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Abstract

Social dysfunction is an intractable problem in a wide spectrum of psychiatric illnesses,
undermining patients’ capacities for employment, independent living, and maintaining
meaningful relationships. ldentifying common markers of social impairment across disorders
and understanding their mechanisms are prerequisites to developing targeted neurobiological
treatments that can be applied productively across diagnoses and illness stages to improve
functional outcome. This project focuses on eye gaze perception, the ability to accurately and
efficiently discriminate others’ gaze direction, as a potential biomarker of social functioning
that cuts across psychiatric diagnoses. This premise builds on both the monkey and human
literatures showing gaze perception as a basic building block supporting higher-level social
communication and social development, and reports of abnormal gaze perception in multiple
psychiatric conditions accompanied by prominent social dysfunction (e.g., psychosis-spectrum
disorders, autism-spectrum disorders, social phobia). A large sample (/7= 225) of adolescent
and young adult (age 14-30) psychiatric patients (regardless of diagnosis) with various degrees
of impaired social functioning, and demographically-matched healthy controls (n= 75) will be
recruited for this study. Participant’s psychiatric phenotypes, cognition, social cognition, and
community functioning will be dimensionally characterized. Eye gaze perception will be assessed
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using a psychophysical task, and two metrics (precision, self-referential bias) that respectively tap
into gaze perception disturbances at the visual perceptual and interpretation levels, independent of
general deficits, will be derived using hierarchical Bayesian modeling. A subset of the participants
(150 psychiatric patients, 75 controls) will additionally undergo multimodal fMRI to determine
the functional and structural brain network features of altered gaze perception. The specific

aims of this project are three-fold: (1) Determine the generality of gaze perception disturbances

in psychiatric patients with prominent social dysfunction; (2) Map behavioral indices of gaze
perception disturbances to dimensions of psychiatric phenotypes and core functional domains;

and (3) Identify the neural correlates of altered gaze perception in psychiatric patients with social
dysfunction. Successfully completing these specific aims will identify the specific basic deficits,
clinical profile, and underlying neural circuits associated with social dysfunction that can be used
to guide targeted, personalized treatments, thus advancing NIMH’s Strategic Objective 1 (describe
neural circuits associated with mental illnesses and map the connectomes for mental illnesses) and
Obijective 3 (develop new treatments based on discoveries in neuroscience and behavioral science).

Keywords

social cognition; social functioning; gaze perception; functional magnetic resonance imaging;
psychosis; autism-spectrum disorders; social anxiety

BACKGROUND

Social Dysfunction Is an Intractable Problem across Mental llinesses

Mental illness is the leading cause of disability in the US [1]. A key factor contributing to
disability in mental illness is deficits in social functioning, which significantly undermine
patients’ ability to obtain/maintain employment and meaningful relationships, two key
components of recovery. Thus, improving social functioning among individuals with mental
disorders has significant potential to reduce the burden of mental illness. However, existing
treatments fall far short of meeting this need. Medications, the predominant treatment for
most mental illnesses in the US, fail to improve social functioning. Psychotherapies, while
generally more effective at improving social functioning, are insufficient for addressing the
problem due to difficulties with access and adapting to different disorders, the substantial
time required, and their tremendous variation in efficacy across individuals. To develop
treatments that can be applied efficiently across diagnoses and individuals, improving the
outcome of mental illnesses, we first need to identify key markers of social functioning
across disorders and to understand their underlying mechanisms. Previous work has
indicated that eye gaze perception, the ability to discriminate others’ gaze direction, is one
such potential biomarker of social functioning that spans multiple diagnoses.

Disturbed Gaze Perception as a Hypothesized Mechanism of Social Dysfunction across
Diagnoses

The gaze of others is a ubiquitous social cue that conveys information about the gazer’s
attention and intention. Thus, the ability to accurately and efficiently discriminate others’
gaze direction is critical to understanding others and the complex social world [2]. Altered
gaze perception can disrupt higher-level social cognitive abilities, causing difficulties in
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social functioning [3]. Multiple studies, including our own, have shown that gaze perception
is disrupted in schizophrenia [4—7] and is associated with deficits in higher-order social
cognition [6,7]. Abnormal gaze perception has also been reported in other psychiatric
disorders that are accompanied by social dysfunction, including bipolar disorder [7], autism-
spectrum disorders (ASD; [8,9]), and social phobia [10-14]. Disturbed gaze perception is
not an all-or-nothing phenomenon that appears only in above-threshold psychopathologies.
Rather, as suggested by findings of subclinical studies, the degree of gaze perception
abnormalities is proportional to the levels of psychosis proneness [15], autism traits [16],
and social anxiety [12]. Together with the fact that these disorders (and their subclinical
features) are highly comorbid [17-19], prevalent among both psychiatric patients and the
general population [20-22], and all accompanied by social dysfunction, it is plausible that
altered eye gaze perception represents a common pathway to social dysfunction across
individuals regardless of diagnoses. Since most previous work has focused on chronic
patient samples, showing abnormal gaze perception early in the course of mental illness
would strengthen the hypothesis that abnormal gaze perception is a cause rather than a
consequence of social dysfunction.

Understanding the Cognitive and Neural Underpinnings of Abnormal Gaze Perception
Would Form Novel Treatment Targets to Improve Social Functioning

Gaze perception involves not only visual processing, but also higher-level cognition such

as attentional control and self-referential processing. Disruption to any of these could result
in atypical gaze perception. For example, disrupted early visual processing could lead to
noisy (i.e., imprecise) gaze perception. Alternatively, one can have precise perception but

a bias to perceive gaze as self-directed when it is not. Previous gaze perception studies in
psychiatric populations typically focused on accuracy against a presumed “ground truth”
and rarely explicitly dissociated the cognitive components involved (e.g., precision, bias)
from one another [8]. Dissociating these cognitive processes can help us understand the
similarities and differences between psychopathologies, as well as identifying the sources
of individual differences. To achieve this, we designed a task using a psychophysics

method to systematically study gaze perception as a function of gaze direction [6]. This
task allows us to derive a psychometric function to characterize each individual’s gaze
perception, and then use the slope and position of this function to index precision and

bias respectively. Using this method, we demonstrated that abnormal gaze perception in
schizophrenia is characterized by reduced precision as well as a stronger self-referential
bias compared to controls [6,7]. These disturbances showed differential symptom/functional
correlates [6,23], suggesting that they measure independent constructs and pick up different
deficits. It remains to be determined if precision and bias are similarly altered in other
disorders exhibiting abnormal gaze perception, since existing studies typically used methods
that are descriptive (e.g., lower accuracy, wider “cone of gaze”) and do not disentangle

the cognitive processes involved in gaze perception [9-12,15]. It is likely that altered

gaze perception in different psychopathologies arises from differential levels of visual and
self-referential processing deficits. This claim is based on previous findings that show

early visual processing to be noisy in psychosis [24,25], abnormally precise in ASD

[26] and normal in social anxiety, whereas self-referential processing is shown to be
hyperactive in psychosis [27] and social anxiety [28,29] but reduced or absent in ASD
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[30]. Since psychosis proneness, autism traits, and social anxiety span the full range

of normal-abnormal human behavior, considering them as three dimensions (instead of
discrete categories) of psychopathology and investigating how they map onto specific gaze
perception disturbances would help identify mechanisms common and unique to these
psychopathologies and advance our understanding and prediction of individual differences.
Such approach would enable the examination of possible interactive or moderating effects
between these psychopathology dimensions on different aspects of gaze perception.

Neuroimaging studies in healthy individuals indicate that gaze perception is subserved by
complex interactions between the visual system and other brain networks, including the
fronto-parietal control and salience networks [31,32]. Few studies of gaze perception in
psychiatric populations have specifically investigated neural correlates [33-37]. However,
neuroimaging studies of social and emotion processing in disorders displaying abnormal
gaze perception and social dysfunction (e.g., psychosis, ASD, and social anxiety) have
revealed commonalities of abnormal functions in brain regions (e.g., medial frontal cortex
[MFC], superior temporal sulcus [STS], inferior parietal lobule [IPL], amygdala, and
anterior insula; [27,28,35,38]) that are also implicated in gaze perception. This suggests
that abnormalities in gaze perception and other socioemotional functions have overlapping
neural origins. This underscores the value of better understanding the neural underpinnings
of altered gaze perception in psychiatric patients with social dysfunction, as the knowledge
would help identify specific neural circuits as treatment targets for improving social
functioning. As evidence increasingly suggests that abnormal social behavior is a result

of altered network organizations and connections [39-44], rather than localized brain
dysfunctions, a complete account of disturbed gaze perception will need to encompass both
intra- and inter-network dynamics.

Our pilot work using the analytic technique of dynamic causal modeling (DCM) [45] of
fMRI data provides some preliminary understanding of the brain dynamics involved in

gaze perception disturbances in schizophrenia. We found defective bottom-up processes
(weakened response to sensory input in the visual cortex, and reduced feedforward
connectivity within the visual areas) during face processing, as well as abnormally increased
MFC inhibition of the visual cortex when processing gaze specifically. We interpret the latter
finding as a mechanism to compensate for impaired data-driven perception by increasing
reliance on higher-level cognition to determine the self-referential nature of gaze. These
findings are consistent with the observation in healthy individuals that experimentally
introduced visual impediments not only make gaze perception less precise, but also more
self-biased [46], likely because higher-level cognition (a prior expectation that others’ gaze
is directed to self [47]) is engaged as a compensation mechanism [48]. Together, these
findings provide a framework for understanding the relationships between specific cognitive
processes and abnormal gaze perception, and suggest that the visual system (and perhaps
the prefrontal cortex) should be engaged as treatment targets to improve social functioning
in schizophrenia. More work is needed to determine whether the same mechanisms are
involved in other mental illnesses with social deficits.
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SIGNIFICANCE

This project will investigate altered gaze perception as a key biobehavioral marker of social
dysfunction. We will adopt a trans-diagnostic approach and study psychiatric patients with
varying degree of impaired social functioning regardless of diagnosis. By focusing on the
14-30 age group where most mental illnesses emerge and escalate, we will be able to
determine the presence and extent of gaze perception abnormalities near illness onset and
how they change as a function of illness stage. We will use psychophysics methods to
quantify precision and self-referential bias of gaze perception. Given previous reports of
abnormal visual scanning patterns during face viewing in schizophrenia [49], autism [50],
and social anxiety [51], we will use eye tracking to rule out the possibility that altered

gaze perception is due to reduced fixation on the eye region. We will map gaze perception
disturbances onto three dimensions of psychopathology (psychosis proneness, autism traits,
and social anxiety), which are prevalent in psychiatric patients and bear significant impact
on social functioning. We will use multimodal fMRI to identify brain network abnormalities
underlying gaze perception disturbances. The findings of this project will advance NIMH’s
Strategic Objective 1 (describe neural circuits associated with mental illnesses and map

the connectomes for mental illnesses) and Objective 3 (develop new treatments based on
discoveries in neuroscience and behavioral science), by fulfilling the specific aims of the
grant.

SPECIFIC AIMS

Aim 1: Determine the Generality of Gaze Perception Disturbances in Psychiatric Patients
with Prominent Social Dysfunction

Hypothesis 1a: Psychiatric patients will show reduced precision and increased self-
referential bias as compared with controls, as shown previously in schizophrenia.

Hypothesis 1b: Disrupted gaze perception in psychiatric patients is not due to abnormal
visual scanning.

Aim 2: Map Behavioral Indices of Gaze Perception Disturbances to Dimensions of
Psychiatric Phenotypes and Core Functional Domains

Hypothesis 2a: Precision of gaze perception is negatively associated with psychosis
proneness and positively with autism traits, and is correlated with basic visual functions
(gain control, visual integration).

Hypothesis 2b: Self-referential bias during gaze perception is positively associated with
social anxiety and psychosis proneness and negatively with autism traits.

Hypothesis 2c: Gaze perception precision and self-referential bias independently
contribute to social cognition and community function in psychiatric patients.
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Aim 3: Identify the Neural Correlates of Altered Gaze Perception in Psychiatric Patients
with Social Dysfunction Using fMRI

METHODS

Overview

Hypothesis 3a: Psychiatric patients will exhibit abnormal visual cortical function and
prefrontal-visual connectivity, as previously observed in schizophrenia.

Hypothesis 3b: Among patients, visual cortical dysfunction is associated with reduced
precision of gaze perception, and abnormal prefrontal-visual connectivity with self-
referential bias.

We will recruit 225 psychiatric patients having various degrees of social dysfunction
(including but not limited to patients with psychosis-spectrum disorders, autism-spectrum
disorders, and social anxiety) and 75 age- and sex-matched controls. Sample sizes were
determined using power analyses based on prior work and after accounting for attrition
(see below for details). We will recruit participants between the ages of 14-30, where
most mental illnesses emerge and escalate. All participants will complete a comprehensive
battery to characterize psychiatric phenotypes, cognition, social cognition, and community
functioning. Eye gaze perception will be assessed using a psychophysical task, and two
metrics indexing independent cognitive processes involved in gaze perception (precision,
self-referential bias) will be derived using hierarchical Bayesian modeling (HBM). A
subset of the participants (150 psychiatric patients, 75 controls) will additionally undergo
multimodal fMRI to determine the brain network features of altered gaze perception. Only
a subset of patients will complete fMRI because, based on our experience, a significant
portion (25-40%) of patient participants would not meet fMRI criteria due to issues such
as weight, medical conditions, inability to tolerate scanner noise or enclosed space, metal
in body, etc. These patients are often otherwise eligible and should be included for the
behavioral part of the study (Aims 1 & 2) to enhance the representativeness of the sample
and the generalizability of the results.

Participants and Recruitment

All participants will be aged 14-30 recruited from hospital clinics, existing research
registries, social media campaigns, and internet/community advertisement. Psychiatric
patients will have a psychiatric condition for which they seek help in a primary/mental
health care setting and at least moderate difficulty in social functioning, determined by:
sum of >4 on the Work and Social Adjustment Scale (WSAS) social items AND score of
<6 on the Global Functioning Scales social sub-scale [52]. Controls will not exhibit any
social impairment (WSAS-social < 4 AND global functioning-social > 6), take psychotropic
medication, or have any history of DSM-5 diagnosis.

To address the issue of neurodevelopment, we will evenly sample the entire age range (i.e.,
1/3 from ages 14-17, 1/3 from ages 18-25, and 1/3 from ages 26—30). This will allow

a sufficient number of participants across the developing and developed ranges, enabling
statistical analyses to model the linear and quadratic effects of age in behavioral and brain
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function. Then, in order to ensure the sample will be rich in the three psychopathology
dimensions of interest (psychosis-proneness, autism traits, social anxiety), we will require
60% of the patient sample meet criteria for a schizophrenia-spectrum disorder, ASD, or
social phobia (with at least 20% for each).

Assessments

The assessment battery comprehensively characterizes participants’ psychiatric phenotypes,
general intellectual functioning, social functioning, social cognition, basic aspects of visual

perception, and gaze perception using validated instruments suitable for individuals aged 14
and above.

Psychiatric phenotypes—We will assess major psychiatric diagnoses and measure
psychopathology trait dimensions we hypothesize to be related to gaze perception.
Diagnoses will be determined using the Mini-International Neuropsychiatric Interview
(MINI for DSM-5) or the MINI Kid and Kid Parent version for participants < 18. The
three psychopathology dimensions of interest (psychosis proneness, autism traits, and social
anxiety) will be measured using: the Peters Delusion Inventory [53], Cardiff Anomalous
Perception Scale [54], and the Scale for the Assessment of Negative Symptoms (SANS;
[55]) for psychosis proneness; the Autism Spectrum Quotient (ASQ) [56] and the Autism
Diagnostic Observation Schedule Second Edition (ADOS-2) [57] for autism traits; and the
Social Phobia Inventory (SPIN) [58,59] and Social Anxiety Disorder Dimensional Scale
(SAD-D)[60] for social phobia.

General intellectual functioning—The two-subset form (Mocabulary, Matrix
Reasoning) of the Wechsler Abbreviated Scale of Intelligence Second Edition (WASI-II)
[61] will be used.

Social functioning—Assessment will be conducted using self-report, clinician-rated, and
informant-rated measures: Social Adjustment Scale—Self-Report: Short (SAS-SR: Short)
[62], Global Functioning: Social and Role [63], and Social Responsiveness Scale (SRS)[64].

Social cognition—Low-level (perceptual) to higher-level (empathy, social inference)
social cognition will be assessed using: Reading the Mind in the Eyes test [65], Empathy
Quotient (EQ) [66], and Awareness of Social Inference Test (TASIT) [67].

Visual perception—We will probe two facets of basic visual perception (contrast
sensitivity, visual integration) that, when disrupted, have been associated with aberrant
gaze perception [23,46]. Contrast sensitivity refers to the ability to distinguish an object
from its background; it will be assessed using the SLOAN low contrast charts. Visual
integration refers to the process linking the individual local elements to form a global,
holistic representation, underpinning Gestalt perception that is critical to object and facial
recognition [24]. Visual integration will be assessed using the Jitter Orientation Visual
Integration Task (JOVI) [68].

Gaze perception—We will use a psychophysical eye gaze perception task (GAZE)
similar to the ones used in our previous studies, in which individuals with a primary
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psychatic disorder generally exhibited decreased perceptual precision and increased self-
referential bias relative to controls (e.g., [6,7]; see Figure 1C). This task will present
naturalistic face images of several actors with forward and deviated head orientations,
depicting a range of incremental gaze angles (0°-12°) from eyes looking directly at the
viewer to eyes averted away from the viewer in left/right directions (Figure 1A). Head
orientation will also be manipulated, in addition to gaze angle, because it is known to impact
gaze perception [69-71] and data suggest that forward/deviated faces capture differential
aspects of gaze processing [72]. In the task, participants will see the faces one at a time in

a pseudo-randomized order. To each face, they indicate whether they feel the face is looking
at them or not, according to their first impression. Each face appears for 2 s, separated by an
inter-trial fixation cross.

During GAZE and TASIT, eye movements will also be recorded using a video-based eye
tracker capable of tracking up to 2000 Hz.

fMRI Acquisition Protocol

Scanning will take place on a 3.0 T GE Discovery MR750 scanner (Milwaukee, WI) with
a 32-channel receiver array Nova Medical head coil (Wilmington, MA). Total time in the
scanner, including task and scan setup, is approximately 75 min.

Structural scans—For each subject, a whole-brain T1-weighted structural image (3D
SPGR sequence, Imm isotropic resolution, FOV = 25.6, Tl = 1060, TE = Min Full, FA =
8°, 320 x 320 matrix, parallel acceleration factor = 2) and a T2-weighted structural image
(Cube sequence, 1 mm isotropic resolution, TR = 4100, TE = 60, 256 x 256 matrix) will be
acquired.

Diffusion-weighted imaging—DWI data will be acquired according to the NIMH
Adolescent Brain Cognitive Development ABCD protocol (multiband factor = 3, 102
directions [6= 0, 5 volumes; 6 =500, 6 directions; = 1000, 15 directions; & = 2000,

15 directions; b= 3000, 60 directions] 1.7 mm resolution, 81 slices, FOV =24, TR = 7400,
TE = Min, 140 x 140 matrix).

Functional scans—These will be acquired using a multi-band slice accelerated (factor =
6) gradient echo sequence (2.4 mm isotropic resolution, FOV = 23, TR =800, TE = 30; FA
=52°, 96 x 96 matrix). Spin echo-based b0 fieldmaps (TR = 7400, TE = 80) with forward
and reverse phase encoding will be acquired before each of the functional task scan (GAZE)
and a 10-minute resting-state scan to correct spatial distortion in the images. The GAZE
task used during fMRI scanning will be a blocked event-related adaptation of the behavioral
GAZE task (Figure 2).

fMRI Data Processing Protocol

Imaging data (task, rest, and DTI) will be processed in accordance with the Human

Connectome Project (HCP) preprocessing pipelines [73]. For task functional data, strict
quality control procedures are in place to evaluate movement, excluding runs where the
standard deviation of realignment parameters (summed across three rotational axes and
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three translational directions) is >0.5 mm translation and >0.2 degrees rotation. At the
first-level analysis, motion parameters will be entered as nuisance regressors. For resting-
state functional connectivity data, time-series will be band-pass filtered (0.01-0.10 Hz),
high motion frames censored, and physiological noise removed using a PCA-based noise
correction method (CompCor) [74]. DTI data will be manually inspected for significant
artifacts as well as undergo an automated quality assessment protocol based on temporal
signal-to-noise ratio, mean/maximum voxel intensity outlier count, and mean motion [75].
Diffusion-weighted scans will be pre-processed and analyzed using FSL 5.0 (FMRIB’s
Software Library, www.fmrib.ox.ac.uk/fsl). Scans will be realigned to the b0 image using
affine registration and eddy current correction will be applied. DTI analyses must be
performed in native space as diffusion gradients are specified in this space; however, regions
of interest (ROIs) are created and group analyses will be performed in standard (MNI) space.
In order to transform ROIs into each subject’s native space, the T1-weighted structural
volume will be realigned to the mean bO-weighted image and subsequently normalized to
MNI space. The inverse warping parameters from this step will be used to transform ROIls
from MNI space to native space.

Statistical Analysis

Our overall analysis plan consists of three main parts corresponding to the three specific
aims of the grant.

Aim 1: Determine the generality of gaze perception disturbances in
psychiatric patients with social dysfunction

Gaze perception metrics.: Two aspects of gaze perception (slope—indexing precision;
threshold—indexing self-referential bias) will be derived from the behavioral responses on
GAZE and compared between patients and controls using HBM. Responses on the task are
either yes or no, so the number of “yes” responses (endorsement of eye contact), Y, for
each gaze angle will be modeled as a random variable that follows a binomial probability
distribution dependent on 6 (an unknown value between 0 and 1 underlying the probability
of Y) and N (the number of completed trials):

Yi, j, k, m~Binomial(6; j k. m: Ni,j.k,m)

where 7indexes the participant, jis the gaze angle (of all gaze angles used), kis the head
orientation (1 = forward, 2 = averted), and m is the group (1 = control, 2 = patient).

As demonstrated in our prior work, the probability of Y varies with gaze angle and
approximates a logistic function. Since Y increases as the gaze angle approaches 0° (direct
gaze), gaze angles will be converted to “eye-contact signal strength,” .X; on a 0-1 scale
where 0 corresponds to the averted-most gaze angle and 1 to gaze angle of 0° (direct gaze).
Then, 6 is linked to X'via a logit link function using two parameters, a and {8, given by
Equation 1:

10git(6i). k,m) = @i k.m + Bikom ™ Xj.m @
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Parameters a and B are then modeled to come from a normal distribution centered around
the mean of the participant’s corresponding group m for each head orientation 4:

qj k, m~N0rmal[(;4a)k’ ms (T(x)k, m]

Pi, k, m~Normal [(ug). m- (7)., m]

where 1 and t denotes, respectively, the mean and precision (reciprocal of variance) of

the normal distribution. The posteriors of the mean parameters (a’s, p’s, and p’s) are then
estimated using improper and uninformative priors, and precision parameters (t’s) using
gamma priors. Next, the two gaze perception metrics, self-referential bias and precision,
will be respectively estimated by calculating the threshold and slope of the logistic function
when “yes” response is given 50% of the time (Figure 1B). Markov Chain Monte Carlo
(MCMC) simulation will be performed to sample the posterior distribution of the parameters
and estimates of interest. One-tailed group (HC — Patient > 0) and sex (F — M > 0)
differences with posterior probability >95% will be considered credible. We expect patients
will show reduced precision and increased self-referential bias compared with controls
(Hypothesis 1a).

Visual scanning patternsduring GAZE.: To determine the effect of visual scanning on
gaze perception, eye-tracking data will be analyzed. Using separate HBMs, the number and
duration of fixations on the eye region (represented with Poisson and gamma distributions,
respectively) of the face stimuli during GAZE will be compared between the patient and
control groups. We hypothesize that gaze perception disturbances in patients cannot be
accounted for by abnormal visual scanning (Hypothesis 1b), thus expecting no group
differences between number and duration of fixation in the eye region. If group differences
in visual scanning exist, then we will re-estimate the group differences in gaze perception
metrics by adding visual scanning variables as fixed effect terms to Equation (1) of the
HBM. We expect that after accounting for the individual differences in visual scanning,
patients will still show reduced precision and increased self-referential bias compared with
controls.

Aim 2: Map behavioral indices of gaze perception disturbances to dimensions
of psychiatric phenotypes and core functional domains—To obtain more reliable
measures of the psychopathology dimensions, we will use principal component analysis
(PCA) to extract a common latent variable underlying data generated using different scales
or from different sources for each psychopathology dimension. Individual estimates of gaze
perception precision obtained in Aim 1 will be correlated with the psychosis proneness

and autism traits factors, as well as basic visual perception measures. We hypothesize

that gaze perception precision will be negatively associated with psychosis proneness

and positively with autism traits, and correlated with basic visual perception functions
(Hypothesis 2a). Individual estimate of self-referential bias during gaze perception will

be correlated positively with social anxiety and psychosis proneness and negatively with
autism traits (Hypothesis 2b). Additionally, we will also explore the relationship between
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the three psychopathology dimensions and gaze perception metrics via model comparison;
specifically, we will include the three psychopathology factor scores in the HBM in Aim 1
and compare model fit (deviance information criterion, DIC) of the full and reduced models
(i.e., with and without the psychopathology dimensions, respectively). Finally, we will use
PCA to extract a common component underlying the three social functioning measures.
This social functioning factor will then serve as the dependent variable of a hierarchical
regression model, into which the two gaze perception metrics will be entered as predictors
one at a time. We expect that gaze perception precision and self-referential bias will account
for unique variance in social functioning (Hypothesis 2c).

Aim 3: Identify neural correlates of altered gaze perception in psychiatric
patients with social dysfunction—Analyses of the neuroimaging data will consist
of two parts. The first part will examine effective connectivity, resting state functional
connectivity (rsfc), and structural connectivity separately. The second part will use a
multivariate method to build predictive models integrating brain connectivity data across
modalities.

Effective connectivity.: DCM will be used to uncover brain dynamics during gaze
processing. We will consider a biologically plausible network consisting of 4 volumes

of interest (VVOIs) informed by our preliminary findings—secondary visual cortex (V2),
posterior superior temporal sulcus (pSTS), inferior parietal lobule (IPL), and medial frontal
cortex (MFC), which are self-connected and connected intrinsically to one another bi-
directionally, and V2 will be modeled to receive driving visual input. We will examine
how the intrinsic connections and their modulation by gaze discrimination differ between
patients and controls. Analyses will be conducted using the HCP CIFTI file format and

the associated grayordinates spatial coordinate system [73]. Time-series will be extracted
from the 4 VVOIs, identified using the Gaze-Gender contrast, and then entered into

SPM12 for DCM analyses. Bayesian model averaging (BMA) [76] will be performed

to robustly estimate parameters by weighting each possible model’s posterior probability.
We hypothesize reduced driving input into V2, weakened feedforward connections from
V2, and aberrant gaze modulatory effect on the MFC-V2 feedback connection in patients
compared with controls. These 3 parameter estimates will be compared across groups using
independent-sample ~tests, corrected for 3 comparisons. These parameters will then be
correlated with the 2 gaze perception metrics, to test the hypothesis that reductions in
driving input and feedforward connections from V2 will be correlated with reduced gaze
perception precision, while aberrant gaze modulation on top-down connections from MFC
will be correlated with more self-biased gaze perception.

Resting-state functional connectivity.: Cortical surface and subcortical regions, in
grayordinates space [73], will be parcellated based on the Gordon et al. [77] and Seitzman
et al. [78] parcellation schemes, and assigned to 14 networks highly resembling the Power
networks [79]. Pearson’s product-moment correlation coefficients will then be calculated
pairwise between time courses for each of the parcels, producing connectivity matrices for
all subjects. Fisher’s r-to-z transformation will be applied. Group comparisons will focus on
intra-network connectivity within the Visual Network (VisN) and inter-network connectivity
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between the Vis, cingulo-opercular, dorsal attention, and salience networks. We expect
patients to show reduced intra-VisN connectivity, associated with reduced precision in gaze
perception, and aberrant inter-network connectivity, associated with self-referential bias.

Structural connectivity.: We will use probabilistic tractography [80,81] to assess
anatomical pathways between V2, pSTS, IPL, and MFC—identified using the method
described in the DCM analyses above and converted from surface space (CIFTI) to volume
space (NIFTI). Probabilistic tractography will be run between the ROIs within the visual
system (V2, pSTS, IPL) and between these visual ROIs and the frontal ROI (MFC)
following methods used in previous studies [82,83]. Single-subject results for each of the
probabilistic tracts will be transformed to MNI space in order to perform group analyses.
For each subject, mean fractional anisotropy, mean diffusivity, axial diffusivity, and radial
diffusivity within each of the group-thresholded tracts will be extracted. These measures are
thought to reflect different aspects of the biological microstructure [84]. We will compare
these measures between the patient and control groups, and examine their correlations with
the 2 gaze perception metrics and 3 psychopathology dimensions.

Multimodal predictive modeling.: We will apply the Brain Basis Set (BBS) method
[85,86] to identify components integrating brain information across modalities that best
predict gaze perception performance and social functioning. Effective connectivity, resting-
state functional connectivity, and DTI measures will be input as predicting variables to
identify components that best predict the gaze perception metrics (slope, threshold) and
social functioning. A 10-fold cross-validation will be used.

Power Analysis

Aim 1—Our prior work showed that the posterior distributions of group differences
between controls and schizophrenia patients in the gaze perception measures (threshold,
slope) were normally distributed. This characteristic allows us to use the posterior mean
and variance to infer the population parameters. We base our sample size calculation

on the posterior estimates of threshold because they generally had smaller effect sizes

than those of slope, thus ensuring the sample size estimate to be large enough to detect
group differences in both measures. The posterior mean and variance for the control—
schizophrenia group difference in threshold obtained from a sample of 101 was 0.097 and
0.001849, respectively; therefore, the population mean and variance are estimated to be
0.097 and 0.1867. Since the psychiatric patients to be studied in this project will overall

be less severely ill than schizophrenia patients and come from a wider illness severity
spectrum, we conservatively assume the population mean of control—patient difference to
be smaller (x0.5) and variance larger (x2). Given these assumptions, the total sample size
required to detect one-tailed group difference (control > patient) with 95% credibility is M/
= 262. Allowing a conservative attrition or unusable data rate of 13%, we will recruit 300
participants (225 patients and 75 controls, at a 3:1 patient-to-control ratio). This patient size
of 225 is larger than the minimum number (N> 193) required to detect sex difference within
the patient group with 95% credibility, based on our posterior estimates of sex difference in
schizophrenia (mean = 0.188, variance = 0.01924, /= 47) and assumptions of half of the
effect size, two times the variance in this study, and 10% attrition or unusable data.
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Aim 2—Our prior work showed that correlations between gaze perception measures and
social functioning in schizophrenia patients and healthy controls ranged from p = 0.21 to
0.71. A sample size of 225 patients (or 300 total participants when analyzed as a normal-
abnormal continuum) is sufficient to detect correlations as small as o = 0.24 (or o = 0.20)
with 80% power at alpha <0.05, assuming 10% attribution/unusable data rate and Bonferroni
correction for 10 multiple comparisons.

Aim 3—In DCM model selection Bayesian approaches as applied in the effective
connectivity analyses are used to compute one’s confidence in the presence of an effect.
Therefore, power analyses have less meaning in the context of the Bayesian inversion
schemes. However, subsequent hypothesis testing regarding group comparison of model
parameters is based on classical frequentist inference. Our pilot work suggested group
differences of Cohen’s ¢> 0.45 in the connectivity parameters pertinent to the DCM
hypotheses in the proposed project. A sample of 150 patients and 75 controls is sufficient
to detect group differences with 80% power at alpha < 0.05, Bonferroni corrected for 3
multiple comparisons, and with 10% unusable data. Here, we use a 2:1 patient-to-control
ratio to strike a balance between efficiency (requiring fewer total subjects than a 3:1 ratio
to detect group differences) and having a large enough patient sample to detect clinical and
functional correlations. This sample size is sufficient to detect group differences in rsfc and
DTI analyses of medium effect sizes, which are the typical magnitudes reported in large
studies or meta-analyses of clinical and subclinical psychosis and ASD [39,87,88].

DISCUSSION & FUTURE DIRECTIONS

Patient Heterogeneity

The patient sample in this study is by design heterogeneous as we are seeking to investigate
a phenomenon across diagnostic boundaries. The diversity in psychiatric symptoms,

illness chronicity, severity, and comorbidity allow us to map how behavioral and neural
correlates of gaze perception vary as a function of these important variables. However,

such heterogeneity could also dilute group differences between patients and controls. For
the gaze perception metrics, if the group differences do not reach the arbitrary level of

95% credibility, the posterior probability estimates of such group differences yielded by
HBM would still be informative. If the posterior probabilities indicate ambiguous evidence
for group differences (<75%), we will conduct additional analyses to investigate if only a
subset of patients, for example, those with specific diagnoses (e.g., schizophrenia-spectrum
disorders) or high on specific psychopathology dimensions (e.g., psychosis proneness), show
clear behavioral deficits in gaze perception compared with controls. Additionally, rather
than dividing the participants into patients vs. controls, we can treat them as individuals
along multiple psychopathology-normal continuums and analyze the data accordingly. We
can similarly apply these two alternative strategies to the fMRI data. Therefore, whether our
hypotheses of group differences are supported or not, the results of this project will inform
the characteristics of patients who exhibit gaze perception disturbances and would likely
benefit from intervention targeting gaze perception deficits.
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Effects of Brain Development

The brain experiences significant developmental changes until age 25. Inclusion of
participants aged 14-25 raises the question about confounds due to brain development,
which needs to be specifically addressed. Besides matching the patients and controls for

age and sex, we will make special effort to recruit approximately one-third of each group
from ages 14-17, one-third from ages 18-25, and one-third from ages 26-30, so that we will
have a sufficient number of participants across the developing/developed ranges to enable
analyses that include the modeling of linear and quadratic effects of age in behavioral and
brain function. We will model behavioral and neural growth curves in across development
and will collect information on pubertal stage to enable analyses examining the effect of
pubertal hormones.

Medication Confounds

Many patients will be on one or more psychotropic medications. Although psychotropic
medications on the market generally have limited effect on social cognition, we will take
steps to minimize potential medication confounds on the results. We will partially address
this problem by: (1) comparing behavioral and brain measures of gaze perception between
patients taking and not taking different types of medication (e.g., antidepressants, mood
stabilizers, antipsychotics) as well as medicated vs. unmedicated patients; and (2) correlating
behavioral and brain measures of gaze perception with medication load index [89] and
normalized antipsychotics dosage [90]. Since medication regimens will vary according to
the individual’s symptom profile, this may confound the analyses mapping different gaze
perception disturbances onto psychopathology dimensions. Setting the upper age limit of
participants at 30 will help minimize systematic differences between diagnostic groups due
to different medication regimens (e.g., higher antipsychotic use in patients with psychotic
symptoms), which tend to increase with duration of illness. If gaze perception disturbances
are present in recent-onset patients and to the similar degree as in patients with longer
duration of illness, at least we can rule out the possibility of long-term medications causing
gaze perception abnormalities.

Future Directions

Findings from the proposed project will set the stage for further mechanistic and
intervention research in gaze perception and social cognition in psychopathologies.

Computational models—Individual differences in perception are a result of individual
differences in both prior expectations and sensory functioning. Gaze perception can be
readily understood in this Bayesian framework, and a computational approach can be

used to derive the specific abnormalities contributing to the observed disturbances in gaze
perception associated with specific dimensions of psychopathology. This proposed project
will facilitate this future direction by providing empirical data to estimate linear scaling
factors required in the Bayesian computational models, for example, the constants that link
performance on the visual perception tasks to the parameters of the likelihood function or
psychopathology measures to the prior function in the computational model.
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Experiments to confirm causality—The neuroimaging findings of this proposed
project will reveal the contribution of specific neural circuits to abnormal gaze perception.
To establish the causal role of these brain regions/connectivity in abnormal gaze perception,
we can employ TMS in future work to elicit a temporary, virtual lesion in one of these
regions (e.g., MFC) in healthy individuals and assess the changes in behavior and brain
dynamics. If the results mimic those observed in patients with altered gaze perception

(e.g., self-biased gaze perception, abnormal modulation MFC of the visual cortex), this
would provide strong, convergent evidence that justifies treatment trials targeting such brain
region(s).

Targeted treatments—This project will uncover the cognitive and neural characteristics
related to abnormal gaze perception in psychiatric patients displaying social dysfunction,
setting a stage for the development of targeted, personalized interventions to improve social
cognition and functioning. Interventions will be in the form of adaptive cognitive training
(e.g., targeting visual processing and/or self-referential processing), combined with brain
stimulation (e.g., TMS, HD-tDCS) to enhance and accelerate treatment effects. For example,
if the person shows universally weakened visual cortical response, then an intervention
should focus on training paradigms and brain stimulation designed to improve bottom-up
processes. If abnormal gaze perception appears to stem from abnormal self-referential
processing, then an intervention should focus on paradigms (e.g., theory of mind tasks) and
brain stimulation sites (e.g., MFC) that strengthen top-down processes. If both bottom-up
and top-down deficits are indicated, then an intervention should target both. The findings
of the multimodal brain connectivity prediction model may be used to match individual
patients to treatment (training paradigms/brain stimulation site) and dose.

Successfully completing the specific aims of the grant will identify the specific basic
deficits, clinical profile, and underlying neural circuits associated with social dysfunction.
These will guide new treatments combining specific cognitive training (visual and/or self-
referential processing) and brain stimulation (e.g., TMS, HD-tDCS) to improve social
functioning in patients, achieving NIMH’s goal of improving the outcome of mental
illnesses.

This research was funded by the National Institute of Mental Health (RO1IMH122491).
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Figure 1. The psychophysical eye gaze perception (GAZE) task.

SZ = schizophrenia; HC = healthy controls. (A) Sample GAZE task stimuli. (B) Response
at individual level is fitted with a logistic function to derive threshold (self-referential
tendency) and slope (perceptual precision). (C) Prototypical gaze perception curve for
schizophrenia and controls based on results obtained from our previous studies [6,7]
showing reduced threshold (increased self-referential bias) and slope (reduced precision)
in SZ relative to HC.
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Figure 2. ThefMRI version of the Eye Gaze Perception Task (GAZE) in a mixed (blocked
event-related) design.

EYES and GENDER blocks (19.8-24.4 s) alternate with a fixation block in between. During
EYES blocks, participants are presented with face stimuli and must indicate whether the
actor is ‘looking at me’ (yes/no). During GENDER blocks, participants are presented with
the same stimuli, but, instead, must indicate the gender of the actor (male/female). Stimuli
are face images depicting a range of gaze angles from looking directly at the viewer, to
looking away from the viewer, in precise increments. Within each block, gaze angle and
gender are randomized; each face is presented for 1.5 s and separated from the next face by a
random jitter (1.6-3.9 s).
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