively, aberrant activation of the
amygdala in ASD could indicate disruptions in the recruitment of
attentional control processes associated with the modulation of emotion
reactivity in response to social cues (e.g., direct eye gaze) (Ochsner and
Gross, 2008; Powers and LaBar, 2019). It is also possible that deficits in
processing gaze could be associated with impairments in mentali-
zing—specifically, in the ability to extract pertinent information for
social communication from the face and/or eye region (Itier and Batty,
2009; Nation and Penny, 2008). In support of this, some gaze studies
have found hypoactivation in frontotemporal and frontoparietal regions
involved in theory of mind processes including the amygdala (Amodio
and Frith, 2006; Frith and Frith, 1999; Frith and Frith, 2006; Frith, 2001;
Gallagher and Frith, 2003; Saxe et al., 2004; Van Overwalle, 2011) when
individuals with ASD were prompted to attend to the eye region
(Georgescu et al., 2013; von dem Hagen et al., 2014). MACM analyses
showed that amygdala activation converges with activation across social
cognitive and cognitive control circuitry in the general population
spanning regions in the lateral and medial prefrontal cortex as well as
the subcortex. Given that the lateral and medial prefrontal cortex is
involved in top-down biasing of information as socially relevant (Frith
and Frith, 2012), atypical activation of the amygdala during gaze tasks
may indicate broader deficits in social cognition that could be linked to
deficits in gaze processing in ASD, particularly in deriving goal-directed
intentions or saliency from gaze cues.
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Hypoactivation across disorders vs healthy controls
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Fig. 4. Regions of disruption based on hypoactivation across ASD and schizophrenia during gaze processing. Hypoactivation in the right inferior frontal gyrus and
right supplementary motor area emerged in ASD and schizophrenia. Sub-analyses pooled coordinates across gaze processing tasks and across ASD and schizophrenia
vs healthy controls. The right panel indicates the contribution of gaze subdomains and disorder subgroups to the convergence on these regions.

4.1.2. Aberrant activation of the inferior frontal gyrus and supplementary
motor area in schizophrenia during eye gaze processing

Analyses within schizophrenia indicated aberrant activation of the
inferior frontal gyrus and supplementary motor area. The current study
is the first to examine the convergence of neural activation in schizo-
phrenia across fMRI studies of eye gaze and eye movements. Thus, these
findings are particularly important to promote future fMRI studies
focusing on eye gaze in schizophrenia including antisaccade tasks.
Antisaccade tasks recruit a range of cognitive control processes
including goal-directed behavior, attention, working memory, learning,
and decision-making (Hutton, 2008; Jamadar et al., 2013). Further,
antisaccade deficits have been suggested as a potential endophenotype
for schizophrenia (Benson et al., 2012; Caldani et al., 2017). Meta-
analytic work implicates a fronto-striatal-parietal network in saccades
(antisaccades, prosaccades) in healthy control populations including the
parietal cortex and lateral prefrontal cortex/inferior frontal gyrus
(Jamadar et al., 2013). Additionally, these frontoparietal regions func-
tionally interact with cognitive control regions necessary for selecting,
inhibiting, sequencing, and/or recalling correct responses (Jamadar
et al., 2013; Jarvstad and Gilchrist, 2019; Sweeney et al., 2007), which
have been implicated in the neuropathology underlying cognitive con-
trol difficulties in schizophrenia (Camchong et al., 2008; Carter et al.,
2001; Perlstein et al., 2003; Weiss et al., 2007).

Our findings of aberrant activation in frontoparietal regions in
schizophrenia relative to controls could indicate disruptions in early
sensory and attentional processes after stimulus presentation. Fronto-
parietal regions, including sensorimotor cortex and supplementary
motor area, also have reciprocal connections with limbic and prefrontal
regulatory regions, such as the dorsal and ventral prefrontal cortex,
forming a frontoparietal and frontolimbic network that is tightly
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coupled with the cognitive control of emotion (Etkin et al., 2011; Ibra-
him et al., 2022). Thus, it is possible that top-down control of sensory
and attentional processes are compromised during stimulus evaluation
and response preparation in schizophrenia (Martinez et al., 2019; Perl-
stein et al., 2003). For instance, disruption of cognitive control networks
could compromise executive control processes needed for proper task
performance and/or saccade generation or inhibition (Brown and
Braver, 2005; Clementz et al., 2007; Jamadar et al., 2013; Satterthwaite
et al., 2007). Additionally, in schizophrenia, deficits in early visual
processing are shown to contribute to impaired facial emotion pro-
cessing (Martinez et al., 2018), and these impairments were more
recently shown to have shared behavioral and neural dysfunction in the
middle temporal complex in both individuals with ASD and schizo-
phrenia (Martinez et al., 2019). Antisaccade tasks also involve executive
functioning/response inhibition and emotion regulation processes
(Jamadar et al., 2013), which represent subdomains of cognitive control
that are consistently associated with deficits in the neural correlates of
schizophrenia including emotion processing (Camchong et al., 2008).

4.2. Neural markers of gaze impairments across ASD and schizophrenia

Aberrant activation was observed in the right inferior frontal gyrus
across disorders compared to unaffected controls. The inferior frontal
gyrus is implicated in social perception and cognitive processes (Dal
Monte et al., 2014; Fusar-Poli et al., 2009) including processing negative
affect (Hariri et al., 2000; Hariri et al., 2003), empathy (Lamm et al.,
2011), emotion regulation (Buhle et al., 2014; Silvers et al., 2016),
mentalization (Dal Monte et al., 2014), biological motion (Kaiser et al.,
2010), evaluation of trustworthiness (Pinkham et al., 2008), and gaze
perception (Davies et al., 2011). In line with these findings, functional
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Fig. 5. Connectivity maps for the volumes of interest emerging as significant clusters in ALE analyses. Depicted are coactivation maps for the left amygdala (A), right
inferior frontal gyrus (IFG) (B), the right fusiform gyrus (FG) (C), and the supplementary motor area (SMA) (D). For comparison of findings, results are also shown
with a modified version of MACM using the specific co-activation likelihood estimation algorithm (SCALE). Coactivation patterns are labelled in blue and seed
volumes of interest are labelled in yellow (inset). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 6. Functional characterization of the four core regions from the ALE meta-analysis. Behavioral domain meta-data from BrainMap were used for quantitative
forward (left panels in A-D) and reverse (right panels in A-D) inference on significant functional associations of each region or volume of interest (corrected FDR <
0.05). Values at the bottom of each figure represent the likelihood of activation. For example, considering forward inference, 0.01 means that one in 100 studies
features an activation in that particular cluster; for the significant domains/paradigms, their likelihoods are higher than the base rate. For reverse inference, the value
represents the probability that this task was present given activation in that particular cluster.

decoding suggested that this region may be linked to domains of
cognition and sensory perception. MACM analyses indicated that acti-
vation of this inferior frontal gyrus cluster converges with activation
across cognitive control circuitry in the general population, which spans
the lateral prefrontal cortex, sensorimotor regions including the sup-
plementary motor area, insula, and the parietal cortex. These findings
also reflect the vast cortico-cortical connections of the inferior frontal
gyrus and aligns with prior studies emphasizing the rich interconnec-
tedness of this region (Aron et al., 2014).

Additionally, the inferior frontal gyrus is involved in cognitive con-
trol processes including emotion regulation (Kohn et al., 2014) and
response inhibition (Aron et al., 2014). The inferior frontal gyrus also
plays a salient role in the inhibition of the prepotent prosaccade
response in gaze tasks including saccades/antisaccades (Hung et al.,
2018; Jamadar et al., 2013; Zhang et al., 2017). This is relevant to the
current work since several studies utilized gaze tasks involving fixation
on a target in the presence of distractor stimuli. Since the inferior frontal
gyrus—particularly the right hemisphere—is thought to act as a ‘brake’
over response tendencies (Aron et al., 2014), it is possible that
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disruption of the inferior frontal gyrus in ASD and schizophrenia could
hinder processing of socially and emotionally salient stimuli. However,
it is also important to note that hypoactivation of the inferior frontal
gyrus has been found in other psychiatric disorders including Attention-
Deficit/Hyperactivity Disorder during tasks of inhibitory control (Cor-
tese et al.,, 2016; Samea et al., 2019), potentially indicating a trans-
diagnostic implication of the lateral prefrontal cortex beyond ASD and
schizophrenia. Future longitudinal studies will also be important to
assess the timing effects associated with inferior frontal gyrus patho-
physiology in ASD and schizophrenia as well as transdiagnostically in
other psychiatric disorders.

Aberrant activation was also observed in the right fusiform gyrus
across disorders relative to controls. The fusiform gyrus is associated
with face processing (Kanwisher et al., 1997), gaze perception (Boyar-
skaya et al., 2015; Hooker et al., 2003; Madipakkam et al., 2015; Pageler
et al., 2003; Zurcher et al., 2013) and attention to gaze (Nummenmaa
and Calder, 2009). Activation of the fusiform gyrus has been implicated
in expertise for distinguishing objects (Foss-Feig et al., 2016; Gauthier
and Tarr, 2002; McGugin et al., 2014), mental state attribution tasks



K. Ibrahim et al.

(Castelli et al., 2000), and visuo-attentional and perceptual processes
(Dolcos et al., 2020). In ASD, a vast neuroimaging literature implicates
fusiform gyrus dysfunction with social and gaze impairments (Corbett
et al., 2009; Critchley et al., 2000; Dalton et al., 2005; Di Martino et al.,
2009; Dickstein et al., 2013; Hooker et al., 2003; Pelphrey et al., 2007;
Pierce et al., 2001). Similarly, in schizophrenia, studies report aberrant
activation of the fusiform gyrus during social cognitive (Pinkham et al.,
2008) and face emotion processing (Quintana et al., 2003) tasks, as well
as during eye saccades (Tregellas et al., 2004) and attentional control
(Hahn et al., 2021; Maher et al., 2016). In support of this, functional
decoding suggested that this fusiform gyrus region may be linked to
domains of spatial cognition, sensorimotor learning, emotion percep-
tion, and visual processing in the general population. In line with recent
work suggesting a role of the fusiform gyrus beyond face processing,
findings from MACM analyses indicated that activation of this region
converges with activation across the visual cortex, lateral prefrontal
cortex, sensorimotor cortex, and parietal regions. It is possible that our
findings of fusiform gyrus dysfunction could reflect a disorder-general,
transdiagnostic marker of impaired attentional control aspects of gaze
processing (e.g., impaired attentional filtering leading to hypo- or
hyperfocusing on stimuli), which may hinder social functioning and
cognitive control processes.

Contribution sub-analyses indicated that hypoactivation in the sup-
plementary motor area was largely driven by schizophrenia studies. In
addition to controlling volitional aspects of motor movements (Nachev
et al., 2008), sensorimotor regions, including the supplementary motor
area, are also implicated in the affective aspect of social cognition (Pozzi
et al., 2020; Schurz et al., 2020). In support of this, functional decoding
indicated a broad domain of function associated with the supplementary
motor area including aspects of cognition (i.e., language and spatial
processing), cognitive control including inhibitory control, and visual
perception. Additionally, findings from MACM analyses indicated that
activation of this region converges with activation across the lateral
prefrontal cortex and parietal regions implicated in cognitive con-
trol—such as the dorsolateral prefrontal cortex, inferior frontal gyrus,
and supramarginal gyrus. Impairment of the supplementary motor area
has also been identified as a hub of cortico-basal ganglia network
dysfunction related to disturbances in volitional motor control in
schizophrenia (Bracht et al., 2013). Further, perturbations in supple-
mentary motor area volume are associated with impaired executive
functioning in schizophrenia (Exner et al., 2006; Stegmayer et al., 2014).
Here, it is possible that aberrant activation of the supplementary motor
area during gaze processing may reflect broader cognitive control
dysfunction in schizophrenia. In support of this, a meta-analysis found
that hypoactivation of the supplementary motor area was associated
with executive function impairments in schizophrenia (Wu and Jiang,
2020). Given that recent work implicates associations between cognitive
dysfunction and sensorimotor dysconnectivity and structure across
mental disorders, particularly schizophrenia (Kebets et al., 2019; Parkes
et al., 2021), our results also converge on the notion that disruptions in
lower-order brain systems could be disorder-general biomarkers linked
to cognitive control deficits.

As a point of reference for interpreting the main ALE findings, sup-
plemental and exploratory meta-analyses were conducted for terms used
in the current study. Regions identified in the Neurosynth meta-analysis
indicated preferential activation across domains of gaze processing
within similar circuitry (frontoparietal, frontotemporal) identified in the
current study that spans the medial and lateral prefrontal cortices,
sensorimotor cortex, fusiform gyrus, amygdala, and visual cortex (see
Supplemental Information). Thus, despite the heterogeneity of tasks
across ASD and schizophrenia, these gaze domains were shown to elicit
activation in similar frontoparietal and frontotemporal networks, which
suggests shared neural circuitry implicated in gaze processing.

Given recent work leveraging a dimensional framework to under-
stand domains of psychopathology that map onto brain circuits (Casey
et al., 2014; Insel and Cuthbert, 2015), it is possible that disruptions in
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frontoparietal and frontotemporal circuitry during gaze processing may
converge on shared clinical symptoms in ASD (e.g., core deficits in social
communication and interaction including nonverbal communication
and mentalizing) and schizophrenia (e.g., negative symptoms). Indeed,
deficits in eye gaze and mentalizing in ASD as well as negative symptoms
in schizophrenia have been associated with dysconnectivity in fronto-
parietal and frontotemporal circuitry (Davies et al., 2011; Di Martino
et al., 2009; Dickstein et al., 2013; Ibrahim et al., 2021; Jia et al., 2020;
Tu et al., 2013). Alternatively, recent models of psychopathology have
integrated a dimensional framework with the goal of reconceptualizing
mental health to addresses challenges of diagnostic heterogeneity, co-
morbidity, and unreliability (Kotov et al., 2017). The Hierarchical
Taxonomy Of Psychopathology (HiTOP) was developed to address these
aforementioned challenges across psychopathology (Kotov et al., 2022;
Kotov et al., 2017; Kotov et al., 2021). Thus, altered lateral prefrontal
cortex activation—spanning frontoparietal and frontotemporal circui-
try—during gaze processing could also suggest a common etiological
risk factor such as thought problems (e.g., disorganization, reality
distortion) or detachment (e.g., reduced emotional expression, avoli-
tion, lack of social motivation and appropriate social interactions) as
defined by the HiTOP model (Kotov et al., 2022; Kotov et al., 2021).
However, ASD and other neurodevelopmental disorders are not
currently included in the HiTOP model. Therefore, future work will be
important to understand the link between impairments in social func-
tioning and cognitive control domains, and network dysfunction across
frontoparietal and frontotemporal circuits beyond categorial diagnoses
of ASD and schizophrenia and along a dimensional continuum or
framework.

4.3. Study limitations

Some limitations should be considered. First, inherent to all meta-
analyses, there is the potential role of publication bias because we
could only include published studies. Second, our data do not provide
information on the causal relationship between social cognitive and
cognitive control networks, and gaze impairments in ASD and schizo-
phrenia. Third, there were relatively fewer studies in schizophrenia
relative to ASD, emphasizing the need for future studies in schizophrenia
that leverage a range of eye gaze tasks (Tso et al., 2020). Additionally,
sub-analyses could not be conducted within experiments using the same
paradigms due to limited sample size. While future studies directly
comparing the neural correlates of eye gaze dysfunction in ASD and
schizophrenia using homogenous paradigms are ideal, this was not
possible due to sample size considerations. However, follow-up analyses
using Neurosynth indicated synergy across gaze processing domains
examined in the current study, with activation emerging in similar
frontoparietal and frontotemporal networks (see Supplemental Infor-
mation). Despite task heterogeneity, prior meta-analyses have com-
bined across broader social perception tasks encompassing both lower-
and higher-order social cognitive processes, showing that integrating a
range of paradigms can help advance development of biomarkers
(Hajduk et al., 2022). We did conduct supplementary analyses restricted
to adult samples across ASD and schizophrenia, which showed a highly
similar pattern of convergence in the right inferior frontal gyrus (Sup-
plemental Results Fig. S10 and Table S10). Thus, we were able to
replicate findings in a relatively homogeneous sample of adults. While
there was heterogeneity of paradigms and samples (adult vs child)
across the combined ASD and schizophrenia studies, the omnibus meta-
analysis was well powered with 36 studies and 56 experiments. This
cross-disorder analysis was intended to inform future work and advance
understanding of transdiagnostic neural disruptions in social perception
and cognitive control circuitry in clinical samples. Fourth, ASD studies
included children and adults (vs adults only in schizophrenia studies).
Developmental aspects may affect activation patterns reported here and
future longitudinal work will be necessary to understand how age-
related differences map onto neural deviations and symptom
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trajectories. However, we relied on the contrast of ASD vs controls and
imaging data from age-matched controls to control for developmental
effects. Fifth, most participants with schizophrenia were taking psy-
chotropic medications, while the majority of ASD studies did not report
psychotropic medication status. There is evidence that psychotropic
medications may have long-term effects on brain function and structure
in ASD and schizophrenia (Chopra et al., 2021; Fusar-Poli et al., 2013;
Linke et al., 2017), but it was not possible to establish the extent to
which our results were influenced by medication effects. Additionally,
potentially influential factors beyond medication types, such as illness
duration and/or severity and comorbidities, could not be assessed
because of inconsistent reporting across studies. Sixth, while there are
other statistical packages for conducting coordinate-based meta-ana-
lyses (e.g., MKDA), we selected ALE for comparison to recent meta-
analyses in ASD (Di Martino et al., 2009; Dickstein et al., 2013) and
schizophrenia (Sugranyes et al., 2011). Future studies may also consider
conducting mega-analyses in which raw functional and/or structural
MRI data are pooled across studies and sites. Nevertheless, our meta-
analysis can provide a map of anatomical regions (e.g., a priori
regions-of-interest) for testing causal implications in such mega-
analyses. Lastly, we acknowledge that MACM and functional decoding
refer to healthy populations and do not necessarily clarify coactivations
or possible functionality of the clusters as related to mental health
conditions. Nonetheless, MACM and functional decoding are commonly
used approaches in imaging meta-analyses for further exploring and
contextualizing regions emerging as significant and associated cognitive
processes (Cortese et al., 2016; Kohn et al., 2014; Morawetz et al., 2020),
especially in the context of the NIMH Research Domain Criteria (RDoC)
framework in which biobehavioral dimensions and symptom domains
are thought to occur along continua in the population (Casey et al.,
2014; Ibrahim and Sukhodolsky, 2018). Related to this, we also
acknowledge the challenges in accounting for phenotypic multifinality
in the current meta-analysis: that is, potential differences in behavioral
and/or cognitive abnormalities in ASD and schizophrenia within a given
domain (e.g., differential performance on eye gaze tasks or executive
functioning) may converge on shared neurobiological substrates. Stated
differently, heterogeneity in disruptions in behavioral and/or cognitive
domains could also reflect multiple paths to the same outcome (in this
case, alterations in frontoparietal and frontotemporal circuitry impli-
cated in gaze processing), termed “equifinality” (Cicchetti and Rogosch,
1996; Giedd et al., 2015; Simmons et al., 2019). Thus, it will be
important for future work to examine subgroups of ASD and schizo-
phrenia based on cognitive domains or abnormalities that may be
associated with neural heterogeneity or unique brain-based markers of
gaze processing deficits. The use of a transdiagnostic approach may also
contribute to elucidating neural heterogeneity related to gaze
impairments.

Given the increasing shift toward transdiagnostic research related to
social cognition leveraging the NIMH RDoC framework (Barlati et al.,
2020; Gur and Gur, 2016; Tso et al., 2020), future work is needed to
examine social cognitive impairments across a range of psychiatric
conditions. Because impaired social cognitive functioning, including
aberrant eye gaze perception, are symptoms common in multiple psy-
chiatric conditions (Cotter et al., 2018), task-based imaging studies will
be important to explicitly test social cognitive networks in other disor-
ders such as disruptive behavior disorders and anxiety disorders.

4.4. Conclusion

The current ALE meta-analysis examined underlying neural mecha-
nisms associated with gaze processing in ASD and schizophrenia. In
autistic individuals, altered amygdala activation was found during eye
gaze processing. In schizophrenia, altered activation was found in the
inferior frontal gyrus and supplementary motor area. Cross-disorder
analyses revealed aberrant activation in the right inferior frontal gyrus
and fusiform gyrus in ASD and schizophrenia across domains of gaze
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processing. Perturbations in these frontoparietal and frontotemporal
networks may reflect disruptions in the recruitment of ‘social brain’ and
cognitive control circuitry, and neural resources involved in social
perception including mentalizing, emotion regulation, and/or atten-
tional control processes. Shared features of neural dysfunction may be
related to abnormal gaze processing, particularly in large-scale networks
involved in social cognition and cognitive control.
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