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EPIGRAPH 

“The mutual dependence of men is so great in all societies that scarce any human 
action is entirely complete in itself, or is performed without some reference to the 

actions of others… 

…inference and reasoning concerning the actions of others enters so much into 
human life that no man, while awake, is ever a moment without employing it.” 

-- David Hume (1777). Enquiries Concerning Human Understanding, Section VIII, Part 1. 

We are so used to empathy that we take it for granted; yet it is essential for human 
society as we know it. 

Instead of evolution having replaced simpler forms of empathy with more advanced 
ones, the latter are merely elaborations on the former and remain dependent on 

them. This also means that empathy comes naturally to us. It is not something we 
only learn later in life, or that is culturally constructed. 

-- Frans de Waal (2005). The Compassionate Instinct, Part I. The Science of Human 
Goodness; “The Evolution of Empathy”. 
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ABSTRACT OF THE DISSERTATION 

Social Attention and Mirroring Faces: Utilizing Eye Tracking and EEG Mu 
Suppression toward Biomarkers for Autism Spectrum Disorder 

by 

Adrienne Moore 

Doctor of Philosophy in Cognitive Science 

University of California San Diego, 2018 

Professor Jaime Pineda, Chair 
Professor Karen Pierce, Co-Chair 

Autism spectrum disorder (ASD) is defined behaviorally, by persistent difficulties with 

social communication, plus restricted, repetitive behaviors; its neural bases are not fully 

understood.  ASD is also highly heterogeneous, in some cases a mild condition, but in others 

severely disabling.  Currently there are no biomarkers used to identify young children with ASD, 

or to stratify them as more or less severe.  Rather, reliable diagnosis at a young age requires 

observation by extensively trained clinician specialists.  This dissertation is in part an attempt to 

contribute to the search for neural and behavioral valid markers of ASD using eye tracking and 

EEG.  

Studies 1 and 2 examine test performance on eye tracking tasks that pair social images 

and geometric images as an objective indicator of ASD in 12-48 months infants/toddlers.   Study 

1 examines sex differences in social attention and whether eye tracking during presentation of 

competing geometric and social images is equally effective for detecting ASD in female and male 
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toddlers.  Increased social attention could serve to protect females from reaching diagnostic 

thresholds for ASD, impacting female rates of diagnosis.  The hypothesis that high risk females 

(non-ASD but with a diagnosed older sibling) exhibit increased social attention is also explored.  

Study 2 examines the stability of eye tracking test performance as an ASD indicator when images 

of biological motion (kids dancing) are replaced with more complex social interactions and a 

range of positive and negative emotional expressions. Symptom severity differences between 

ASD subtypes defined by eye tracking results are shown. Combining multiple such eye tracking 

tests is proposed to improve sensitivity while maintaining high specificity.    Study 3 considers 

EEG mu suppression reflecting mirroring (recruiting first person sensorimotor representations for 

simulating others during social perception) as a potential neural biomarker for ASD.   This study 

of neurotypical adults was the first to show mirroring of emotional faces reflected in mu 

suppression.  How this finding might lead to a mu suppression neural biomarker for detecting 

ASD at the individual subject level is discussed also.  Collectively, these studies explore potential 

autism biomarkers that might one day be used to efficiently and objectively identify and stratify 

toddlers with ASD.   
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INTRODUCTION 

Recognizing that others have a subjective world of first person experiences and 

feelings like oneself has a developmental trajectory. Piaget, for example, claimed that babies 

are solipsists and that knowledge of other minds develops across the first year of life (Piaget, 

1951). Some precursors may be present from birth, such as a perceptual bias towards 

attending to people and faces (Johnson, 2005). There are early manifestations of development 

of the insight of other minds as young infants spontaneously mimic faces, mapping the 

observed behavior of others to the sensory feedback from being in their own skin (Rayson, 

Bonaiuto, Ferrari, & Murray, 2017). Ultimately, the adult brain, in the course of daily life, almost 

continuously makes assumptions about what others are thinking and feeling. These 

assumptions appear to be supported in part by mirroring, cortical simulation processes akin to 

the early mimicry and sensory feedback mentioned above (Gallese, Keysers, & Rizzolatti, 

2004). These mirroring processes recruit neural systems for first person actions and 

sensations in order to understand others (Iacoboni, 2009). It’s remarkable to think that these 

processes are so effective that by adulthood, the thoughts and feelings of others are as real to 

us as objects of perception, although they are entirely filled in or inferred as we have no direct 

knowledge of or access to any mental content but our own. 

One can imagine how disruption to these pervasive social inference processes we 

generally take for granted would profoundly interfere with typical human behavior. Indeed, 

many of the core characteristics of autism spectrum disorder (ASD) are disruptions in this 

social competence (Tanguay, 2011). While some self-advocates argue persuasively that ASD 

in high functioning individuals is a valid neurological variation that should be understood and 

accommodated rather than treated medically (Armstrong, 2015; Kapp, Gillespie-Lynch, 

Sherman, & Hutman, 2013), around a third of people with ASD also have intellectual disability 

(Van Naarden Braun et al., 2015); 83% have at least one co-occurring developmental 

diagnosis, and 16% have a co-occurring neurological diagnosis (Levy et al., 2010). Early, 
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intensive behavioral interventions can have a profound impact on many with ASD, and the 

earlier the age of starting treatment, the larger the gains predicted (Wallace & Rogers, 2010). 

This motivates the search for signs of ASD during the infant and early toddler stages. There is 

evidence from post-mortem tissue for prenatal brain differences in ASD, so there ought to be 

signals of ASD that can be detected even during the first year of life (Courchesne et al., 2018). 

However, the early processes that are disrupted in ASD are not fully understood, and ASD 

identification often doesn’t occur until age three or four in the US, and later in many other parts 

of the world (Durkin et al., 2015). The current best practices for ASD diagnosis rely on clinician 

judgments of observed behaviors, are not fully objective, and do not utilize the growing body of 

neuroscientific research on ASD (Hus, 2017; Lord et al., 2012; Randall et al., 2018). 

Further, age of ASD identification for females lags behind that of males, and the efficacy 

of many screening and diagnostic tools for females with ASD is not fully tested (Van 

Wijngaarden-Cremers et al., 2014). Behavioral research suggests that sex differences in 

toddler communication and social behavior in ASD and non-ASD toddlers alike confer an 

advantage for females, which may influence their susceptibility to ASD (Barbu, Cabanes, & Le 

Maner-Idrissi, 2011). However, the large sex difference in ASD prevalence (approximately 4:1 

males:females) may also be impacted by ascertainment biases due to common ASD clinical 

tools being optimized to detect males with autism (Werling, 2016). For all these reasons, 

identification of robust, objective indicators or biomarkers of ASD has great potential value for 

the future of ASD research and clinical practices (Voineagu & Yoo, 2013). 
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CHAPTER 1 

SOCIAL ATTENTION AND MIRRORING IN AUTISM SPECTRUM DISORER AND 

NEUROTYPICAL BRAIN AND BEHAVIOR 

This dissertation addresses social attention and mirroring, proceeding from 

development to adulthood, both in people who are neurotypical and atypical, and studied at the 

levels of behavior and neural activity. Eye tracking provides behavioral data on tasks very 

similar to those used by cognitive neuroscience (e.g. viewing videos of social images under 

controlled conditions), and so occupies an intermediate level linking a considerable body of 

information on neural systems with the observations of complex behaviors made by clinicians 

(Falck-Ytter, Bolte, & Gredeback, 2013). Still, the National Institutes of Mental Health’s number 

one strategic objective is to define the mechanisms of complex behaviors in biological terms, 

from molecular to cellular to brain networks (Insel, 2009). Therefore, the EEG research portion 

of this dissertation adds a vital brain systems component by investigating neural activity 

reflecting social information processing, a domain known to function abnormally in ASD. 

Organization of the Dissertation 

Part One will concern detecting toddlers with ASD, in the hopes of maximizing 

treatment impact through early intervention. This will involve using eye tracking and the brain’s 

early emerging bias toward viewing people and social scenes. 

Chapter 2 will leverage a very large sample of GeoPref test data to ask whether this eye 

tracking test effectively identifies females, and whether the same relationships between clinical 

measures and eye tracking performance are found in females as in males. The GeoPref test is a 

stimulus video that simultaneously presents abstract geometric motion and human biological 

motion (kids moving energetically) as separate video streams side by side.  When combined with 

eye tracking, the GeoPref test identifies a subset of children with autism, on the basis of increased 
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time spent looking at the geometric images, which over a certain threshold is unique to toddlers 

who go on the receive an ASD diagnosis. As early phenotypic presentation of ASD differs in males 

and females in ways that have only been recently and partially explored, a sample large enough 

to contain a sizeable group of females with ASD (n=911 subjects, 266 ASD, 59 females with ASD) 

will be examined. This large sample also allows the testing of a hypothesis related to sex 

differences between male and female baby siblings who have an older sibling with ASD but are 

not themselves ASD. That is, this chapter will examine whether at-risk but non-ASD females 

exhibit enhanced social attention compared to at-risk non-ASD males, which may serve as a 

protective factor against development of ASD. 

Chapter 3, which is already published (Moore et al., 2018), reports a second eye tracking 

test, the Complex Social test, which alters the social images presented in the original GeoPref 

test while holding the geometric stimuli constant. Specifically, the Complex Social test differs from 

the original by having increased depictions of emotional expressions and longer, more 

complicated scenes including dyadic interactions. This chapter shows that the Complex Social 

test identifies a subset of ASD toddlers from a screened, general population cohort by their 

preference for geometric compared to social stimuli, and that the clinical profile of these ASD 

toddlers includes greater ADOS symptom severity. Further, while the original GeoPref test’s 

specificity is very high, its sensitivity is fairly low. Therefore, Chapter 3 examines whether the 

combined use of the original GeoPref and Complex Social tests improves this low sensitivity. 

Part Two will address brain processes involved in understanding other minds, specifically 

while viewing emotional facial expressions. More specifically, it will discuss and assess the 

simulating social brain of adults reflected in EEG mu rhythm suppression. If mu suppression 

proves to be a reliable index of mirroring at the individual subject level, it could become a tool with 

great clinical utility for ASD. 

Chapter 4, which is already published (Moore, Gorodnitsky, & Pineda, 2012), describes 

application of a blind source separation (BSS) algorithm, SOBI (Second Order Blind Identification) 
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(Tang, Sutherland, & McKinney, 2005), to show that event-related desynchronizations (ERDs) 

occur in sensorimotor mu EEG components during an emotional face viewing task. While 

evidence of similar mirroring activity had previously been published for viewing hand actions, mu 

suppression in response to viewing emotional facial expressions had not previously been 

investigated. This study also shows that facial expressions of positive and negative valence 

perturb the mu rhythm differently, at multiple post-stimulus latencies in the right hemisphere only. 

Chapter 5 will have two parts.  First, it will review some of the literature on mu suppression 

and mirroring that has emerged since the 2012 publication of Chapter 4. The focus will be on 

papers suggesting best methodological practices for measuring mu suppression as an index of 

mirroring, as this may be critical for utilization of mu suppression as a clinical tool for ASD. 

Second, Chapter 5 will be briefly revisited in light of recent literature on mu suppression, and a 

few additional experimental results that were not included in Chapter 4 will be discussed as well. 

Chapter 6 will be a brief, overarching conclusion to the dissertation that summarizes findings 

from Chapters 2, 3, and 4, and discusses translation of ASD research findings to create public 

health impact. 

Hypotheses 

Chapter 2: 

- The GeoPref test for ASD identification is predicted to work equally well for early detection of

both males and females with ASD, i.e. with sensitivity around 20% and specificity around 98%. 

- Eye tracking scores are predicted to have the same relationships to clinical phenotype

measures in females as in males, i.e. female and male ASD toddlers who prefer geometric 

images will have more severe impairment than ASD toddlers who prefer social images. 

- Considering a set of unaffected younger siblings to an older sibling with ASD, females are

predicted to show enhanced social attention on the GeoPref test compared to males. 
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Chapter 3: 
 
- A new Complex Social stimulus is predicted to improve test performance for detection of 

toddlers with ASD over the original GeoPref test by increasing the frequency and duration of 

dyadic interactions and emotional faces depicted during eye tracking. 

- Combined use of the original and Complex Social GeoPref tests is predicted to improve test 

performance for detection of toddlers with ASD, i.e. to increase the sensitivity. 

Chapter 4: 
 
- Mirroring of emotional facial expressions is predicted to be measureable with EEG mu 

component suppression, with components extracted based on SOBI blind source separation. 

- Perception of positive and negative faces are predicted to impact mu component suppression 

differently. 

- Individual differences in mu suppression when viewing emotional faces are predicted to 

correlate with individual differences in trait empathy (tested in Chapter 4 but discussed in 

Chapter 5). 

Definitions of Key Terms 
 

ERD, ERS: Event-related desynchronization, event-related synchronization. Decrease 

or increase respectively in the synchronization of neuronal populations that give rise to an EEG 

signal, time-locked to an event, measured as decrease or increase respectively in power in a 

particular frequency band relative to a baseline. 

Mu suppression: Reduction in power in the mu band (approximately 8-13 Hz) EEG 

signal from sensorimotor cortex, measured at central electrodes sites (C3 and C4). When it 

occurs in the absence of actual movement, but during perception of hands or faces, it is often 

interpreted as an indicator of cortical mirroring or simulation of another person’s actions. 
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Mirroring: Functions that allow us to process the actions and emotions of others by 

replicating or simulating them, internally (in the case of mirroring in the cortex) or externally (in 

the case of mirroring with the body, e.g. mimicry and emotional contagion). This does not need 

to be mediated by “mirror neurons” per se. 

Facial mimicry: To respond with congruent facial expressions when viewing an 

emotional face. This usually refers to an automatic, unconscious reaction. 

Emotional contagion: The tendency to automatically mimic and synchronize facial 

expressions, vocalizations, postures, and movements with those of another person and, 

consequently, to converge emotionally. 

GeoPref test: An eye tracking paradigm that pairs abstract, geometric images with social 

images and is used to identify certain infants and toddlers with ASD with notably high specificity 

through preferential viewing of geometric images. 

Sensitivity: An indicator for a diagnostic test defined as the number that will be correctly 

identified as positive by the test, out of all the people who are truly positive for the tested 

disorder. 

Specificity: An indicator for a diagnostic test defined as the number that will be correctly 

identified as negative by the test, out of all the people who are truly negative for the tested 

disorder. 

PPV: Positive predictive value. An indicator for a diagnostic test defined as the number 

of correct, true positives (actual instances of the disorder), out of all the test results that are 

positive. 

NPV: negative predictive value. An indicator for a diagnostic test defined as the number 

of correct, true negatives (actually not instances of the disorder), out of all the test results that 

are negative. 
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Conceptual Background 

Social attention and mirroring in typical development 

Two sets of classical psychological studies of social behavior were conducted with 

newborns in maternity wards within hours of birth. Mark Johnson established that newborns 

have an innate preference for and tendency to orient toward faces (Johnson, Dziurawiec, Ellis, 

& Morton, 1991). The eye tracking tasks that are the focus of Part One (Moore et al., 2018; 

Pierce et al., 2016) utilize this infant tendency. This innate bias toward person perception from 

birth helps specialize the social brain, fine-tuning regions to expertly process faces, emotions, 

and eye gaze (Johnson, 2005; Tomalski, Csibra, & Johnson, 2009). However, infants don’t just 

preferentially perceive faces, they also mimic them (Meltzoff, 2007; Vincini, Jhang, Buder, & 

Gallagher, 2017b), which relates to Part Two’s focus on mirroring. Andrew Meltzoff’s classical 

studies of newborns asserted that within hours of birth infants mimic various mouth gestures 

(Meltzoff & Moore, 1977, 1983). Recent work with rigorous controls and better experimental 

designs has cast doubt on the claim that facial mimicry is immediately present in neonates 

(Oostenbroek et al., 2016; Vincini, Jhang, Buder, & Gallagher, 2017a). Still, research has 

consistently found facial mimicry is present very early, well within the first year of life, by 5 and 

7 months (Isomura & Nakano, 2016; Kaiser, Crespo-Llado, Turati, & Geangu, 2017) for specific 

forms of mimicry. Recent studies have also reported pupillary dilation in response to viewing 

dilated pupils in 4 to 6 month infants as a new form of early facial mimicry (Fawcett, Arslan, 

Falck-Ytter, Roeyers, & Gredeback, 2017; Fawcett, Wesevich, & Gredeback, 2016). 

Preferential perception of people and automatic mimicry of their faces occur widely in 

adults as well, and lead to emotional contagion, or adopting aspects of an observed emotion 

(Dimberg & Thunberg, 2012; Hess & Blairy, 2001; Prochazkova & Kret, 2017). This emotional 

contagion occurs not just for faces and basic emotions, but for crying in infants (Geangu, Benga, 
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Stahl, & Striano, 2010), gestures and postures (Chartrand & Lakin, 2013), yawns (Norscia & 

Palagi, 2011), blinks and pupil size (Kret & De Dreu, 2017), and skin conductance and heart rate 

change (Balconi & Maria Elide Vanutelli, 2017), and appears to occur across several species 

(Davila Ross, Menzler, & Zimmermann, 2008; Demuru & Palagi, 2012; Palagi, Nicotra, & Cordoni, 

2015). Thus mimicry, plus experiencing one’s own contagiously acquired corresponding feeling 

state, and attributing the introspectively perceived feeling back to the perceived other, might yield 

the notion of other minds with subjective states (Meltzoff & Moore, 1997). Perhaps these 

processes of vicarious brain and bodily activity for the actions, emotions and sensations of others 

bring infants out of solipsism, by making the connection that the external behavior of others 

implies internal states and other minds (Meltzoff, 2007). 

This infant self-other learning process proceeds bi-directionally during social 

interactions, as not only do infants mimic their parents, parents frequently mimic their infants 

as well, showing them the external behavior that matches the internal state the child is 

experiencing at that moment (Murray et al., 2016; Rayson et al., 2017). Infant predilection for 

orienting to caregiver faces and gestures ensures that they have opportunities to create these 

foundational self-other mappings during the first year of life (Frank, Vul, & Johnson, 2009). 

Later, toddlers deliberately imitate others, gesturally, vocally and when acting on objects, which 

broadens their early self-other mappings, and scaffolds language learning and mature theory 

of mind (S. S. Jones, 2009; Young et al., 2011). However, the emergence of mirroring occurs 

prior to goal directed action understanding, deliberate imitation and theory of mind, (Singer, 

2006; Suddendorf, Oostenbroek, Nielsen, & Slaughter, 2013; Tousignant, Eugene, & Jackson, 

2017), and many researchers consider the neural bases of mirroring (automatic, preconceptual 

mapping of self and other) and mentalizing (thinking about what others are thinking) to be 

distinct processes subserved by distinct brain networks (Adolphs, 2009; Coricelli, 2005; Pineda 

& Hecht, 2009). 
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Research on mirroring in adults 

The mirroring version of this model stresses that mimicry and emotional contagion don’t 

necessarily have to actually activate the body peripherally, but rather simulation mechanisms 

in the social brain networks for empathy and mirroring facilitate understanding what others are 

feeling and doing (Adolphs, 2006). In other words, perceived human actions (e.g. smiling) are 

mapped cross-modally: that is, action representations (e.g. motoric execution of smiling) and 

perceptual representations of the first person consequences of actions (e.g. proprioceptive, 

interoceptive, emotional, and somatosensory perception of what it feels like to smile) are 

associated with and activated during the visual perception of another’s action (e.g. smiling done 

by someone else). 

As evidence that this embodied simulation is causally related to processing the facial 

emotions of others, working backward from a group of 108 neuropsychological patients with 

various focal lesions, Ralph Adolph found that the lesions that most disrupt the ability to 

recognize facial emotion expressions were those to somatosensory cortex, especially in the 

right hemisphere (Adolphs, Damasio, Tranel, Cooper, & Damasio, 2000). Relatedly, several 

studies of mu suppression argue that somatosensory cortex is the most likely source of the mu 

signal (Arnstein, Cui, Keysers, Maurits, & Gazzola, 2011; Pfurtscheller & Lopes da Silva, 1999; 

Ritter, Moosmann, & Villringer, 2009), consistent with mu suppression induced by viewing faces 

of different emotions which is reported in Chapter 4. While much early research on mirroring 

focused on premotor regions and action representations (Rizzolatti, Fadiga, Gallese, & Fogassi, 

1996), other approaches take a wider view of mirroring as subserved by an extended mirroring 

system that also includes sensorimotor cortex and the insula (Gallese et al., 2004; Pineda, 

2008) or by multiple simulating social brain networks for both mirroring actions and empathy 

for emotions and experienced bodily states (Kennedy & Adolphs, 2012). 

Many fMRI studies of social perceptual tasks also support the conclusion that visual 



11 

and auditory perception of others activates premotor, somatosensory, proprioceptive and 

interoceptive representations of ourselves for a wide range of tasks. Perception of point-light 

biological motion (compared to scrambled point light displays) significantly activates premotor 

cortex (Saygin, Wilson, Hagler, Bates, & Sereno, 2004). Both experiencing disgust (induced by 

inhaling noxious odorants) and observing someone else’s reaction of disgust activate the same 

anterior insula sites underlying interoceptive visceral perception (Gazzola et al., 2012) (Wicker 

et al., 2003). Observing pain, both facial expressions of pain and hands and feet in painful 

positions, recruits many of the same cortical representations activated when we experience 

pain ourselves, including premotor, somatosensory, anterior cingulate and anterior insula 

regions (Jackson, Meltzoff, & Decety, 2005) (Budell, Jackson, & Rainville, 2010). “Ourselves” 

in this context usually means in our bodies, and somatotopic organization distinguishing hands 

and faces in sensorimotor cortices are often apparent in imaging studies of social simulations 

and mirroring (Ehrsson, Geyer, & Naito, 2003; Leslie, Johnson-Frey, & Grafton, 2004; Stippich, 

Ochmann, & Sartor, 2002). Several studies have also shown common activation for pleasant 

and unpleasant first person and vicarious touch in primary and secondary somatosensory 

cortex and the insula (Keysers et al., 2004) (Gazzola et al., 2012) (Lamm, Silani, & Singer, 

2015). Both perceiving and imitating basic emotional facial expressions activate many of the 

same key areas noted above (Carr, Iacoboni, Dubeau, Mazziotta, & Lenzi, 2003), especially in 

the right hemisphere (Leslie et al., 2004). Furthermore, activity level in somatosensory cortex, 

intraparietal sulcus and premotor cortex during a facial imitation task has been found to be 

correlated with a trait empathy score (the Empathy Quotient) (Braadbaart, de Grauw, Perrett, 

Waiter, & Williams, 2014). 

There has been widespread agreement across decades that the mu rhythm is related 

to activity somewhere around the central sulcus, which divides primary somatosensory from 

primary motor cortex, with cortical sources in “sensorimotor cortex” (Arroyo et al., 1993; Nam, 
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Jeon, Kim, Lee, & Park, 2011; Pineda, 2005). More detailed localization is perhaps important 

for understanding the functional significance of the mu rhythm, and how it corresponds to the 

fMRI studies of mirroring described above. While motor and premotor activity probably 

contribute somewhat to the signal (Arroyo et al., 1993; Pineda, 2005), somatosensory cortex 

seems to be the primary source of the mu rhythm, based on multiple types of evidence including 

MEG and combined EEG/fMRI studies. The mu rhythm has peaks in power around both 10 Hz 

and 20 Hz, however, this dissertation has focused on the classic alpha mu rhythm around 10 

Hz only. Earlier EEG research viewed the 20 Hz peak as merely a harmonic of the 10 Hz peak 

(Pfurtscheller & Lopes da Silva, 1999), while more recent reports show they are functionally 

distinct. MEG has been used to investigate the mu rhythm in mirroring responses during 

observation of hand actions and observation of faces, both dynamic faces and still photos (Hari 

& Salmelin, 2012) (Nishitani & Hari, 2002). MEG research consistently finds the signals from 

~10 and ~20 Hz mu to have different generators (Hari, 2006) and traces the ~20 Hz mu back 

to the precentral motor cortex, and the ~10 Hz mu to postcentral somatosensory cortex 

(Caetano, Jousmaki, & Hari, 2007; Salmelin, Hamalainen, Kajola, & Hari, 1995). At least three 

additional studies (e.g. combined EEG and fMRI studies) draw the same conclusion (Arnstein et 

al., 2011; Coll, Press, Hobson, Catmur, & Bird, 2017; Ritter et al., 2009). (Ritter et al., 2009) 

used blind source separation to identify the mu rhythm on data from an fMRI manual motor 

task, and found ~10 Hz activity inversely related to post-central (somatosensory) and ~20 Hz to 

pre-central (motor) cortices. (Arnstein et al., 2011) also report that mu suppression (at 10Hz) 

covaries with the BOLD signal during execution and observation of hand actions in primary 

somatosensory cortex, as well as inferior parietal lobe (which is consistently reported in 

mirroring network research), and dorsal premotor cortex. 

Social attention and mirroring in ASD 
 

Many points along the process sketched out above, of early emerging perceptual bias 
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and bidirectional mimicry linked to emotional contagion and cortical mirroring simulations, 

measured with fMRI or EEG, have been reported to function differently in people with ASD. For 

facial mimicry, findings are mixed, with some studies reporting deficits and others reporting 

typical behavior. For example, deficits in rapid and spontaneous but not voluntary mimicry of 

facial expressions found using EMG were reported for children 8-12, adolescents, and adults 

with ASD (Clark, Winkielman, & McIntosh, 2008; McIntosh, Reichmann-Decker, Winkielman, & 

Wilbarger, 2006; Oberman, Winkielman, & Ramachandran, 2009). However, a similar study of 

6 and 7 year olds found normal EMG in the ASD group (Deschamps, Coppes, Kenemans, 

Schutter, & Matthys, 2015), as did a second study in children and adolescents with ASD 

(Schulte-Ruther et al., 2017). For the most part these studies had few subjects, and the subjects 

were high-functioning, older children or adults, and the developmental studies only included 

typically developing contrast groups, not children with non-ASD delays. 

One comprehensive study of toddlers with ASD compared to those with other 

developmental disorders did address orofacial imitation (Rogers, Hepburn, Stackhouse, & 

Wehner, 2003). With 24 children with autism (mean age 34 months), 18 children with fragile X 

syndrome, 20 with other developmental disorders (DD), and 15 typically-developing (TD) 

children, these investigators found significantly greater impairment for the ASD group for overall 

imitation and orofacial imitation compared to all other groups. For fragile X, imitation was 

strongly influenced by whether the child also met ASD criteria, and in ASD, imitation skills were 

strongly negatively correlated with ASD symptom severity and joint attention ability after 

controlling for developmental level. This study seems very promising, though overall facial 

mimicry in autism does not seem very thoroughly studied, and autism researchers have not 

fully adopted standard definitions or tasks (Sevlever & Gillis, 2010) (e.g. distinguishing mimicry 

from imitation and emotional contagion, or using EMG to measure mimicry). 

For emotional contagion research, results related to ASD are also mixed and seem to 
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depend on the particular form of emotional contagion examined. For example, fear contagion 

was reportedly not triggered in people with ASD observing others expressing fear, but 

emotional contagion for pain was reported to be intact (Hadjikhani et al., 2009) (Hadjikhani et 

al., 2014). Contagious yawning was reportedly altered in ASD, but it was increased in PDD- 

NOS while decreased in autism (Helt, Eigsti, Snyder, & Fein, 2010). One study of toddlers with 

multiple contrast groups (26 with ASD (mean age 33 months), 24 DD, 15 TD) measured change 

in hedonic facial tone from videos (coded by raters blind to diagnosis) of interactions with the 

experimenter who displayed positive and negative valence emotion to arrive at an emotional 

contagion score (Scambler, Hepburn, Rutherford, Wehner, & Rogers, 2007). Interestingly, they 

found that emotional contagion responses occurred much less frequently (approximately half 

as often) in ASD than in comparison groups, and responses were also muted when they 

occurred. Further, correlations were reported between emotional contagion scores, joint 

attention measures, and ASD symptom severity. It would be interesting to see the additional 

results of autonomic measures of emotional contagion (e.g. heart rate changes, pupillary 

response, skin conductance) in a large developmental study of ASD and non-ASD toddlers, 

similar to these feasibility studies (Billeci et al., 2018; Di Palma et al., 2017), but this apparently 

has not been done thus far. 

The mirroring literature in ASD related to cortical simulation of other people during 

perception is highly contentious (Gallese, Gernsbacher, Heyes, Hickok, & Iacoboni, 2011). For 

example, using static images of emotional facial expressions, (Dapretto et al., 2006) reported 

atypical fMRI mirroring activation in ASD children imitating and observing emotional faces; 

however, they focused on BA44 and BA45, which contain Broca’s area and the homologs of 

area F5 where individual mirror neurons 1 were first found in macaques. This study was quickly 

1 Specific claims of mirror neurons in Brodmann Area 44 (the human homolog to macaque 
area F5) or the possible dysfunction of these neurons in ASD, is tangential to this dissertation and so 
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challenged, mainly on theoretical grounds (Southgate & Hamilton, 2008), but also as later failing 

to replicate (Gallese et al., 2011). However, the primary “replication” studies which did not 

show mirroring deficits in ASD used only hand images, not face stimuli (Williams et al., 2006) 

(Martineau, Andersson, Barthelemy, Cottier, & Destrieux, 2010). Most of the subsequent 

debate about mirror system deficits in ASD has revolved around observing hand actions and 

understanding actions or inferring goals and intentions (e.g. (Dinstein et al., 2010) (Hickok, 

2009)). A subsequent fMRI study of viewing faces also found decreased mirroring activity in 

ASD in face-related somatosensory and premotor cortex, as well as in other face processing 

regions (e.g. FFA, STS and amygdala), and did not emphasize “mirror neuron” theory, and was 

not similarly challenged (Hadjikhani, Joseph, Snyder, & Tager-Flusberg, 2007). Furthermore, 

a systematic review article by a mirror neuron theory challenger, while stating there’s little 

evidence for global mirror system dysfunction in ASD, and that studies of the mirror neuron 

system using observation of hand actions often fail to find ASD group differences, concluded 

mirroring studies using emotional stimuli do consistently report ASD group differences 

(Hamilton, 2013). 

In addition to fMRI, the mirroring literature for ASD also contains many studies based 

on EEG mu suppression. This is especially relevant for developmental research, because EEG 

is more feasible than fMRI for studying young, developmentally delayed children who are awake 

(Marshall & Meltzoff, 2011). Mu suppression refers to reduction in power of an EEG signal from 

sensorimotor cortex (indicating activation of sensorimotor neurons), and when this occurs in the 

absence of actual movement, but during perception of social stimuli, it is often taken to indicate 

mirroring, or simulation of the other person’s actions (Pineda, 2005). The EEG mirroring in ASD 

story overall is similar to that of the mirroring system and ASD fMRI research described above. 

                                                
not covered here, but for references on testing for mirror neurons while recording from individual 
neurons in humans see (Mukamel, Ekstrom, Kaplan, Iacoboni, & Fried, 2010) and (Perry et al., 2018). 

 



16 

The first descriptions of possible ASD deficits in mirroring measured as EEG mu suppression 

(Bernier, Dawson, Webb, & Murias, 2007; Oberman et al., 2005) were received with excitement, 

and then criticism (Fan, Decety, Yang, Liu, & Cheng, 2010; Gallese et al., 2011). More than a 

dozen studies of mu suppression report differences in ASD compared to neurotypical 

participants for mirroring tasks (for review see (Hobson & Bishop, 2017)). However, there are 

notable arguments against the mirroring interpretation of much of the mu suppression data that 

differs between ASD and TD groups, related to baseline selection and the influence of alpha 

EEG on mu suppression studies (Hobson & Bishop, 2017; Hobson & Bishop, 2016), discussed 

more thoroughly in Chapters 4 and 5. 

A fairly consistent, early-emerging finding, usually revealed through eye tracking 

experiments while children watch video stimuli, is reduced time attending to social stimuli in 

ASD and an atypical manner of viewing social information when it is attended (Chita-Tegmark, 

2016). Eye tracking tasks show point light biological motion displays are not preferred to 

scrambled point light displays in toddlers and ASD children aged 3-7 years ((Annaz, Campbell, 

Coleman, Milne, & Swettenham, 2012). Reduced time looking at a social scene overall, and 

specifically at an actress within a scene, and more specifically at the actress’s face, have been 

reported in ASD infants compared to high risk (due to having an ASD sibling) non-ASD infants 

and controls. This was reported as young as 6 months of age, in a prospective study that 

followed babies longitudinally until they received a diagnostic evaluation at age two 

(Chawarska, Macari, & Shic, 2013). Another prospective study of high risk 6 month olds, some 

of whom went on receive an ASD diagnosis at age two, found less time looking to the inner 

features of the face during speaking portions of a naturalistic video characterized the infants 

who went on to receive an ASD diagnosis (Shic, Macari, & Chawarska, 2014). 

Further, the salience of competing items presented with social stimuli differentially 

modulates social attention in young ASD children compared to contrast groups (Kwon, Moore, 
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Pierce (2018) in press), whether or not the competing images relate to common restricted, 

repetitive ASD interests ((Sasson, Elison, Turner-Brown, Dichter, & Bodfish, 2011; Sasson, 

Turner-Brown, Holtzclaw, Lam, & Bodfish, 2008). Following the direction of another’s gaze 

appears to be used less effectively in ASD toddlers, which is apparent by 11 to 18 months 

(Bedford et al., 2012), suggesting impaired knowledge of the referential nature of eye gaze 

(Brooks & Meltzoff, 2005; Guillon, Hadjikhani, Baduel, & Roge, 2014). 

One area of social attention research with less consistent results is that of reduced time 

spent looking specifically to the eyes in infants and toddlers with ASD (Falck-Ytter & von 

Hofsten, 2011). One lab consistently finds decreased eye looking and increased mouth looking 

in ASD toddlers (W. Jones, Carr, & Klin, 2008), including differences during the first year of life. 

They report social orienting to eyes appears to be normal in the first months in ASD, but then 

declines, leading to significant differences by six months (W. Jones & Klin, 2013). However, we 

and other labs have not reproduced reduced eye looking or increased mouth looking in ASD 

infants and toddlers in similar studies (Kwon, Moore, Pierce (2018) in press) (Hosozawa, 

Tanaka, Shimizu, Nakano, & Kitazawa, 2012) (Chawarska, Macari, & Shic, 2012). This may be 

partly due to important dependencies between mouth looking and speech development in 

toddlers with and without language delays (Falck-Ytter et al., 2013). Infants with ASD also often 

fail to attend to child-directed speech ((Sperdin & Schaer, 2016), and the addition of speech to 

social scenes can amplify eye tracking differences between ASD and TD children (Chawarska 

et al., 2012). 

Others have pointed out that visual attention in ASD is more circumscribed, 

perseverative and detail oriented across both social and nonsocial stimulus domains (Sasson 

et al., 2008). Some general visual processing differences not specifically tied to social stimuli 

are also observed in ASD children, including an increased number of lateral and downward 

gazes (Mottron, Dawson, Soulieres, Hubert, & Burack, 2006). These gaze behaviors might be 
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adaptive and function to limit hypersensitivity to visual stimuli by filtering high frequency signals 

by peripheral viewing (Noris et al., 2011). Slower visual attentional disengagement from a 

central stimulus is another impairment that presents itself during the first year in ASD 

development, and it is also not limited to processing social stimuli (Sacrey, Armstrong, Bryson, 

& Zwaigenbaum, 2014). 

Sex difference in ASD visual social attention has recently begun to receive some 

attention in eye tracking research (Bishop, Veenstra-VanderWeele, & Sanders, 2016). 

Circumscribed interests in ASD were compared using eye tracking as children viewed arrays 

of objects, and results showed that ASD female attention, like ASD male attention, was more 

circumscribed and perseverative than that of controls (Harrop et al., 2018). However, ASD 

females preferred female-typical objects, and ASD males preferred male-typical objects, which 

was noted to be contrary to an “extreme male brain” theory of ASD that predicts male-typical 

viewing patterns in ASD females. Intriguingly, (Chawarska, Macari, Powell, DiNicola, & Shic, 

2016) reported enhanced social attention (more time viewing social scenes and faces within 

the scene) in female infants with high familial risk (i.e. siblings to a proband with ASD), 

compared to high risk males and to low risk females. This is reminiscent of the “female 

protective effect”, the finding that females require a greater genetic load of risk factors to yield 

an ASD diagnostic outcome than males due to some unidentified, sex-specific protective 

mechanism (Werling & Geschwind, 2013). This will be followed up in Chapter 2. 

Although attentional processes, especially for social stimuli, are clearly disrupted in 

infancy in ASD, there are many closely related processes in early social development that also 

must function correctly in order for mature social cognition to emerge, and mirroring may be 

one of them. According to a recent conceptual framework for understanding ASD brain and 

behavior, it is disrupted sensorimotor and attentional processes that primarily contribute to the 

pre-symptomatic first year of ASD (Piven, Elison, & Zylka, 2018). However, the authors do not 
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explore the function of sensorimotor processes in social cognition, including activation of 

sensorimotor brain during perception of others (mirroring), although sufficient evidence 

suggests related disruptions in ASD (for a review see (Happe & Frith, 2014)). This is a relatively 

under explored domain in early autism research, and more attention should be given to 

sensorimotor simulations of others in early development of ASD. 

Eye tracking based social attention measures have already been implemented as 

screening tools for pediatric office use in feasibility studies, and industry researchers have 

begun to produce validated multimodal biometric tools for ASD clinical trial usage that include 

eye tracking tests (Ness et al., 2017). A rigorously defined neural index of social brain activity 

that accurately and reliably distinguished ASD from other clinical populations would be a 

significant contribution to public health and NIMH research priorities (Kapur, Phillips, & Insel, 

2012). NIH has embraced the promise of mirror neuron system research by funding a large 

program on the Functions and Development of the Mirroring Neuron System, establishing mu 

suppression as a future candidate biomarker for large-scale autism clinical trials as well 

(http://www.mirroringdevelopment.com/). Given the great toll of mental illnesses, developing 

new clinical measures to biologically ground the study and treatment of psychiatric and 

behavioral disorders is arguably one of the great social challenges of our age (Insel & Scolnick, 

2006). 

http://www.mirroringdevelopment.com/)
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CHAPTER 2 

SEX DIFFERENCES IN SOCIAL ATTENTION IN TODDLERS WITH AND WITHOUT 

AUTISM SPECTRUM DISORDER 

Abstract 

Autism spectrum disorder (ASD) is diagnosed 3-4 times less frequently in females than 

in males, and subsequently the phenotype of females with ASD is less thoroughly researched. 

Females may present with subtle differences that can make ASD diagnosis more difficult, for 

example, a female advantage in the general population in processing social information may 

impact diagnosis of females with ASD. Here we explore sex differences in social attention 

using an eye tracking test (the GeoPref test) previously shown to be effective for detecting 

ASD in a predominantly male toddler sample. The GeoPref test presents competing social and 

geometric video stimuli while tracking toddler gaze, and in a 78% male ASD sample it has been 

shown that those toddlers who spend the majority of their time viewing the geometric images go 

on to receive an ASD diagnosis with specificity of 98% and sensitivity of 21%. Female specific 

validation statistics are calculated here. In addition, recent eye tracking research has found 

social attention in non-ASD but high risk (due to having an older sibling with ASD) infant 

females to be enhanced relative to males and to low risk females. Therefore this risk by sex 

interaction in the non-ASD sample is tested as well, with the prediction of increased time 

viewing GeoPref test social images in high risk females. 

A sample of 911 toddlers from 11-48 months (mean 25 months), 266 with ASD (59 

females with ASD), was used to examine sex differences. Eye tracking data from the GeoPref 

test plus ADOS, MSEL and VABS clinical scores were examined. Female ASD subgroups 

based on GeoPref test scores indicating high and low preference for viewing social images 

(“SocPref” and “GeoPref” subtypes, defined by >69% time viewing social and geometric 
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images respectively) were compared. In ASD and non-ASD groups, frequency of SocPref and 

GeoPref subtypes were compared by sex. In high risk non-ASD subgroups based on familial 

autism risk conveyed by having an older sibling with ASD, and low risk contrast toddlers, sex 

differences in GeoPref tests and clinical measures were examined also. 

The independent sample replicated previous findings, as ASD children attended 

significantly more to geometric images than did all contrast groups (TD, DD and ASD features). 

No sex differences were found in TD or ASD groups on clinical measures (MSEL, ADOS, 

VABS) or in percent time viewing geometric vs social images. However, a greater proportion 

of the SocPref subtype was found in the non-ASD females group than in non-ASD males. The 

GeoPref test accurately classified females with ASD, with sensitivity of 20% and specificity of 

99%. Comparing female ASD GeoPref and SocPref subgroups revealed a large difference in 

MSEL verbal scores between the groups. Comparing high and low risk non-ASD toddlers, a 

risk by sex interaction was found, confirming high risk females spent increased time attending 

to social images during eye tracking. 

The GeoPref test, a measure of toddler reduced social attention, is comparably effective 

for detection of ASD in males (ROC AUC=.72) and females (AUC=.75), and did not yield 

significant sex differences in %Geo scores in any diagnostic group. Verbal development is a 

strength of ASD females with strong social attention during eye tracking, compared to females 

with poor social attention detected by the GeoPref test who are significantly more verbally 

impaired. Among non-ASD toddlers, more females strongly prefer viewing social images, and 

high risk non-ASD females spend elevated time viewing the GeoPref test’s social images. 

Heterogeneity in ASD, including the possibility of subtype differences and sex differences, 

requires research such as this with large sample sizes. 



33 

Background 

According to current estimates, among children diagnosed with autism spectrum 

disorder (ASD), there are four males for each female (Baio et al., 2018). Because they make 

up a smaller proportion of the ASD population, females with ASD are diagnosed and treated 

using paradigms developed from research focused primarily on ASD males (Van Wijngaarden- 

Cremers et al., 2014). Younger age at start of treatment (e.g. before 48 months) predicts larger 

gains during treatment for ASD (MacDonald, Parry-Cruwys, Dupere, & Ahearn, 2014; Vivanti, 

Dissanayake, & Victorian, 2016), however, age of ASD identification for females lags behind 

that of males (Begeer et al., 2013; Ratto et al., 2018; Shattuck et al., 2009). Therefore, 

understanding sex differences in ASD presentation in toddlers is important, for optimizing 

screening, diagnostic tools, and interventions towards the needs of ASD females as necessary 

(Lai, Baron-Cohen, & Buxbaum, 2015; Lai, Lombardo, Auyeung, Chakrabarti, & Baron-Cohen, 

2015). 

Clinical use of eye tracking technology may be the new frontier in ASD early 

intervention efforts, and a number of eye tracking based clinical tools are in development 

(Frazier et al., 2016; Fujioka et al., 2016). Clinical trial measures for indexing treatment 

responses, prognostic indicators, and tools to aid diagnosis, especially in regions where 

access to trained clinical psychologists is limited, are some of the proposed clinical uses for 

eye tracking in ASD (Murias et al., 2018; Vargas-Cuentas et al., 2017). As eye tracking tools 

are developed for clinical use in ASD, these should be validated for detecting both males and 

females, a task we undertake here. Further, the causes of the high ratio of males to females 

with an ASD diagnosis is a fundamental question for autism research that remains unanswered 

(Werling & Geschwind, 2013). In addition to concerns regarding clinical care, better 

understanding of females with and without ASD should help address this central, unresolved 

research question (Werling, 2016). 



34 

Phenotypic Sex Differences in ASD 

The unidentified neurobiological mechanisms causing the greater prevalence of ASD 

in boys may also lead to sex differences in cognitive profiles, autism symptoms, and daily 

functional abilities. A number of past studies reported that females with ASD tend to have 

lower mean IQs and greater social/communicative impairment than males with ASD (Lord & 

Schopler, 1985; Tsai & Beisler, 1983). It has also been noted that the prevalences of females 

and males are less unequal among more severely impaired individuals (Volkmar, Szatmari, & 

Sparrow, 1993). The overall 4:1 sex difference in prevalence has been reported as high as 7- 

10:1 for individuals in the high functioning cognitive range (Frazier & Hardan, 2017). 

However, ASD sex ratios and clinical characteristics of females with ASD may be 

changing, as the DSM undergoes various alterations, and as efforts to identify females, 

including high functioning females, with ASD increase (Halladay et al., 2015; Lai, Baron- 

Cohen, et al., 2015). A recent review and meta-analysis of research conducted after the fourth 

edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) was 

implemented argues that 3:1 is a better estimate of the male to female ratio in ASD than the 

often cited ratio of 4:1 (Loomes, Hull, & Mandy, 2017). And while some new studies continue 

to report sex differences in cognitive ability in ASD (Frazier, Georgiades, Bishop, & Hardan, 

2014), a number of recent studies with toddlers have not found greater female impairment in 

verbal or nonverbal cognitive development, or in core social communicative deficits, in young 

children with ASD (Hull, Mandy, & Petrides, 2017). 

For example, Messinger et al., using a large sample of over 1000 at-risk infants 

followed prospectively (including 59 girls with ASD) reported small sex differences in ASD 

cognitive ability (verbal and nonverbal) and in ASD symptom severity at 24 and 36 months, but 

all in the direction of females performing better than males (Messinger et al., 2015). They noted 

that sex by group interactions were absent, that is, sex differences found in ASD were 
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consistently those found in typical development as well (Constantino, 2016; Messinger et al., 

2016). Similarly, Zwaigenbaum et al., found small sex differences in toddler autism 

presentation severity with a baby sibs cohort, in the direction of higher cognitive abilities and 

lower autism severity in females (Zwaigenbaum et al., 2012). However, among the cognitive 

indices only fine motor skills, but neither verbal nor nonverbal (visual reception) cognitive 

developmental scores, were different. Several additional studies reported no significant sex 

differences in ASD toddler cognitive abilities (Hartley & Sikora, 2009), or no differences in 

either cognitive ability or social-communicative symptom severity in male and female toddlers 

with ASD, as well as no group by sex interactions (Andersson, Gillberg, & Miniscalco, 2013; 

Reinhardt, Wetherby, Schatschneider, & Lord, 2015). 

One sex difference that has been reported fairly consistently is fewer restricted, 

repetitive behaviors in females compared to males with ASD (Frazier et al., 2014; Mandy et 

al., 2012; Szatmari et al., 2012). However, this finding is reported to become consistently 

apparent for children with ASD over the age of six years (Harrop, Gulsrud, & Kasari, 2015; Van 

Wijngaarden-Cremers et al., 2014). Further, some studies suggest that restricted, repetitive 

behaviors in females differ in kind rather than in quantity or severity from those of males, with 

regard to circumscribed interests in particular (Harrop et al., 2018). Harrop, et al., investigated 

sex differences in ASD toddler play with respect to restricted behaviors and interests, and 

concluded that in females with ASD, circumscribed interests tend to be female-typical (e.g. 

play with dolls) and more often have social themes (Harrop, Green, Hudry, & Consortium, 

2017). However, play complexity and amount of symbolic play (e.g. pretend play with dolls), 

while lower in ASD than TD toddlers, was largely equivalent in ASD females and ASD males  

(Harrop et al., 2017; Harrop et al., 2015). If ASD is under-identified in females without 

intellectual impairment, subtle differences in female presentation of restricted, repetitive 

behaviors and interests may contribute (Kreiser & White, 2014). 
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Social Attention Sex Differences in ASD 

Eye tracking studies have shown reduction in attention to social stimuli to be a hallmark 

of ASD in toddlers (Chita-Tegmark, 2016), but little eye tracking research has examined ASD 

sex differences in toddler social attention. Typical newborns are reported to exhibit sex 

differences in social attention, in fact, as young as 36 hours in age males reportedly looked 

significantly longer at a mobile than females, and females looked significantly longer at faces 

than at the mechanical toy (Connellan, Baron-Cohen, Wheelwright, Batki, & Ahluwalia, 2000). 

In an eye tracking study of 3-8 month old infants, an age when children are believed to lack 

awareness of gender identity, females showed a large (Cohen’s d >1.0) visual preference for 

a doll over a toy truck, while males compared to females showed a greater number of gaze 

fixations on the truck (d=.78) (Alexander, Wilcox, & Woods, 2009). However, social perceptual 

tasks that find sex differences in the typical population have not necessarily revealed parallel 

sex differences in ASD. For example, the “reading the mind in the eyes” facial emotion 

recognition task has repeatedly shown a small but significant neurotypical female advantage 

(Alaerts, Nackaerts, Meyns, Swinnen, & Wenderoth, 2011), and also has consistently shown 

impaired performance in adults and children with ASD (Baron-Cohen, Wheelwright, Hill, Raste, 

& Plumb, 2001; Holt et al., 2014). However, in a study involving over 200 females with ASD, a 

clear absence of ASD sex differences was reported for this well validated task (Baron-Cohen 

et al., 2015). 

Using eye tracking, Chawarska et al., (Chawarska, Macari, Powell, DiNicola, & Shic, 

2016) examined sex differences in attending to a social vignette (an actress trying to engage 

the viewer with infant directed speech) in a prospective sample of 101 high risk infants (baby 

siblings with an older sibling with an ASD diagnosis) and 61 low risk controls at ages 6, 9, and 

12 months. This report did not include categorical assignment of diagnostic status (ASD, non- 

ASD) to the infant siblings, and instead, taking a dimensional approach, contained a mixture 
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of ASD and non-ASD infants (Constantino, 2011). While there were no sex differences in the 

low risk group, they found a group by sex interaction, specifically, increased social attention in 

high risk female infants compared to high risk males, low risk males and low risk females. 

Further, greater social attention during the first year was significantly associated with autism 

symptoms (social affect scores) at age two. Enhanced social attention in high risk females 

warrants further exploration, as it may provide social learning opportunities early in 

development that could serve as a protective factor, mitigating the impact of ASD risk. 

In the current study, we leverage a very large eye tracking data sample from toddlers 

with ASD and both typically developing and developmentally delayed non-ASD toddlers 

(n=911) from an eye tracking task simultaneously presenting dynamic social and geometric 

images, the GeoPref test (see Figure 1). Prior research has shown increased attention to 

geometric images in ASD toddlers viewing the GeoPref test, with a predominantly male sample 

(Pierce, Conant, Hazin, Stoner, & Desmond, 2011; Pierce et al., 2016). This effect is not just 

found at the level of group averages, in fact, individual subjects with ASD can be classified 

effectively (i.e. 98% specificity) by GeoPref test scores, as the ranges of scores for ASD and 

non-ASD toddlers are partly non-overlapping. These properties suggest the GeoPref test, at 

least for males, could function as a biomarker and aid in screening, diagnosis or clinical trials 

related to treatment response, and so must be tested robustly in females as  well. 

By combining a new, independent sample of n=469 subjects with the previously 

published sample, we address several hypotheses related to GeoPref test sex differences 

here. First, we predict that the GeoPref test is similarly effective as a tool for identifying both 

male and female toddlers with ASD. Therefore, we predict high specificity for identifying certain 

toddlers with ASD in both sexes, based on their viewing pattern of strong preference for 

abstract geometric rather than social images. Further, we predict that the subset of females 

with the strongest preference for geometric rather than social images (the “GeoPref subtype”) 

will also demonstrate elevated symptom severity in ADOS, MSEL and VABS scores compared 
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to the ASD female subset with the strongest preference for social images (the “SocPref 

subtype”), replicating what was reported previously, primarily for males (Pierce et al., 2016). 

 Figure 2.1: Example Scenes from the GeoPref Test Video 

Second, we report sex differences from a battery of cognitive and autism specific 

standardized assessments (i.e. ADOS, MSEL and VABS) in toddlers with and without ASD. 

This study builds on existing literature by utilizing a sample based primarily on referral after 

general population screening rather than based on a baby sibs design. We also include 

developmentally delayed and ASD features contrast groups in addition to typically developing 

controls, and have an ASD female sample size (n=59) comparable to the largest studies to 

date of the female ASD toddler phenotype. 

Third, we test the hypothesis put forward by Chawarska et al., that females with 

Human biological motion 
and abstract geometric 
motion compete for 
attention in the GeoPref 
test. The 62 second test 
video consists of 28 short 
scenes, 4 of which are 
depicted here. The 
primary test metric is the 
%Geo score (percent 
time viewing the 
geometric video divided 
by total time viewing 
either the social or 
geometric video). More 
than 1600 children ages 
11-48 months have
successfully completed
the GeoPref test, both at
UCSD and in
pediatrician offices as a
screening tool.
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elevated risk for ASD due to having an older sibling with ASD also show enhanced social 

attention (Chawarska et al., 2016). In the current study enhanced social attention is indexed 

as increased time spent viewing social images and decreased time viewing geometric images 

during eye tracking with the GeoPref test. We also differ from the prior study by using eye 

tracking data collected at a mean age of just under age two rather than age one, and our high 

and low risk samples have been assigned to categorical diagnostic groups and do not include 

ASD toddlers. 

Methods 

Participant Recruitment 

From November 2008 through September 2015, 911 research participants between 11 

and 48 months in age (mean 25.0 months) completed autism focused evaluations involving 

standardized clinical testing and an eye tracking based assessment (the GeoPref test). Data 

from 469 of these subjects have not been included in any prior manuscripts; the remainder 

were described in prior papers, however, not with respect to sex differences (Pierce, Conant, 

et al., 2011; Pierce et al., 2016). An additional 236 subjects (21%) attempted to complete the 

assessments and eye tracking session but were excluded from analysis for various reasons 

(e.g. tantrum during eye tracking). 

The majority of the study sample were referred by their pediatrician due to concerns 

regarding warning signs of autism spectrum disorder or developmental delays. These 

pediatricians, as participants in the Get SET (Screening, Evaluation, Treatment) early 

detection program, screen all toddlers for developmental delays at 12, 18 and 24 months, using 

the Communication and Symbolic Behavior Scales (CSBS) Infant-Toddler Checklist parent 

questionnaire (Pierce, Carter, et al., 2011; Wetherby, Brosnan-Maddox, Peace, & Newton, 

2008). Through this program, children who score in the range of concern (the lowest scoring 
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10%) are referred for prospective developmental evaluations at the University of California, 

San Diego’s Autism Center, and then referred to appropriate early intervention treatment 

services if warranted. The remaining subjects either self-referred due to parental concern 

about their child’s development, or participated as controls. Regardless of referral source, all 

participants completed the same sequence of assessments. 

Diagnostic and Psychometric Assessments 

All testing took place at the UCSD Autism Center. Diagnostic and psychometric 

assessments were completed with licensed, PhD level clinical psychologists. After entering 

the study based on screening and referral at 12, 18 and 24 months, subjects are followed 

longitudinally, most completing three visits, until receiving a final diagnosis between 30 and 48 

months of age. When subjects completed eye tracking at more than one visit, the data 

included here are from the earliest available visit, and the clinical assessment data presented 

are from the same visit. 

Participants were sorted into four diagnostic groups: autism spectrum disorder (ASD), 

ASD features, developmental delay (DD), and typical development (TD). ASD diagnosis was 

based on DSM-IV or DSM-V criteria probed with the Autism Diagnostic Observation Schedule 

(ADOS), module T, 1 or 2 as appropriate (Gotham, Risi, Pickles, & Lord, 2007; Luyster et al., 

2009). The ASD features group had significant ASD symptoms and/or elevated ADOS scores 

during at least one evaluation but did not meet full DSM criteria for ASD at their final diagnostic 

evaluation. The Mullen Scales of Early Learning (MSEL) was used to assess cognitive 

development in areas of expressive language, receptive language, visual reception and fine 

motor abilities (Mullen, 1995). The Vineland Adaptive Behavior Scales (VABS) parent 

interview was used to assess functional skills, i.e. the ability to perform typical daily activities 

(Sparrow, 1984). The MSEL and VABS are the basis for assignment to the DD category, which 

includes children with transient or persistent language, fine motor or global developmental 
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delays or other concerns such as social emotional delay. The TD category includes children 

who tested within the typical range on ADOS, MSEL and VABS. The final overall sample were 

n=266 ASD (207 male, 59 female); n=52 ASD features (44 male, 8 female); n=309 DD (230 

male, 79 female); n=284 TD (157 male, 127 females). In this sample, 480 (53%) were over 36 

months at final diagnosis; 250 (27%) were 30-36 months; 62 (7%) were 24-30 months; 119 

(13%) have not returned for their final planned visits and were assigned to a diagnostic 

category based on visits at ages 12-24 months. 

Familial risk subgroups. To create non-ASD subgroups based on familial risk, the 

inclusion criterion for the high risk group was an older sibling with a medical or educational 

professional’s confirmed ASD diagnosis. For the low risk group, the inclusion criterion was 

having an older sibling with no history of any developmental concerns according to parent 

report (if the older sibling did not complete our study), and having no other relative with ASD 

in the immediate family (parents, grandparents, siblings, half-siblings). If the older sibling was 

a past participant in our research, the older sibling was eligible if assessed by our psychologists 

as not meeting ASD criteria at any visit (i.e. siblings with ASD features and non-ASD delays 

were allowed if the sibling was evaluated by our lab and found not to meet criteria for ASD at 

any visit). The final sample was n=57 high risk (28 females, 29 males) and n=91 low risk (42 

females, 49 males). The remainder of the non-ASD sample did not have an older sibling or the 

sibling’s risk status could not be determined. 

Stimulus Video and Eye Tracking Equipment and Procedures 

The GeoPref test is a 62 second, silent video composed of adjacent rectangular areas 

of interest (AOIs) each 12.9 o by 9.1o. One AOI, social, presents people outdoors (primarily 

children shown individually) energetically moving their arms, shoulders, heads and hips (during 

a yoga warm up). The other AOI, geometric, presents complex, abstract shapes in a variety of 
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colors, changing dynamically. The two AOIs are synchronized to move through 28 short 

scenes, switching simultaneously, but otherwise provide two unrelated streams of dynamic 

images. 

 
Using corneal reflection techniques, a Tobii T-120 eye tracking system set to a 60 Hz 

sampling rate was used to record X-Y coordinates for the left and right eyes as participants sat 

60-65 cm from a 17 inch computer monitor displaying the test video. Children were typically 

seated on a parent’s lap (or occasionally in a car seat instead), and the parent was instructed 

to look at the ceiling or close her/his eyes and not to talk during testing. Five point infant 

calibration was performed prior to testing using Tobii Studio software, and eye tracking data 

were collected only if the calibration results fell within the parameters reported to yield an 

accuracy of 0.5o in the manufacturer’s published white papers. Data were excluded from 

analysis if the child attended to or was eye tracked for less than 30 seconds (approximately 

50% of the test video), and for a variety of reasons detailed in the supplemental materials, 

primarily related to child behavior or parental noncompliance (e.g. interfering with the child’s 

behavior). Data preprocessing consisted of applying a 35 pixel Tobii fixation filter to the data 

to identify gaze fixations, and then calculating total viewing time, and time viewing each AOI 

divided by total viewing time, that is, percent time viewing each AOI (“%Geo” and “%Soc”). 

 
Statistical Methods 

 
Replicating clinical phenotype differences based on diagnostic group. 

 
 

Independent sample (n=469). The independent sample refers to previously 
 

unpublished subjects used to replicate the results of prior papers on the GeoPref test. The 

scores reported for all toddlers from the ADOS are the social affect (SA) sub-score, the 

restricted, repetitive behavior (RRB) sub-score, and the total score. From the MSEL, scores 

reported are nonverbal developmental quotient (the mean of fine motor and visual reception 
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age equivalent sub-scores divided by chronological age) and the verbal developmental 

quotient (the mean of receptive language and expressive language age equivalent sub-scores 

divided by chronological age), or NV-DQ and V-DQ. From the VABS, the adaptive behavior 

composite score (ABC) is reported, which summarizes the socialization, motor, communication 

and daily living skills sub-scores. To confirm that scores for the ADOS, MSEL and VABS 

differed as predicted and as shown in prior research between ASD toddlers and the other three 

diagnostic groups, an ANOVA was performed for each dependent variable followed by 

Bonferroni-corrected pairwise comparisons of each diagnostic group to ASD. See Table 1 for 

these characteristics of the independent sample. 

Replicating reduced social attention differences based on diagnostic group. 

Independent sample (n=469). First, percentage of total looking time spent attending to any 

part of the approximately 1 minute long video between the four diagnostic groups (as an indication 

of general attentional and engagement differences) was assessed using a 1-way ANOVA with 

Bonferroni correction on total time viewing either AOI. Then, to confirm percentage of total looking 

time spent viewing the geometric AOI between the four diagnostic groups was elevated in ASD 

toddlers, indicating reduced social attention consistent with our findings reported in prior papers, 

an ANCOVA was performed with %Geo as the dependent variable, and age at eye tracking as a 

covariate. Partial eta-squared effect sizes are presented as well. A significant main effect was 

followed by Bonferroni-corrected t-tests (1 tailed) between ASD and other diagnostic groups. 

Usage of Bonferroni correction at several points in this manuscript is very conservative, but it 

replicates the prior manuscript (Pierce et al., 2016), and the differences are such that it does not 

impact findings. 

Sex differences in clinical phenotype by diagnostic group. 

Combined sample (n=911). The primary objective in performing the analyses described 
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above on the independent sample was to show that it was consistent with our prior work and 

therefore appropriate to collapse the independent and prior samples together, yielding a 

combined sample sufficiently large to analyze subsets parsed by sex. Having confirmed this, 

two-factor ANOVAs with diagnostic group (four levels) and sex (two levels) as fixed factors 

were performed for MSEL, VABS and ADOS scores to test for an effect of group, sex and a 

sex by diagnosis interaction. In addition, sex differences were tested in each diagnostic group 

independently with t-tests and correction for multiple comparisons. 

Sex differences in reduced social attention by diagnostic group. 

Combined sample (n=911). First, percentage of total looking time spent attending to 

any part of the approximately 1 minute long video (either AOI) between the four diagnostic 

groups (as an indication of general attentional and engagement group differences) was 

assessed with a 1-way ANOVA with Bonferroni correction. Then, a two factor ANCOVA with 

diagnostic group (four levels) and sex (two levels) as fixed factors, %Geo as dependent 

variable, and age at eye tracking as a covariate was used to test for effects of group, sex or a 

sex by diagnosis interaction in a large sample of toddler GeoPref eye tracking data. Partial 

eta-squared effect sizes are presented. In addition, sex differences were tested in each 

diagnostic group independently with t-tests and correction for multiple comparisons. 

Clinical classification by reduced social attention scores, stratified by sex. 

To assess the efficacy of %Geo scores as an ASD classifier, area under the ROC 

curve, sensitivity, specificity, and positive and negative predictive values were calculated for 

the combined sample (n=911), and for males and females separately. Spending 69% or more 

of looking time viewing the geometric AOI was the threshold for a positive test result (consistent 

with prior use of the GeoPref test) for females and males. Females are also presented with 

an alternate threshold that may optimize the test performance for detecting females. 

As the ASD features group may reflect individuals just slightly below the categorical 
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diagnostic threshold, classification statistics are compared when the ASD features group 

scoring above the 69% positive test threshold for viewing geometric images are considered as 

either true positives or false positives, as in our past publication. However, the group ASD 

features do not meet DSM criteria for ASD, and including them as true positives did not improve 

classification performance, so these results are presented in the Supplemental Materials 

(Tables S2). 

Characteristics of ASD subgroups defined by social attention, stratified by sex. 

After identifying the female toddlers with the strongest preferences for geometric and 

social images using the 69% geometric cutoff, within ASD analyses compared the clinical 

characteristics (MSEL, VABS and ADOS) for these “GeoPref” and “SocPref” females.  

Comparisons of clinical scores (i.e. those of ADOS, MSEL and VABS) for effects of ASD 

subtype (GeoPref or SocPref), sex or a subtype X sex interaction were calculated with 2X2 

factorial ANOVAs, after confirming that Levene’s test of homogeneity of variance was 

nonsignificant. Partial eta-squared effect sizes are reported for significant effects. Post-hoc t- 

tests with Benjamini-Hochberg corrections for multiple comparisons and Cohen’s d effect sizes 

were calculated for pairwise comparisons within each sex, reported one-tailed due the a priori 

hypothesis regarding the direction of effects that the GeoPref subtype would be more severely 

impaired. 

Clinical phenotype differences based on familial risk and sex. 

High and low risk non-ASD sample (n=148). High and low risk samples of non-ASD 

toddlers based on presence or absence of familial risk and an older sibling with ASD were 

identified from within the combined sample of n=911, in order to test the hypothesis that high 

risk females differ from other groups. Comparisons of clinical scores (i.e. those of ADOS, 

MSEL and VABS) for effects of risk, sex and a risk X sex interaction were calculated with 2X2 
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factorial ANOVAs, if Levene’s test of homogeneity of variance was nonsignificant. For 

restricted repetitive behavior, significant heterogeneity of variance was found with Levene’s 

test, therefore a nonparametric Kruskal-Wallis test was performed on the four groups (i.e. high 

risk males, high risk females, low risk males, low risk females). Partial eta-squared effect sizes 

are reported for significant effects. Post-hoc t-tests are reported one-tailed due to a priori 

hypotheses regarding the direction of effects, with Benjamini-Hochberg corrections for multiple 

comparisons. 

Reduced social attention based on familial risk and sex 

High and low risk non-ASD sample (n=148). To compare percentage of total looking 

time spent viewing the geometric AOI between groups (i.e. high risk males, high risk females, 

low risk males, low risk females) a 2X2 univariate ANCOVA was performed with the sex and 

risk status as factors, %Geo as the dependent variable, and age at eye tracking as a covariate. 

The relationships between social attention %Geo scores and ADOS, VABS and MSEL scores 

were assessed with Spearman’s rank-order correlations as well. 

Prior to selecting these analysis strategies, homogeneity of variance was confirmed 

with Levene’s test. Also prior to these analyses, a 1-way ANOVA was used to check for 

differences between groups in total time attending to either area of interest during eye tracking, 

and there were no significant differences. A 1-way ANOVA was used to check for differences 

in age at eye tracking for the four groups, and again there were no significant differences. In 

alternative analyses, %Geo scores, which are not normally distributed, were first log 

transformed. This made no difference in the pattern of statistically significant and 

nonsignificant results, therefore, to maintain comparability to prior publications untransformed 

data are presented below. 

 
Results 

 
Replicating Clinical Phenotype Differences Based on Diagnostic Group 
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Independent sample (n=469). As expected, in the independent sample (n=469), a 
 

significant main effect of diagnosis was found for each comparison. The ASD group differed 

significantly from all other groups in each aspect of clinical phenotype assessed from the 

MSEL, ADOS and VABS, with means similar to our prior research (Moore et al., 2018). See 

Table 1. 

 
Table 2.1: Clinical Phenotype, Independent Sample 

 

 
(n=469) 

 
1) 
ASDa 

 
2) ASD 
Features 

 
3) DD 

 
4) TD 

ASD 
vs 2), 

p= 

ASD 
vs 3), 

p= 

ASD 
vs 4), 

p= 

N, Sex: M/F 94/28 24/3 139/39 81/61 n/a n/a n/a 

Age at eye tracking, 
months: Mean (SD) 
[Range] 

28.23 
(8.5) 
[12-48] 

25.11 
(9.5) 
[12-44] 

24.51 
(9.8) 
[12-47] 

25.03 
(10.3) 
[12-48] 

.773 .007 .044 

ADOSb SAc 13.72 
(4.6) 

8.52 
(5.3) 

4.31 
(3.3) 

2.67 
(2.1) 

<.001 <.001 <.001 

ADOS RRBd 4.17 
(2.8) 

2.56 
(2.3) 

.88 
(1.2) 

.32 
(.63) 

<.001 <.001 <.001 

ADOS Total Score 17.88 
(6.1) 

11.07 
(6.7) 

5.19 
(3.9) 

2.99 
(2.2) 

<.001 <.001 <.001 

MSELe NV- DQf .80 
(.20) 

.97 
(.20) 

.96 
(.27) 

1.10 
(.20) 

.004 <.001 <.001 

MSEL V- DQg .57 
(.23) 

.79 
(.26) 

.78 
(.23) 

1.04 
(.13) 

<.001 <.001 <.001 

VABS ABCh 79.09 
(9.7) 

88.26 
(8.8) 

89.93 
(10.1) 

100.46 
(8.5) 

<.001 <.001 <.001 

a See Methods for descriptions of diagnostic groups: ASD, ASD Features, Developmentally Delayed, 
and Typically Developing; b Autism Diagnostic Observation Schedule; c Social Affect score; d Restricted 
and Repetitive Behaviors score; e Mullen Scales of Early Learning; f Nonverbal Developmental Quotient; 
g Verbal Developmental Quotient; h Vineland Adaptive Behavior Scales, Adaptive Behavior Composite 

 
 
Replicating Reduced Social Attention Differences Based on Diagnostic Group 

 
 

Independent sample (n=469). Typically developing children spent more time attending 
 

to any part of the test video during eye tracking (52.7 seconds) than DD (48.6 seconds) and 

ASD (48.2 seconds) toddlers (p<.001 for both comparisons) and no other comparisons were 
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significant. Replicating previous findings, in the independent sample (n=469), the ASD group 

spent significantly more time viewing geometric images than any other group (for diagnostic 

group, F (3,464) =30.99, p<.001, partial eta-squared=.167). Toddlers with ASD spent 47.4% of 

looking time during eye tracking viewing geometric images; the group ASD features spent 

29.4% of time; DD toddlers 25.3%; and TD toddlers 24.2% (ASD vs ASD features, p=.003; 

ASD vs DD, p<.001; ASD vs TD, p<.001). 

Based on the consistency found between our prior publications of clinical phenotype 

data and GeoPref eye tracking data and what is reported above, the independent sample 

(n=469) and the previously published sample (n=442) are combined for the remainder of the 

analyses. This yields an overall sample size (n=911) large enough to make comparisons after 

splitting into subgroups such as ASD female and male toddlers, and high and low risk non- 

ASD female and male toddlers. 

Sex Differences in Clinical Phenotype by Diagnostic Group 
 
 

Combined sample (n=911). Within the overall sample, a few significant main effects of 
 

sex were found in clinical phenotype measures, for the ADOS and MSEL V-DQ (ADOS-SA, F 

(1,896) =5.35, p=.021, partial eta-squared=.006; ADOS total, F (1,896) =5.42, p=.020, partial eta- 

squared=.006; V-DQ, F (1,859) =9.33, p=.002, partial eta-squared=.011). Follow up t-test 

revealed no pairwise sex differences were significant for the groups ASD, ASD features, or 

TD, though ADOS and V-DQ scores were trending in non-ASD groups. A few sex differences 

in the DD group were found, but are probably not meaningful as they would not survive 

correction for multiple comparisons. This information is detailed in the supplement (Table S1). 

All main effects of diagnosis were strongly significant, very similar to the information presented 

in Table 1 for the independent sample, and in prior publications. There were no significant sex 

X diagnosis interactions in any clinical phenotype measures. 

 
Sex Differences in Reduced Social Attention by Diagnostic Group 
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Combined sample (n=911). Typically developing children spent more time attending to 

 

any part of the test video during eye tracking (52.5 seconds) than DD (49.0 seconds) and ASD 

(48.8 seconds) toddlers (p<.001 for both comparisons), and no other comparisons were 

significant. While age at eye tracking (F(1,902)=76.51, p<.001, partial eta-squared=.078) and 

diagnosis (F(3,902)=39.22, p<.001, partial eta-squared=.115) contributed significantly to the 

ANCOVA model, there was no effect of sex (F(1,902)=.46, p=.498, partial eta-squared=.001) or 

sex X diagnosis interaction (F(3,902)=.38, p=.767, partial eta-squared=.001) in the large sample 

of n=911 toddler %Geo scores. For ASD males, %Geo scores were 45.32%; for ASD females, 

they were 46.74%. ASD features males scored 34.25% Geo, females scored 27.23%. DD 

males spent 26.48% of their time viewing the Geo AOI; DD females spent 24.15%. TD males’ 

%Geo scores were 23.35%; females’ were 23.96% (see Figure 2). None of these pairwise sex 

differences were significant. 

Clinical Classification by Reduced Social Attention Scores, Stratified by Sex 
 

ROC AUC, sensitivity and specificity from the GeoPref test were all highly similar 

between males and females, with AUC of .73 overall, .72 for males, and .75 for females (see 

Table 2). Positive predictive value was higher in males, but improved in females to 80% when 

using a cutoff specific to females (74% time viewing geometric images). Positive and negative 

predictive values are impacted by the rate of positive cases in the population. Therefore values 

presented reflect the test’s performance on a pre-screened, at-risk sample, not on the general 

population, because as previously described our ascertainment method involves referral to the 

study based on low scores on a pediatrician administered developmental questionnaire (the 

CSBS). Including the ASD features group as true positives did not improve classification 

statistics (see Supplement). 
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Figure 2.2: GeoPref Test Scores for Male and Female Toddlers (n=911).  Scatterplots of 
individual subject % Geo scores for each diagnostic category and sex. Boxplots show median, range, and 
first and third quartiles. See Methods for descriptions of diagnostic groups. 
 

Table 2.2: Clinical Classification Using Reduced Social Attention (%Geo) Scores 
 

 
 
 

True positive = 
ASD only 

All 
N=911 
69% Geo 
threshold for 
test positive 

Males 
N=638 
69% Geo 
threshold for 
test positive 

Females 
N=273 
69% Geo 
threshold for 
test positive 

Females 
N=273 
74% Geo 
threshold for 
test positive 

True positive 60 46 14 12 
False negative 206 161 45 47 
False positive 15 9 6 3 
True negative 630 422 208 211 
Sensitivity 23% 22% 24% 20% 
Specificity 98% 98% 97% 99% 
PPVa 80% 84% 70% 80% 
NPVb 75% 72% 82% 82% 
ROC AUCc .73 .72 .75 .75 

a & b positive and negative predictive values; c receiver operating characteristic area under the curve 
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Clinical Characteristics of ASD Subgroups Defined by Social Attention, Stratified by Sex 

In male toddlers with ASD, 22% fall in the”GeoPref” subset with an average %Geo 

score of 82.23%, and 33% fall in the “SocPref” subset, with an average %Geo score of 16.83%. 

In females toddlers with ASD, 24% fall in the”GeoPref” subset with an average %Geo score of 

82.66%, and 34% fall in the “SocPref” subset with an average %Geo score of 16.84%. 

For the VABS, both MSEL scores, and ADOS social affect, 2X2 ANOVAs showed a 

significant main effect of GeoPref/SocPref subtype, plus no effect of sex, and no subtype by 

sex interaction (for VABS ABC, F(1,142) = 6.84, p=.01, partial eta-squared=.046 for subtype; for 

MSEL NV-DQ, F(1,138) = 3.93, p=.050, partial eta-squared=.028 for subtype; for MSEL V-DQ, 

F(1,138)= 10.77, p=.001, partial eta-squared=.072 for subtype; and for ADOS SA, F(1,142)=11.76, 

p=.001, partial eta-squared=.076 for subtype.) The ADOS total scores had a trending sex 

difference as well as a main effect of subtype and no interaction (F (1,142) =10.35, p=.002, partial 

eta-squared= .068 for subtype, and F (1,142) =2.91, p=.090, partial eta-squared=.020 for sex.) 

The ADOS RRB had no significant main effects or interaction. 

Confirming prior findings, when comparing clinical scores from GeoPref and SocPref 

male toddlers with ASD, the GeoPref subtype is more severely impacted with regard to ADOS, 

V-DQ, and VABS ABC (NV-DQ is not significantly different), see Table 3. For female GeoPref

and SocPref ASD subtype comparisons, V-DQ is significant with a large Cohen’s d effect size 

(d=.91). No other pairwise comparisons of female subtypes are below p=.05 after correction 

for multiple comparisons. This is perhaps due to the small sample sizes for female GeoPref 

and SocPref subtypes, given that ADOS SA and ADOS total scores, MSEL NV-DQ and VABS 

all have Cohen’s d effect sizes that are at least medium (d>.5) for females, and trending p 

values (from p=.07 to p=.10). There is no difference in ADOS RRB scores in females from 

the GeoPref and SocPref subsets. 
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Table 2.3: Clinical Phenotype Differences of ASD GeoPref and SocPref Subtypes by Sex 

ASD 
GeoPrefa 
Subtype 
Male 
(n=46) 

ASD 
SocPref 
Subtype 
Male 
(n=68) 

ASD 
GeoPref 
Subtype 
Female 
(n=14) 

ASD 
SocPref 
Subtype 
Female 
(n=20) 

T tests 
(corrected 
p) and
Cohen’s d,
Males

T tests 
(corrected 
p) and
Cohen’s d,
Females

Age at eye 
tracking, 
months: Mean 
(SD) [Range] 

29.54 
(7.75) 
[18-48] 

25.15 
(7.85) 
[12-46] 

29.64 
(8.07) 
[20-48] 

26.60 
(7.89) 
[15-42] 

p=.007, 
d=.56 

p=.15, 
d=.38 

ADOSb SAc 15.67 
(4.08) 

12.60 
(4.65) 

14.43 
(5.58) 

11.20 
(4.88) 

p=.002, 
d=.70 

p=.07, 
d=.61 

ADOS RRBd 4.62 
(3.42) 

3.55 
(2.08) 

3.50 
(2.07) 

3.30 
(1.45) 

p=.04, 
d=.38 

p=.37, 
d=.11 

ADOS Total 20.29 
(5.93) 

16.15 
(5.82) 

17.93 
(6.51) 

14.50 
(5.73) 

p=.003, 
d=.71 

p=.08, 
d=.56 

MSELe NV- DQf .81 
(.20) 

.86 
(.18) 

.82 
(.20) 

.92 
(.12) 

p=.11, 
d=.25 

p=.07, 
d=.61 

MSEL V- DQg .53 
(.25) 

.64 
(.20) 

.53 
(.18) 

.73 
(.24) 

p=.02, 
d=.46 

p=.03, 
d=.91 

VABSh ABC 77.60 
(9.9) 

83.73 
(10.5) 

78.57 
(7.44) 

82.70 
(8.81) 

p=.005, 
d=.60 

p=.10, 
d=.51 

a See Methods for descriptions of GeoPref (geometric preference) and SocPref (social preference) ASD 
subtypes; b Autism Diagnostic Observation Schedule; c Social Affect score; d Restricted and Repetitive 
Behaviors score; e Mullen Scales of Early Learning; f Nonverbal Developmental Quotient; g Verbal 
Developmental Quotient; h Vineland Adaptive Behavior Scales, Adaptive Behavior Composite 

Clinical Phenotype Differences Based on Familial Risk and Sex 

High and low risk non-ASD sample (n=148). Analysis of sex X risk status for verbal 

developmental skills (MSEL V-DQ) revealed a significant effect for risk status (F (1,144) =4.73, 

p=.031, partial eta-squared=.032), a trend toward significance for sex (F (1,144) =3.52, p=.063, 

partial eta-squared=.024), and no sex X risk interaction. Post-hoc tests showed that high risk 

females had significantly higher verbal scores than low risk females (t (68) =2.09, p=.034) and 

a trending increase in verbal scores compared to high risk males (t (55) =1.70, p=.06). No 

differences were found between high and low risk males, or low risk males and low risk 
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females. Analysis of sex X risk status for non-verbal developmental skills (MSEL NV-DQ) 

showed no significant effects. Likewise, the analysis of sex X risk status for VABS Adaptive 

Behavior composite scores indicated no significant main effects. 

Table 2.4: Clinical Phenotype Comparisons for non-ASD High/Low Risk Groups by Sex 
 

  
High Risk 
Females 

 
High Risk 
Males 

 
Low Risk 
Females 

 
Low Risk 
Males 

N, Sex: M/F 28 29 42 49 
Age at eye tracking, months: 
Mean (SD) [Range] 

22.29 (6.77) 
[12-38] 

21.72 (9.01) 
[12-47] 

21.12 (7.70 ) 
[12-40] 

23.31 (9.24) 
[12-42] 

ADOSb Social Affect 2.14 (2.01) 3.07 (2.49) 2.61 (2.16) 3.57 (2.69) 

ADOS Restricted Repetitive 
Behavior 

.25 (.44) .79 (.98) .19 (.67) .49 (.77) 

ADOS Total Score 2.39 (2.28) 3.86 (2.77) 2.81 (2.25) 4.06 (2.77) 

MSELc NV-DQd 1.10 (.14) 1.08 (.17) 1.05 (.17) 1.07 (.30) 

MSEL V-DQe 1.05 (.17) .97 (.18) .96 (.17) .92 (.21) 

VABS ABCf 99.68 (10.38) 95.03 (10.04) 96.81 (12.65) 96.57 (11.50) 
a See Methods for descriptions of high and low risk groups; b Autism Diagnostic Observation Schedule; 
c Mullen Scales of Early Learning; d Nonverbal Developmental Quotient; e Verbal Developmental 
Quotient; f Vineland Adaptive Behavior Scales, Adaptive Behavior Composite 

 

ADOS total score analysis indicated an effect of sex (F (1,144) =9.98, p=.002, partial eta- 

squared=.065), and no significant effect of risk, or sex X risk interaction, with males scoring higher 

than females. Likewise, ADOS social affect scores showed a significant effect of sex (F (1,144) 

=5.40, p=.022, partial eta-squared=.036), and no effect of risk group or sex X risk interaction. 

Post-hoc tests showed that high risk females had significantly lower ADOS total scores than high 

risk males (t (53.7) =2.19, p=.041), and low risk females had a trend toward lower ADOS total 

scores than low risk males (t (89) =2.34, p=.055). However, high risk females did not have 

significantly lower ADOS total scores than low risk females. Post-hoc comparisons for ADOS 

social affect were trending with low risk females slightly lower than low risk males (t(89) =1.84, 

p=.058); other comparisons were not significant. ADOS RRB scores differed significantly as well 
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(Kruskal-Wallis H (3) = 14.56, p=.002). Post-hoc t-tests with equal variance not assumed showed 

high risk females had lower RRB scores than high risk males (t (39.2)=2.72, p=.025), and low risk 

females trended toward lower RRB scores than low risk males (t(89.0) =1.99, p=.063). 

 

Figure 2.3: Autism Symptoms of Non-ASD Toddlers with and without ASD Older Siblings. 
Autism symptoms measured as sum of social affect and restricted, repetitive behavior ADOS scores. 
The high risk group have an older sibling with ASD; the low risk have no family history of ASD. Error 
bars are standard error of the mean. 

 
 

Social Attention Based on Familial Risk and Sex 
 

High and low risk non-ASD sample (n=148). Analysis of sex X risk status with age at 
 

eye tracking as a covariate showed no effect of sex, a trending effect of risk group (F(1,143)=3.78, 

p=.054, partial eta-squared=.026), and a significant interaction between sex and risk group 

(F(1,143)=6.32, p=.013, partial eta-squared=.042), where high risk females show the greatest 

social attention (lowest %Geo scores) and low risk females show the least social attention 

(See Figure 4). In an alternate analysis, V-DQ and NV-DQ were included in the model as 

covariates to control for differences in cognitive ability, but this made no difference in the 

pattern of statistically significant and nonsignificant results, suggesting the significant 

interaction is not driven by differences in cognitive developmental level. 
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Figure 2.4: GeoPref Test Sex Differences in Non-ASD High and Low Risk Toddlers. 
Figure 4: % Geo scores from the GeoPref test (percent time viewing geometric videos out of total time 
viewing social or geometric videos) reflect reduced social attention. The high risk group have an older 
sibling with ASD; the low risk have no family history of ASD. Error bars are standard error of the mean. 

 
 
 

Relationships Between Reduced Social Attention and Clinical Characteristics 
 

For each of the four groups of interest, clinical scores presented above were related to 
 

%Geo scores with Spearman correlations, and a pattern of significant effects emerged. For 

ADOS total score and VABS adaptive behavior scores, reduced social attention was 

significantly correlated with phenotype for only one group, high risk males (%Geo to ADOS, 

rho=.519, p=.004; %Geo to VABS composite, rho= -.389, p=.037). Similarly, while no 

significant negative correlations were seen between %Geo scores and verbal and nonverbal 

developmental quotients, statistical trends were seen for only the high risk male group (%Geo 

to NV-DQ, rho= -.33, p=.08; %Geo to V-DQ, rho= -.347, p=.065). As our prior papers found 

%Geo scores to be correlated with ADOS scores for ASD and no other group, this finding is 

consistent with high risk males as ASD-like, or exhibiting a broader autism phenotype profile 

with regard to reduced social attention during the GeoPref test and ADOS scores. However, 
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this cannot be said for females. 

Discussion 
 

One aim of this study was to look for sex differences related to the GeoPref eye tracking 

test. There was, as expected, a strong effect of diagnosis on %Geo scores, indicating reduced 

social attention in ASD compared to all other diagnostic groups; however, there was no 

significant effect of sex, or sex by diagnosis interaction, suggesting reduced ASD social 

attention is indexed by the GeoPref test in both males and females. In addition, the 

performance of the GeoPref test as a classifier for examining toddlers with ASD based on eye 

tracking was very similar for each sex, though slightly better in females (area under ROC curve 

=.75) than in males (ROC AUC=.72). A female specific cutoff value (74% time viewing 

geometric stimuli) could be used to optimize the test’s positive predictive value for females. 

Using that cutoff, this study confirms that the GeoPref test is similarly effective as a tool to 

identify both male and female toddlers with ASD, with moderate positive predictive value for 

both sexes (84% and 80%), and high specificity (98% and 99%) and low sensitivity (22% and 

20%) for both sexes. 

Similarly, when examining the clinical phenotypes (ADOS, MSEL and VABS) of ASD 

subtypes based on strong preference for geometric or social images during eye tracking, there 

was a main effect of group, and no significant effect of sex, or sex by subtype interaction, 

suggesting greater severity in the GeoPref subtype in both males and females, though this 

was clearer in males. The low sensitivity of the GeoPref test has been attributed to the test 

detecting a particular subset of ASD toddlers (the GeoPref subtype) who have elevated 

symptom severity shown in ADOS, MSEL and VABS scores. Here we show that in females 

with ASD, the GeoPref and SocPref subtypes are particularly characterized by a large 

difference in verbal ability (MSEL V-DQ), with females who attend primarily to the social images 

also significantly more advanced in language. The small sample sizes (n=14 and n=20) for the 
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two ASD subgroups in females is a limitation of this study. 

Additionally, consistent with a prior study from a similar, screening referred sample 

(Reinhardt et al., 2015), there were no sex differences on any measure examined from ADOS, 

MSEL or VABS within the ASD group as a whole, or within the TD group. These data suggest 

a very similar presentation for ASD in male and female toddlers, with regard to symptom 

severity in the social communication and restricted, repetitive interests domains, and for verbal 

and nonverbal cognitive abilities and daily functioning. A limitation of this study, however, is 

that the assessments selected may be insensitive for detecting sex differences in restricted 

and repetitive behaviors, as only the ADOS specifically captures this domain and its range of 

scores is limited. 

Another objective of the study was to test the hypothesis of enhanced social attention 

in high risk, non-ASD female toddlers. Our data confirm increased social attention during eye 

tracking in high risk females (16.1% time spent viewing geometric images) compared to low 

risk females (27.5% time spent viewing geometric images). This social attention interaction 

between sex and risk group in toddlers is similar to the prior report by Chawarska et al., of 

enhanced social attention in high risk females according to infant eye tracking during viewing 

of a naturalistic social scene. To further verify this finding, high risk female %Geo scores were 

compared to all other non-ASD female %Geo scores (without requiring an older sibling in the 

low risk female group: n=186, %Geo=25.4%), and this difference was also significant (p=.001). 

High risk females also had the highest verbal developmental scores (significant even 

compared to low risk females), and lowest ADOS total scores of non-ASD groups in the risk 

by sex comparison. To further explore possible sex differences in non-ASD social attention, 

the proportion of toddlers with strong social preference (at least 69% time viewing social 

images of the GeoPref test) was compared across the entire group of N=645 non-ASD 

toddlers, and females were found to have a significantly higher rate of strong social preference 
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(72% of non-ASD females strongly preferred social images) compared to males (65% of non- 

ASD males strongly preferred social images, Chi-squared=3.84, p=.05). So, while the 

GeoPref test is similarly effective for detecting female and male ASD toddlers and no 

diagnostic groups had significant sex differences in %Geo scores, the GeoPref test does 

indicate subtle sex differences in social attention in non-ASD groups of toddlers. 

Increased time spent viewing social scenes may indicate preference for the social, but 

could also reflect increased social vigilance or social anxiety in high risk compared to low risk 

females (Bishop, Veenstra-VanderWeele, & Sanders, 2016). This explanation was offered by 

Chawarska et al., and is consistent with reports that incomplete penetrance of ASD risk genes 

may present as anxiety in the female broader autism phenotype. For example, suggesting 

females can be biologically protected from complete autism penetrance, microdeletions of the 

gene SHANK1 lead to ASD in males, while the same mutation leads to anxiety but not ASD in 

females (Jeste & Geschwind, 2014; Sato et al., 2012). Consistent with this idea, during the 

GeoPref test, perhaps low risk females are more casually engaged, and their occasional looks 

to the geometric images reflect relaxed mind-wandering. High risk females may stay highly 

focused on the social scene due to being less relaxed and more anxiously vigilant. A follow- 

up study employing other measures (e.g. biometrics like galvanic skin response or heart rate) 

combined with eye tracking could investigate this. 

These sex differences may reflect a “female protective effect”, or set of factors that 

protect females from developing ASD, and lead to the greater load of genetic risk factors found 

in females compared to males with ASD (Jacquemont et al., 2014). Whether and how the 

genetic female protective effect is related to behavioral traits found in females more often than 

males that predispose female toddlers toward engaging more with social information, like the 

increased processing of social information shown here, is so far unknown. Regardless of the 

cause of sex differences related to autism spectrum disorder, eye tracking studies with large 



59 

sample sizes such as this one are vital for making comparisons of subgroups that may be more 

homogenous than ASD as a whole, and for giving females with ASD full consideration in clinical 

research. 
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Supplemental Materials 

Table 2.S1: Sex Differences in Clinical Characteristics 

Males Females T test, uncorrected p 

ADOS Social Affect N=633 N=271 

ASD 13.80 (4.6) 12.93 (4.6) .200 

ASD Features 8.77 (5.0) 6.88 (5.6) .335 

DD 4.31 (3.2) 3.76 (3.5) .197 

TD 2.48 (2.2) 2.13 (1.9) .145 

ADOS Restricted Repetitive N=633 N=271 

ASD 4.00 (2.5) 3.46 (1.8) .122 

ASD Features 2.37 (1.9) 2.50 (2.6) .871 

DD 0.90 (1.2) 0.60 (1.0) .046 

TD 0.33 (0.7) 0.21 (0.5) .093 

ADOS Total Score N=633 N=271 

ASD 17.80 (5.9) 16.39 (5.6) .105 

ASD Features 11.14 (6.2) 9.38 (6.4) .462 

DD 5.21 (3.7) 4.36 (4.0) .084 

TD 2.81 (2.4) 2.34 (2.1) .080 

MSEL Non-verbal Development N=612 N=255 

ASD .83 (.2) .85 (.2) .458 

ASD Features 1.01 (.2) 1.07 (.2) .386 

DD .97 (.3) 1.00 (.2) .491 

TD 1.12 (.2) 1.13 (.2) .664 

MSEL Verbal Development N=612 N=255 

ASD .61 (.2) .64 (.2) .484 

ASD Features .83 (.2) .99 (.3) .083 

DD .78 (.2) .86 (.2) .002 

TD 1.05 (.1) 1.06 (.2) .298 

VABS ABC N=633 N=271 

ASD 80.61 (10.1) 80.31 (10.0) .838 

ASD Features 89.74 (10.1) 94.63 (12.3) .232 

DD 90.37 (10.2) 91.82 (10.2) .281 

TD 100.73 (8.8) 101.47 (9.3) .494 
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Table S1 above shows that the only pairwise sex differences that would survive robust 

correction for multiple comparisons in MSEL, ADOS, or VABS (though several others are 

trending) are Verbal-DQ scores in the Developmental Delay group. Note: Scores were 

excluded for subjects whose could not complete all testing in one visit and whose clinical 

testing was more than six months away from the date of eye tracking (n=7). Further, a subset 

of children with the greatest ability were administered the WPPSI rather than the MSEL, and 

their scores are also omitted (n=44). (ADOS - Autism Diagnostic Observation Schedule; MSEL 

- Mullen Scales of Early Learning; VABS - Vineland Adaptive Behavior Scales)

Table 2.S2: Inclusion of ASD features with %Geo >69% as true positive 

69% Geo 
threshold 
for a 
positive 
test 

N=911 
True 
positive = 
ASD only 

N=911 
True 
positive = 
ASD and 
ASD 
Features 

Males 
N=638 
True 
positive = 
ASD only 

Males 
True 
positive = 
ASD and 
ASD 
Features 

Females 
N=273 
True 
positive = 
ASD only 

Females 
True 
positive = 
ASD and 
ASD 
Features 

True 
positive 

60 65 46 50 14 15 

False 
negative 

206 253 161 201 45 52 

False 
positive 

15 10 9 5 6 5 

True 
negative 

630 583 422 382 208 201 

Sensitivity 23% 20% 22% 20% 24% 22% 
Specificity 98% 98% 98% 99% 97% 98% 
PPVa 80% 87% 84% 90% 70% 75% 
NPVb 75% 70% 72% 66% 82% 79% 
ROC AUCc .73 .71 .72 .71 .75 .72 

a & b positive and negative predictive values; c receiver operating characteristic area under the curve 

Table S2 above shows that including subjects from the broader autism phenotype 

group “ASD features” with high %Geo scores as true positives rather than false positives does 

not improve classification statistics for the GeoPref test. 
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Abstract 

Background: The wide range of ability and disability in ASD creates a need for tools that parse the phenotypic 
heterogeneity into meaningful subtypes. Using eye tracking, our past  studies  revealed  that  when  presented  with 
social and geometric images, a subset of ASD toddlers preferred viewing geometric images, and  these toddlers  also 
had greater symptom severity than ASD toddlers with  greater  social  attention.  This  study  tests  whether  this 
“GeoPref test” effect would generalize across different social stimuli. 
Methods: Two hundred and twenty-seven toddlers (76  ASD)  watched a  90-s video,  the  Complex Social  GeoPref 
test, of dynamic geometric images paired  with  social  images of  children  interacting  and  moving. Proportion of 
visual fixation time and number of saccades per second to both  images  were  calculated.  To  allow  for  cross- 
paradigm comparisons, a subset of 126 toddlers also participated in the original  GeoPref test. Measures of cognitive  
and social functioning (MSEL, ADOS, VABS) were collected and related to eye tracking data. To examine utility as a 
diagnostic indicator to detect ASD toddlers, validation statistics  (e.g., sensitivity, specificity,  ROC,  AUC)  were 
calculated for the Complex Social GeoPref test alone and when combined with the original GeoPref test. 
Results: ASD toddlers spent a significantly greater amount of time  viewing  geometric  images  than  any  other 
diagnostic group. Fixation patterns from ASD toddlers  who  participated  in  both  tests  revealed  a  significant 
correlation, supporting  the idea  that  these tests identify a  phenotypically  meaningful  ASD  subgroup. Combined  use  
of both original and Complex Social GeoPref tests identified a subgroup of about 1 in 3 ASD toddlers from the    
“GeoPref” subtype (sensitivity 35%, specificity 94%, AUC 0.75.) Replicating our previous studies, more time looking at 
geometric images was associated with significantly greater ADOS symptom severity. 
Conclusions: Regardless of the complexity of the  social images used  (low  in  the  original  GeoPref  test vs  high in 
the new Complex Social GeoPref test), eye tracking of toddlers can accurately identify a specific ASD “GeoPref” 
subtype with elevated symptom severity. The GeoPref tests are predictive of ASD at the individual subject level and 
thus potentially useful for various clinical applications (e.g., early identification, prognosis, or development of subtype-
specific treatments). 
Keywords: Eye tracking, Autism spectrum disorder, Early identification, Social attention, Geometric preference 
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Background 
Autism spectrum disorder (ASD) encompasses a hetero- 
geneous collection of phenotypes. Some individuals with 
ASD are highly capable, verbally fluent individuals who 
view their autism as a benign difference requiring an in- 
crease in tolerance and acceptance from the neurotypical 
community rather than a cure [1]. Others with ASD are 
severely impaired with minimal  ability for  self-care  or  
for communicating their perspectives or needs [2–4]. It 
may be possible to maximize impact of  treatment  for 
those with particularly challenging forms of ASD by 
intervening early in the development of symptoms [5–7]. 
Neurobiological differences between people who  will  go on 
to be diagnosed with ASD and those who will not have been 
traced back to even prenatal stages of development [8–10]. 
Differences in behavioral presentation at the group level be- 
tween children who will and will not go on to be diagnosed 
with ASD have been found as early as 6 months [11–13]. 
However, according to recent Centers  for  Disease  Control 
and Prevention reporting, most children on the autism 
spectrum in the  USA are  not diagnosed  until after  the  age 
of 4 [14]. The development of effective tests that can reliably 
identify in their infancy which individuals will go on to be 
diagnosed with autism, and whether that autism will ultim- 
ately be mild or severe, is in its very early stages. 

Clinician judgments of observed behavior, though 
vulnerable to subjective bias, remain the  gold  standard  
for ASD identification [15]. This state of affairs persists 
despite widespread acceptance that the  origins  of  ASD 
are neurobiological and that  therefore  the  development  
of highly objective tests should be achievable [16]. Eye 
tracking is a methodology with great potential clinical 
utility for screening, diagnosis, and early  detection  of 
ASD [17]. It is objective, quantitative, non-invasive, rela- 
tively inexpensive and easy to use, and appropriate for very 
young infants and many levels of functioning [18, 19]. 
Moreover, while basic oculomotor functioning has  been 
shown not to differ in fundamental ways [19] between ASD 
and controls (although see [20,  21]  for  notable   differences 
in spontaneous fixation durations and attentional disen- 
gagement), patterns of viewing socially relevant information 
reveal the phenotypic differences between ASD and typical 
development [22]. When paired with stimuli and tasks that 
have been well explored by the field of neuroscience, eye 
tracking may move us toward  clinical approaches  grounded  
in knowledge of the disrupted neural circuitry of ASD, with 
the goal of improved treatment impact [23]. 

Eye tracking studies of toddlers and  young  children 
with ASD have reported less time attending to biological 
motion [24], less attention to people’s heads and more to 
bodies [25], less time viewing people and faces within a 
complex scene [13], and, when viewing faces, less time 
spent viewing the key feature components [26]. Young 
children with ASD also exhibit atypical gaze-following 

behavior during eye tracking paradigms [27] which is 
important because gaze-following is a key precursor to 
the development of joint attention [28]. Joint attention 
skills are critically associated with language acquisition 
in typically developing children [29] and with language 
and social deficits in ASD [30]. Though it has not been 
demonstrated, the social differences and difficulties of 
adults with ASD could possibly be influenced by the 
long-term, cumulative impact of this abnormal visual 
attention to what is socially meaningful during develop- 
ment [31–33]. Abnormal non-social attentional compo- 
nents (e.g., disengagement) likely add complexity to this 
explanation as well [34]. Intervention studies focused on 
improving joint attention skills have yielded promising 
results thus far, suggesting it may be feasible to alter this 
course of events as ASD unfolds across childhood [35]. 

Despite the many insights into ASD development 
stemming from eye tracking research, difficultly when 
comparing results from different eye tracking studies of 
ASD toddlers has been noted [22]. This is in  part  be- 
cause seemingly minor changes to the stimuli presented 
may alter the results considerably. For example, in separ- 
ate studies, Jones [31] and Chawarska  [36]  presented 
video stimuli to ASD toddlers of similar ages (mean age 
2.1 years, standard deviation .65 years, and the 13- to 
25-month age range, respectively). Both studies included
a complex stimulus background with toys and other
objects, in front of which was a centrally located female
actress who looked directly into the camera while trying
to attract attention with child-directed speech. However,
Jones (2008) found increased looking to the mouth
region and decreased looking to the eye region in ASD
children compared to contrast groups. Chawarska, on
the other hand, found decreased looking time to the face
and specifically to the mouth region and increased look-
ing to the hands in ASD children, yet no differences in
eye region fixation per se, compared to contrast groups.
There are various possible explanations for this discrep-
ancy, and several authors have previously commented
on it [22, 37]. Regardless of the cause, the sharp incon-
sistency of findings between such studies suggests that
results when eye tracking toddlers with ASD can be very
sensitive and may not generalize robustly or replicate
unless many factors are controlled.

In contrast, the current eye tracking study examines 
whether the GeoPref test effect is robust against changes 
to the social images presented in a conceptual replica- 
tion of the “GeoPref” subtype effect identified in our 
previous work (see Fig. 1). Specifically, in 2011, Pierce et 
al. reported eye tracking data from a preferential looking 
task showing that preference for viewing geometric ra- 
ther than social stimuli is a risk factor for an autism 
diagnosis in toddlers [38]. In 2016, Pierce et al. reported 
that this Geometric Preference (GeoPref) test identifies 
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an ASD subtype with increased symptom severity com- 
pared to ASD children who preferentially view social im- 
ages [39]. Individuals in the GeoPref ASD subtype, who 
spent more than 69% of looking time viewing geometric 
stimuli, had higher ADOS scores, lower MSEL receptive 
and expressive language and visual reception scores, and 
lower Vineland scores for adaptive behavior. 

The current study tests the Geometric Preference 
phenomenon identified previously by varying the social 
stimulus presentation’s total length, scene length, and 
complexity of social interactions. The original study 
shows full body or large, dance-like movements and uni- 
formly positive affect. The current study depicts a 
broader range of expressed emotions including surprise 
and anger, as well as happiness, and shows socially 
meaningful but physically more subtle actions like whis- 
pering in another’s ear, hugging, and one child sticking 
out her tongue at another. As in the original test, these 
social stimuli portray biological motion and faces 
(though with less biological motion and more varied 
facial expressions), keeping the paradigm closely linked 
to stimuli that have been often used by cognitive neuro- 
science in attempts to map the social brain [40–42]. 
These complex social vignettes unfold more gradually 
than the actions in the original stimuli; therefore, the 
stimulus video is longer overall and composed of longer 
individual scenes. The geometric stimuli were not al- 
tered, other than by selecting a subset and extending the 
duration of presentation per scene to match the dura- 
tions to the social stimuli. This was done so that by 

isolating the social variables only, we could conclude 
that changes in the pattern of responses to viewing the 
stimuli were due to the social scene manipulation, thus 
avoiding any confounds. Because toddlers with ASD are 
more likely to have a reduced interest in social stimuli, 
we considered the fact that the sensitivity of the test 
(which was around 23% for the original GeoPref test) 
might improve if we altered the complexity of the social 
stimuli. That is, we predicted that a greater percentage 
of ASD toddlers may find the social side uninteresting 
(and would thus fixate on the geometric images instead) 
if it were made more complex. However, for typical tod- 
dlers, it may increase their interest in the social side if 
social interactions were depicted, which would poten- 
tially increase group differences. 

In a meta-analysis of 38 articles comparing ASD and 
TD children using eye tracking [43], Chita-Tegmark re- 
ports that increasing the social content of stimuli by 
showing more than one person is the factor that best re- 
veals the differences in social attention between ASD 
and TD groups. We tested the hypothesis that the ori- 
ginal GeoPref test identifies a stable subtype of autism 
characterized by robust patterns of decreased social at- 
tention and increased attention to geometric repetition 
and therefore that the Complex Social GeoPref test 
should generally replicate the findings of the original 
GeoPref test, perhaps with amplified effects due to 
changes to the social stimuli used. That is, ASD children 
were predicted on average to have greater fixation times 
on geometric images than contrast groups, and above 

Fig. 1 Examples of stimuli. a Sample image from the original GeoPref test which consists of a 60-s video composed of 28 scenes, 26 of which involve 
one individual’s movement (while the other two scenes include twins moving side by side). ©2003 Gaiam Americas, Inc., Courtesy of Gaiam Americas, 
Inc. As each social scene switches to a new actor, the paired geometric scene switches simultaneously to differen t colors and moving shapes. b 
Sample image from the Complex Social GeoPref test which consists of a 90-s video composed of nine scenes, five of which include two children 
interacting and four of which include one child moving enthusiastically. As each social scene changes, the pai red geometric scene also switches 
simultaneously to a different color and moving shape, as in the original GeoPref test 
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some threshold, all children with  sufficiently  high 
fixation time on geometric images were predicted to be 
ASD children. Further, ASD children who complete both 
tests within the appropriate age range were predicted to 
have fairly stable scores. Additionally, the ASD children 
with greatest fixation times on geometric images, the 
GeoPref ASD subtype, were predicted to also have worse 
cognitive, language, and social skills based on MSEL, 
ADOS, and VABS scores compared with ASD children 
with the least geometric fixation times  (the  ASD 
“SocPref” subtype). 

Methods 
Participant recruitment 
Two hundred and seventy toddlers enrolled in and com- 
pleted this study. Of the 270, 43  were  excluded  from 
data analysis for reasons detailed in Additional file 1: 
Figure S1 (e.g., vision abnormality, tantrum during eye 
tracking), leaving a final study sample of 227 toddlers. 
Their ages ranged from 12 to 48 months (mean 
29.5 months, standard deviation 9.5). Two hundred and 
eleven of the 227 subjects in the present study (93%) 
were new and non-overlapping with our past two eye 
tracking papers [38, 39]. Of the 227 participants, 126 
completed both the Complex Social GeoPref eye track- 
ing test newly described herein and the original GeoPref 
test described in previous publications [38, 39, 44]. 
Sixty-eight of these 126 (54%) completed the original 
GeoPref test first, and 58 (46%) completed the Complex 
Social GeoPref test first, and no age differences were 
found between groups at either time point. The 
remaining 101 subjects completed the new Complex 
Social GeoPref test but not the original GeoPref test. 

All diagnostic, psychometric and eye tracking tests 
took place at the University of California San Diego 
Autism Center. During data collection time periods, any 
child receiving an autism evaluation, regardless of 
referral source, was included in eye tracking testing. 
Fifty-four percent of the sample of 227 were referred to 
us by their pediatrician who participates in our general 
population-based screening method called the 1-Year 
Well-Baby Check-Up Approach [44]. This allows for the 
prospective study of ASD, as well as global developmen- 
tal and language delay or other delays, beginning as early 
as 12 months, typically based on a toddler’s failure of the 
CSBS-DP Infant-Toddler Checklist [45]. Occasionally, a 
child is referred by a participating pediatrician between 
ages 2 and 3 so the CSBS is no longer applicable, or be- 
cause there is concern regarding the child’s development 
despite a passing score on the CSBS questionnaire. The 
remaining 46% of subjects were not referred by their pe- 
diatricians. These participants either self-referred due to 
parental concern about their child’s development, or par- 
ticipated as controls. Though they were not referred 

after pediatrician screening for developmental delays, 
these children received identical testing to the screening 
referred group during their evaluations at the UCSD 
Autism Center. ASD children comprise 38% of the 
group referred through pediatrician screening and 29% 
of the self-referred group, and this difference falls short 
of statistical significance (chi-squared = 2.09, p = .15). 
Mean age at eye tracking for the pediatrician screening 
referred group was 29.9 months; mean age for the self- 
referred group was 29.0 months at eye tracking. 

Diagnostic and psychometric assessments 
At each visit, assessments were administered at  UCSD 
Autism Center by PhD-level licensed clinical psychologists 
and included the Autism Diagnostic Observation Schedule 
(ADOS) module T, 1, or 2 [46], Mullen Scales of Early 
Learning (MSEL) [47], and Vineland Adaptive Behavior 
Scales (VABS) [48]; additional family and medical histories 
were also obtained. Toddlers who participated  when  youn- 
ger than age 30 months were longitudinally tracked and 
diagnostically evaluated every 6–12 months until age 3 years 
when a final diagnosis was given. Any child receiving an 
evaluation during the data collection time period was 
administered eye tracking for this  study,  regardless  of 
whether their visit was an intake  appointment,  a follow-up, 
or a final diagnostic appointment. Table 1 presents charac- 
teristics of the sample. 

The study sample consisted of six discrete diagnostic 
groups of toddlers: 76 ASD, 11 ASD features, 56 DD, 51 
TD, 22 Other, and 11 TypSib. The ASD group included 
toddlers who met DSM criteria for Autistic Disorder or 
PDD-NOS (DSM IV) or ASD (DSM V) at their final 
diagnostic evaluation. The ASD features group had sig- 
nificant ASD symptoms and/or elevated ADOS scores 
during at least one evaluation but did not meet full cri- 
teria for ASD at their final longitudinal evaluation. The 
DD group included transient and persistent language 
delay and global developmental delay determined by 
MSEL scores. The TD group included “type 1 errors,” 
children who failed the CSBS screening at a pediatric 
visit but tested within typical levels on ADOS, MSEL, 
and VABS during their evaluations, as well as typically 
developing toddlers who both passed the CSBS and 
tested within the typical range on ADOS, MSEL, and 
VABS tests during their evaluations. In the TypSib group 
were unaffected toddlers with siblings with ASD who 
tested within the typical range during their evaluations. 
In the Other group were toddlers with a wide array of 
other conditions such as social anxiety or a tic disorder. 
For this study, 83% of the overall sample received a final 
diagnostic assessment at 30 months or older (mean age 
38.3 months). The remaining 17% (13 ASD, 18  DD,  4  
TD, 2 TypSib, 1 Other) were assigned to a diagnostic 
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Table 1 Participant characteristics of overall sample 
1) ASDa 2) ASD feat. 3) DD 4) TD 5) Other 6) Typical

sibling ASD 
ASD vs 
2), p= 

ASD vs 
3), p= 

ASD vs 
4), p= 

ASD vs 
5), p= 

ASD vs 
6), p= 

Sex, M/F 70/6 10/1 36/20 30/21 11/11 4/7 n/a n/a n/a n/a n/a 
Age at eye 30.0 (8.8) 31.9 (8.9) 26.8 (9.5) 29.7 (9.5) 33.6 (10.3) 27.8 (11.2) NS NS NS NS NS 
tracking, months 
Mean (SD) [range] 

[12.1–47.4] [15.8–40.7] [12.4–46.0] [12.9–47.5] [13.1–47.7] [12.2–44.6] 

MSEL AEb scores/true age 

Visual reception .79 (.18) .94 (.24) .93 (.19) 1.16 (.18) 1.05 (.20) 1.17 (.16) NS < .001 < .001 < .001 < .001 

Fine motor .79 (.18) .90 (.13) .96 (.18) 1.04 (.13) .95 (.20) 1.04 (.16) NS < .001 < .001 < .01 < .001 

Receptive 
language 

.58 (.28) .82 (.24) .79 (.24) 1.10 (.16) 1.0 (.23) 1.03 (.15) < .05 < .001 < .001 < .001 < .001 

Expressive 
language 

.60 (.26) .72 (.20) .64 (.23) 1.04 (.17) .99 (.25) 1.04 (.13) NS NS < .001 < .001 < .001 

VABSc standard scores 

Communication 75.2 (18.8) 90.8 (17.2) 84.6 (15.4) 104.1 (9.8) 98.8 (12.0) 101.5 (5.1) < .05 < .05 < .001 < .001 < .001 

Daily living 82.4 (15.5) 99.2 (11.7) 92.2 (13.2) 101.1 (9.3) 96.7 (15.2) 98.4 (11.6) < .005 = .001 < .001 < .001 < .005 

Socialization 80.1 (16.1) 96.0 (11.3) 96.4 (11.2) 102.7 (9.2) 97.4 (13.7) 104.4 (6.6) < .005 < .001 < .001 < .001 < .001 

Motor skills 87.8 (17.3) 96.6 (10.4) 91.0 (13.4) 99.7 (9.6) 94.8 (13.3) 99.9 (6.5) NS NS < .001 NS NS 

Composite score 78.8 (15.8) 94.6 (11.7) 88.6 (11.2) 102.7 (10.4) 96.1 (13.1) 100.9 (5.7) < .005 < .001 < .001 < .001 < .001 

ADOSd module T, 1, or 2 

SAe 13.2 (4.2) 6.2 (5.5) 4.3 (3.1) 2.5 (1.7) 4.3 (3.7) 3.1 (2.2) < .001 < .001 < .001 < .001 < .001 

RRBf 3.7 (2.0) 2.0 (1.5) 0.8 (1.8) 0.4 (0.8) 0.4 (0.6) 0.5 (0.5) < .05 < .001 < .001 < .001 < .001 

Total score 16.9 (5.2) 8.2 (6.0) 5.2 (3.8) 2.9 (2.0) 4.7 (4.0) 3.6 (2.0) < .001 < .001 < .001 < .001 < .001 
aSee text for descriptions of diagnostic groups ASD, ASD Feat., DD, TD, Other, Typical Sibling ASD 
bMullen Scales of Early Learning, Age Equivalent 
cVineland Adaptive Behavior Scales 
dAutism Diagnostic Observation Schedule 
eSocial Affect Score 
fRestricted and Repetitive Behaviors Score 

group  based  on  a  diagnosis   given   between   18   and 
30 months (mean age 24.2 months). 

Movie, apparatus, and eye tracking procedure 
The Complex Social GeoPref test contained a 90-s 
movie composed of two large, rectangular areas of inter- 
est (AOIs) side by side (see Fig. 1) where one AOI dis- 
played geometric patterns and the other social scenes. 
There was no audio. The geometric patterns were a sub- 
set of those of the original 60-s GeoPref test [38]; how- 
ever, each geometric pattern was repeated for a longer 
time interval to achieve a 90-s test. Each social scene 
was paired with one of the moving, colorful geometric 
patterns, and when each social scene changed, each geo- 
metric pattern also changed. The social scenes included 
five scenes showing two children interacting. The inter- 
actions were dance-like twisting side by side, jumping to 
a high-five, whispering a secret then appearing surprised, 
whispering a secret then hugging, and teasing by sticking 
out tongues then stomping on the other’s foot. To allow 
for cross-paradigm comparisons, a subset of 126 tod- 
dlers participated in the original GeoPref  test identical 
to Pierce et al. [38] as well as the new Complex Social 

GeoPref test on separate visits. Unlike the complex so- 
cial scenes in the present design, in the original GeoPref 
test, all scenes similarly showed children doing rhythmic, 
dance-like movements all displaying a uniformly positive 
affect. See Fig. 1 for sample images and the movie clip 
“Additional file 2” for more details. 

Eye tracking data were collected while toddlers, seated 
on a parent’s lap, viewed these videos from 60 cm dis- 
tance on a 17″ thin-film transistor monitor using the 
Tobii T-120 system set at 60 Hz. Five-point calibration 
was first performed with Tobii Studio software using an 
animated image with sound presented at known X-Y co- 
ordinates. Eye tracking data were collected only if the 
calibration result fell within the parameters reported by 
the manufacturer to yield an accuracy of 0.5° [49]. Each 
AOI subtended 12.9° horizontally and 9.1° vertically. 
This use of large, simple AOIs facilitated correct meas- 
urement of the infant/toddler population, who can yield 
data with accuracy below levels reported for adults 
under optimal conditions [50]. More information about 
data spatial accuracy is provided in the Additional file 1. 

Fixations were classified based on gaze data averaged 
from both eyes using a velocity threshold Tobii Fixation 
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Filter set to 35 pixels/window, which  interpolates  to  fill 
in data loss of less than 100 ms. For each subject, num-  
ber of fixations, duration of each fixation, and sum of 
fixation time within the two AOIs (social and geometric) 
were calculated. Sum of fixation time per AOI was di- 
vided by total sum of fixation time for both AOIs to de- 
rive proportion of time spent on each AOI (i.e., “%Geo” 
and “%Soc”) and to correct for  missing  data.  Subjects 
with excessive missing data (i.e., less than 30 s of data)  
due to attending to neither AOI or due to  inability  to 
track eye gaze (e.g., during excessive movement) were 
excluded, in order to  preclude  inaccurate  measurement 
of number or length of fixations  and  saccades.  Number 
of fixations per AOI was divided by sum of fixation time 
for that AOI to derive saccade frequency as saccades per 
second, which was also reported in our prior publication 
[39]. See the Additional file 1: Figure S1 for the complete 
description of exclusion criteria and lab practices for 
assuring data accuracy and precision, and also the results 
regarding saccade per second differences between groups. 

Statistical analyses 
Percent of total fixation duration to geometric vs complex 
social stimuli 
No age differences were found between diagnostic groups 
(one-way ANOVA with no overall effect of age; see Table 1). 
To compare percentage of total fixation time within the 
geometric AOI between groups, a one-way ANOVA was 

described above: homogeneity of variance was assessed 
and no significant age difference between groups was 
found, so independent samples t tests were used to com- 
pare scores on ADOS, MSEL, and VABS scores. These 
comparisons presented in Table 2 are reported one- 
tailed based on a priori hypotheses from our 2016 
manuscript regarding the direction of differences. 
Correction for multiple comparisons was performed 
using the Benjamini-Hochberg procedure. Cohen’s d 
effect sizes are reported as well. 

Clinical classification performance: sensitivity, specificity, 
PPV, NPV, and ROC curve 
To assess the ability of the Complex Social GeoPref test 
to discriminate toddlers with ASD from other toddlers, 
sensitivity, specificity, positive predictive value (PPV), 
negative predictive value (NPV), and Receiver Operating 
Characteristic (ROC) area under the curve were deter- 
mined. For consistency and comparison with our past 
publications, 69% looking time to geometric images was 
used as the cut-off for a positive result. Although PPV 
and NPV for a general population ASD screening tool 
would be calculated based on the 1/68 prevalence rate 
for ASD [14], the GeoPref tests are best suited as second 

Table 2 Participant characteristics of ASD subgroups 

performed (diagnostic group (6 levels) × %Geo (1 level)). A 
significant main effect was followed by Bonferroni- 

ASD GeoPref ASD SocPref t test, 
subtype subtype corrected p 

Cohen’s 
d 

dependent  variable,  and  a  data  quality  measure  (percent of 

calculated in the same manner: one-way ANOVAs were 

and %Soc scores, within ASD analyses focused on differ- 
ences in clinical characteristics between the subtypes 
“GeoPref” and “SocPref” followed strategies like those 

bVineland Adaptive Behavior Scales 
cAutism Diagnostic Observation Schedule 
dSocial affect 
eRestricted and repetitive behaviors 

corrected post hoc pairwise comparisons. Prior to selecting Sex, M/F 13/1 15/2 n/a 
these analysis strategies, homogeneity of variance was con- Age at eye 31.2 (9.2) 28.7 (7.2) .40 .30 

tracking, months [13.8–47.2] [16.4–45.4]
firmed with Levene’s test. To confirm that differences in Mean (SD) [range] 
data  quality  between  diagnostic  groups  were not impacting MSELa age equivalent scores/true age 
the  reported  results,  an  ANCOVA  was  performed as well, Visual reception .76 (.17) .81 (.23) .50 .25 
with  six  diagnostic  groups  as  a  fixed  factor,  %Geo as the Fine motor .76 (.19) .82 (.18) .41 .32 

valid samples obtained) as a covariate. There was no signifi- Receptive language .46 (.25) .68 (.26) .03 .86 

cant effect of the data quality metric (F5,221 = .011, p = .916). Expressive language .53 (.26) .67 (.30) .19 .50 

VABSb standard scores  

Relationships between percent of total fixation duration Communication 71.0 (16.0) 81.5 (16.0) .08 .66 
and clinical characteristics Daily living 80.9 (15.2) 84.1 (15.3) .57 .21 
All  statistical  values  for  clinical  scores  presented  in Socialization 77.1 (12.7) 84.8 (14.4) .13 .57 
Table 1, namely, those of ADOS, MSEL, and VABS, were Motor skills 84.4 (10.7) 95.7 (15.0) .03 .87 
performed with post hoc pairwise tests and Bonferroni Composite score

75.6 (12.7) 84.2 (15.9) .11 .60 

corrections.  The  relationship  between Complex Social ADOSc module T, 1, or 2 
GeoPref %Geo scores and ADOS total scores was SAd 16.7 (3.2) 11.4 (4.1) < .001 1.4 

assessed with Spearman’s rank-order correlations. After RRBe 4.2 (2.5) 3.1 (1.7) .15 .51 
identifying the ASD children with the strongest prefer- Total score 20.9 (4.4) 14.5 (4.2) < .001 1.5 
ences  for  geometric  and  for  social  images using %Geo aMullen Scales of Early Learning 
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tier tools, administered after a questionnaire screener 
which has higher sensitivity but lower specificity. There- 
fore, PPV and NPV were calculated here against the 
ASD rate in our sample (i.e., 1/3). This rate reflects a 
PPV and NPV that might be expected at a general ASD 
and developmental disorder diagnosis and evaluation 
clinic, where children are referred primarily due to fail- 
ing a first-tier screening tool (i.e., the CSBS-DP Infant 
Toddler Checklist). Classification statistics are presented 
separately for the entire sample and for screening 
referred children only without including self-referred 
children. However, it is to be expected that in a real- 
world clinical setting, self-referrals will naturally occur 
as there are many ways outside of pediatrician screening 
(e.g., Google searching) that community members might 
become aware of the availability of evaluation services 
and then self-refer. 

Because the greatest challenge to clinicians is distin- 
guishing ASD toddlers from toddlers with other sorts of 
delays, these classification performance measures were 
also calculated without the inclusion of TD and TypSib 
groups and are presented in  the  Additional  file  1. 
Because 69% was chosen in our previous work by setting 
the test’s specificity to 99%, classification performance 
values are also reported for the cut-off that gives a 
specificity of 99% on the Complex Social GeoPref test 
(75% of looking time to geometric images) in the 
Additional file 1. Use of the  Complex  Social  GeoPref 
test in order to rule out a  diagnosis  of  ASD,  where 
having a %Geo score below a certain threshold is 
considered positive, plus  having  any  diagnosis  other 
than ASD is considered  true  positive,  is  examined  in 
the Additional file 1 with regard to sensitivity, specifi-  
city, PPV, NPV, and AUC. 

Comparing and combining of complex social and original 
GeoPref tests 
Differences between the Complex Social GeoPref and 
original GeoPref tests for the subset of children who 
completed both tests in the percentage of time viewing 
geometric stimuli (%Geo scores) were investigated in 
several ways. Paired samples t tests were used to  com- 
pare %Geo scores for the two tests for each diagnostic 
group. Degree of correlation between test scores for in- 
dividual children who completed both tests was assessed 
with Spearman’s rank-order  correlation.  Use  of  both  
tests by a single child, where a positive score on  either  
test (or both tests) is considered a positive  result,  was  
also examined with regard to sensitivity, specificity, PPV, 
NPV, and AUC. AUC for this two-test model was deter- 
mined based on predicted probabilities calculated using 
binary logistic regression with %Geo scores for the two 
tests as covariates. 

Results 
Percent of total fixation duration of the six diagnostic 
groups to geometric vs complex social stimuli 
In our new Complex Social GeoPref test, geometric im- 
ages attracted significantly more looking time in ASD than 
in TD, DD, and other groups (F5,221 = 9.1, p < .001, partial 
eta-squared = .17; ASD vs TD, p < .001, Cohen’s d = .85; 
ASD vs DD,  p < .001,  Cohen’s  d = 1.0;  ASD  vs  other, 
p < .005,  Cohen’s  d = .96).  Toddlers  with  ASD   spent 
an average of 48.4% of their time looking at geometric 
images (95% confidence interval (CI) range 43.6–53.2%); 
TD toddlers 31.2% of their time (95% CI 25.8–36.6%); DD 
toddlers 28.6% of their time (95% CI 23.8–33.4%); and 
other toddlers 30.0% of their time (95% CI 22.5–37.6%). 
Toddlers with ASD also looked more at geometric images 
than TypSibs (mean 32.8%, 95% CI 20.8–44.7%) and ASD 
features (mean 39.0%, 95% CI 28.9–49.0%), but these 
differences were not statistically significant, perhaps due  
to small sample sizes in the latter two study groups. See 
Fig. 2. 

Within ASD: differences between the ASD GeoPref and 
ASD SocPref subtypes 
Percent of total fixation duration per AOI and clinical 
characteristic comparisons 
In order to compare clinical characteristics associated 
with ASD toddlers at either end of the fixation 
spectrum [39] (i.e., those who strongly preferred 
geometric images and those who strongly preferred 
social images), ASD toddlers were identified who were 
either the ASD GeoPref subtype (> 69% time looking 
at geometric images) or the ASD   SocPref   subtype 
(> 69% time looking at complex social images). The 
mean %Geo looking score for the ASD GeoPref sub- 
type was 80.5% (or 19.5% social looking), and the 
mean %Soc looking score for the ASD SocPref sub- 
type was 80.3% (or 19.7% geometric looking). 

Clinical differences  between  the  two  ASD  subtypes 
are shown in Table 2. Similar to  our  previous  reports 
[39], as compared to  the  ASD  SocPref  subjects,  the 
ASD GeoPref subjects  had  significantly  increased 
ADOS social affect (t29 = 4.0, p < .001, Cohen’s d = 1.4) 
and total scores (t29 = 4.2, p < .001, Cohen’s d = 1.5). 
Further, across the entire group  of  76  toddlers  with 
ASD,  %Geo  scores  on  the  Complex  Social  GeoPref 
test were significantly  correlated  with  ADOS  total 
scores, that  is, those with  greater  preference  for  look- 
ing at the geometric stimuli had  more  severe  autism 
scores (Spearman’s rho = .43, p < .001), and this is pre- 
sented in the Additional file 1. The  ASD  GeoPref 
subjects appeared to also have lower mean Mullen re- 
ceptive language scores, and lower Vineland  motor 
scores, with moderate Cohen’s d effect sizes. 
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New Complex Social GeoPref test vs original GeoPref  test 
Eye tracking data were examined from 126 of the 227 
study subjects (37 ASD, 10 ASD features, 30 DD, 32 TD, 
7 Typ-Sibs, 10 other) who completed both the new 
Complex Social GeoPref test and the original GeoPref 
test on separate visits to the center. Sixty-seven com- 
pleted the original GeoPref test first (mean age 
27.3 months at original GeoPref testing) and 59 com- 
pleted the Complex Social GeoPref test first (mean age 
29.0 months at Complex  Social  GeoPref  testing),  and 
this age difference was not significant. Further, no diag- 
nostic group differences in age at testing were found. 

Across all diagnostic groups, the mean difference 
between the Complex Social GeoPref and original 
GeoPref tests in percent time looking  at  geometric 
images (%Geo) was 1.3% (%Geo = 35.4% for the Com- 
plex Social vs %Geo = 34.1% for the original GeoPref 
test), and this was not significant  (t125  = 0.6,  p  = .60).  
For the ASD group, the mean  %Geo  score  was  48.7% 
for the Complex Social and 44.7% for the original 

GeoPref tests,  which  was  a  non-significant  difference 
(t35 = 1.0, p = .31). 

There was a significant within-subject correlation in 
%Geo of total fixation duration  across  the  Complex 
Social and original GeoPref tests across all study subjects 
(N = 126; Spearman’s r = .25, p < .005) and within the 
ASD group (N = 37; Spearman’s r = .47, p < .005). See 
Fig. 3. For TD and DD groups, these scores were not 
significantly correlated. 

ROC comparisons were all examined, with rates of 
specificity, sensitivity, PPV, NPV, and AUC compared 
between the Complex Social  and  original  GeoPref  tests 
in Table 3. AUC was 0.74 for the Complex Social Geo- 
Pref test. For comparison, AUC was 0.71 for the original 
GeoPref test in Pierce et al. (2016). Removal of typically 
developing children from analysis and focusing on children 
with some sort of delay or disorder further improved AUC 
to 0.75 (see Additional file 1). Re- moval of self-referred 
children and focusing on  screening referred only yielded 
an AUC of 0.73. 

Fig. 2 Scatterplot of % time viewing geometric images (total fixation duration while viewing the dynamic geometric stimulus, divided by total 
fixation duration to the geometric and social stimuli combined) for all subjects who completed the Complex Social GeoPref test (n = 227) sorted 
by diagnostic group. Boxplots show median, range, and first and third quartiles 
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Clinical classification performance: combination of new 
and original GeoPref tests 
AUC, sensitivity, specificity, and PPV and NPV values 
were then examined when using a two-test screening 
model on data from the 126 subjects who participated in 
both the Complex Social and original GeoPref tests in 
order to determine if use of two tests enhanced classifica- 
tion performance. Results are shown in Table 4 (see data 

Table 3 Clinical classification performance, comparison of 
original and Complex Social Geopref tests 

in the left two columns). Sensitivity increased substantially 
from 18% for the Complex Social test alone (Table 3) to 
35% with two tests, while specificity remained high. AUC 
calculated for this two-test model was 0.75. Pilot results in 
the Additional file 1 suggest this enhancement does not 
occur if the two tests are given immediately back-to-back 
but only if separated in time. 

Classification performance of the combination of the 
two tests for screening referred toddlers only was also 
examined. Results are shown in Table 4 (data in the right 
two columns). Again, sensitivity increased substantially 

69% Geo threshold All available 
subjects 
N = 444 

All available 
subjects 
N = 227 

Screening 
referred 
subjects only 
N = 122 

from 18% (Table 3) to 33%, while specificity remained 
high. AUC calculated for this two-test model applied to 
screening referred toddlers only was 0.73. 

True positive = ASD 
only 

Original GeoPref 
test (2016) 

Complex Social 
GeoPref test 

Complex Social 
GeoPref test Discussion 

True positive 35 14 10 

False negative 117 62 36 

Specificity (%) 99 97 96 

Debate and controversy regarding the replication of 
findings from the biological sciences and psychology 
have been common in recent years [51, 52]. In contrast, 
the Geometric Preference effect in toddlers with autism 
has now been replicated multiple times in both direct, 
identical replication [39] and in this conceptual replica- 
tion with varied social stimuli. Following our original 

Positive predictive 
value (%) 

Negative predictive 
value (%) 

Area under 
ROC curve 

90 78 77 

71 70 67 

.71 .74 .73 

report in 2011 [38], independent laboratories have also 
reported similar findings, e.g., [53, 54]. The Complex 
Social GeoPref test has 97% specificity for ASD in our 
sample, which is especially high given that our sample 
contains toddlers with a large variety of presentations 
beyond typical development and ASD, including 

Fig. 3 Correlation between original and Complex Social GeoPref Tests. Scatterplot illustrating % Geo scores (summed fixation duration while 
viewing the dynamic geometric stimulus, divided by total fixation duration to the geometric and social stimuli combined) for each test for each 
subject in the ASD group who completed both eye tracking tests on separate visits across the span of the study 

False positive 4 4 3 

True negative 288 147 73 
Sensitivity (%) 23 18 22 
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Table 4 Clinical classification, two tests: combined original and Complex Social Geopref Tests 
69% Geo threshold All available subjects 

N = 126 
All available subjects 
N = 126 

Screening referred subjects only 
N = 82 

Screening referred subjects only 
N = 82 

Positive = positive on 
either test 

ASD only = true 
positive 

ASD + ASD features = true 
positive 

ASD only = true positive ASD + ASD features = true 
positive 

True positive 13 15 9 11 

False negative 24 32 18 23 

False positive 5 3 5 3 

True negative 84 76 50 45 

Sensitivity (%) 35 32 33 32 

Specificity (%) 94 96 91 94 

Positive predictive value (%) 72 83 64 79 

Negative predictive value (%) 78 70 74 66 

Area under ROC curve .75 .78 .73 .76 

language delay and global developmental delay. In com- 
parison, genetic biomarkers of ASD are often pleiotropic 
and therefore also associated with a number of other 
neurodevelopmental disorders, so they can have poor 
specificity [1], as well as low sensitivity due to the large 
number of different genetic inputs that converge on the 
ASD phenotype [55]. Effective usage of GeoPref tests 
would involve prescreening such as we have done here 
using the CSBS at pediatrician offices; therefore, positive 
predictive value need not be measured against the 1/68 
base rate of ASD in the general population [9]. Without 
high specificity tests, applied correctly, with results com- 
municated appropriately, false positives do result in in- 
advertent harms in the process of early identification for 
infants at risk for ASD [56]. These harms include the 
family’s exposure to stress and stigma and the unneces- 
sary usage of somewhat scarce and costly intervention 
services [57]. It has been shown that pediatricians do 
not refer a significant portion of children who fail 
screenings for developmental delays, probably due in 
part to concern regarding the potential for false positive 
results [58]. Therefore, the availability of screening tools 
with few false positives could significantly impact the 
efficacy of screening procedures used for early identifica- 
tion of ASD. 

Because the GeoPref tests, both the original and the 
Complex Social version, detect a subtype of ASD, sensi- 
tivity is considerably lower than specificity: at optimal 
specificity, the Complex Social GeoPref test will catch 
about 1 in 5 children with autism, while the rate for the 
original GeoPref test is about 1 in 4.However, here we 
show that when the two tests are used in combination 
across separate  testing  sessions,  the  correct  detection 
rate is 1 in 3 and specificity remains high at about 94% 
(Table 4). Further, as can be seen in Fig. 2, the range of 
%Geo scores for ASD children does not extend as low as 
that of other groups, which is not a property of the 

original GeoPref test. If borne out by further data, this 
could be of value clinically as a means of ruling out ASD 
in certain children who are exhibiting some ambiguous 
warning signs but have very low %Geo scores, in order 
to shift them away from unnecessary ASD services. This 
result is described in more detail in the Additional file 1. 
Future research will work toward creating a battery of 
multiple eye tracking tests in order to further increase 
sensitivity to ASD in general and to zero in on optimal 
procedures for detection of this GeoPref subtype of ASD 
and to elucidate its biological bases. 

The ASD GeoPref subtype toddlers detected with Geo- 
Pref tests tend to be the most affected cases, as ADOS 
symptom severity is correlated with %Geo score. It has 
been observed that more severe  presentations  of  ASD 
tend  to be less studied [59], despite being arguably more  
in need of treatment. It is possible that the defects 
impacting the “social brain,” particularly in the frontal 
regions that control  attention  and  social  interest   [60], 
are more pronounced in this ASD subgroup. Since func- 
tional brain imaging began to be utilized  to  understand 
the operations of the brains of those on the autism 
spectrum about 20 years ago, abnormalities in virtually 
every social brain region examined have been reported 
[61]. However, in addition to the fact that such studies 
almost exclusively included only older and/or high func- 
tioning individuals, data was almost always presented at 
the group level.  As  such,  previous  studies made it  hard 
to understand if reported  “social  brain”  abnormalities 
were ubiquitous across all ASD individuals, or were be-  
ing driven by certain subgroups or individuals with the 
most severe functional abnormalities. In  an  effort  to 
parse the heterogeneity of social brain neural functional 
responding in ASD, our new resting state functional im- 
aging study, which examined ASD GeoPref toddlers as a 
separate subgroup, found substantially weakened func- 
tional connectivity between the default mode network 
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(DMN) which includes key “social brain” regions such as 
the medial prefrontal cortex [62] and a visual network 
within the occipito-temporal cortex (OTC) in GeoPref 
ASD toddlers, but not in other toddlers (Lombardo et 
al., In Review). This finding is consistent with the previ- 
ous theory that argues that ASD is a disorder wherein 
higher order social frontal systems are disconnected 
from more basic systems [63] and further underscores 
that the severity of this disconnection may be a driving 
factor in the social abilities of ASD individuals. Notably, 
ASD toddlers that did not show the GeoPref profile, i.e., 
SocPref ASD toddlers, did not show distinctly abnormal 
functional connectivity between the DMN and OTC 
(Lombardo et al., In Review). The implication of this 
work is that ASD SocPref toddlers may have stronger 
and more typical functional circuitry and, again, promise 
for a better long-term outcome. 

Given the intrinsic heterogeneity in the loose category 
circumscribed by an ASD diagnosis, focusing on sub- 
groups with phenotypic commonalities may be a key re- 
search strategy [64]. Another topic for future research is 
characterization of the GeoPref and SocPref subtypes in 
terms of traits that are prevalent but not defining char- 
acteristics of ASD, such as gastrointestinal issues, altered 
sensorimotor processing, or comorbid seizure disorder. 
If found, differences in rates of comorbid epilepsy, motor 
impairment, and sleep disturbance, because specific mu- 
tations have been associated with each [65], could point 
to genotypic differences between the phenotypic sub- 
groups identified by GeoPref tests. 

Consistent with previously reported findings [43], we hy- 
pothesized that our revised social stimuli that presented 
more than one person or social interactions between mul- 
tiple people tend to magnify the differences between ASD 
and TD gaze behavior when compared to simpler social 
stimuli presenting a single person. We did not find this to 
be the case, as the Original GeoPref test that paired individ- 
ual children dancing and dynamic geometric images elicited 
similar or even slightly larger differences between diagnos- 
tic groups than the current Complex Social GeoPref test. 
Alternately, other variables that differ between the Original 
and Complex Social stimuli, such as salience of biological 
motion, temporal dynamics of vignettes unfolding, or the 
overall length, or perhaps differences in low-level visual 
properties influencing salience (e.g., color or contrast), may 
account for this finding [66, 67]. 

One limitation of the current study is that because of 
differences between the stimuli that are unrelated to 
their content as social and geometric (e.g., basic feature 
salience), “geometric preference” is not the only reason- 
able explanation for the observed differences in behavior 
across groups. Although we have referred to ASD chil- 
dren who show the least interest in the social stimuli 
and the most interest in dynamic geometric images as 

“Geometric Responders” or the “GeoPref” subtype,  we 
have not yet manipulated  the  geometric  images  in  a 
large study. It is conceivable that pronounced lack of 
interest in, or aversion to, the social stimuli alone is driv- 
ing the geometric preferences, and one could replace the 
competing stimuli with another type of nonsocial stimuli 
with similar results. At least one new study suggests that 
aversion to gaze is not a driving factor in  abnormal  vis- 
ual fixation patterns in ASD [68]. However, atypical 
amygdala responses when viewing eye  gaze  and  faces 
and disrupted amygdala  functional  connectivity  have 
been previously observed in ASD and related to gaze 
aversion and social anxiety [69–71]. It is also  possible 
that the slow rate of saccades shown by the GeoPref 
subgroups (see Additional file 1)  to  geometric  stimuli 
may indicate difficulty with attentional disengagement, 
which  then  causes longer percent total fixation duration 
to geometric images. This explanation may have little to 
do with social motivation,  social  reward,  or  “prefer- 
ence” for one stimulus type  over  the  other.  Interest- 
ingly, however, research studies examining attentional 
disengagement  in  ASD  are  inconclusive,  with   reports 
of  both  deficits  [21]  and  typical  responding   [72], 
likely reflecting the wide range of stimuli  and  proce- 
dures used across studies. 

The importance of finding the GeoPref profile in tod- 
dlers may go beyond its potential value as a screening or 
even diagnostic biomarker—it may be most importantly 
useful as a prognostic biomarker. Although it is cur- 
rently unknown if the abnormal visual fixation patterns 
displayed during the Complex Social and original Geo- 
Pref tests generalize to the everyday life of ASD toddlers, 
it is at least theoretically plausible that ASD toddlers 
who display the GeoPref profile are experiencing socially 
impoverished visual input from their environment. As 
experience in the first few years of life crucially shapes 
the brain’s organization, we hypothesize that a GeoPref 
profile in a toddler may predict distal functional and 
cognitive outcomes, and our future work intends to 
examine whether the GeoPref profile is associated with a 
worse long-term outcome than that of ASD toddlers 
who prefer social images. Importantly, experience- 
dependent mechanisms involved in early social learning 
may be amenable to intervention, and therefore, GeoPref 
tests may be useful for early identification of and differ- 
ential intervention for toddlers who strongly attend to 
certain non-social stimuli, ignoring social information. 
Tailoring treatment according to ASD subtypes could 
potentially result in improved treatment responses and 
better long-term outcomes. 

Conclusion 
Across multiple types of social stimuli and temporal pre- 
sentations, substantially increased viewing of geometric 
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images during preferential looking tasks that pair dy- 
namic social and geometric images robustly indicates 
ASD among toddlers. Furthermore, across multiple sorts 
of stimuli, the subset of ASD toddlers who strongly pre- 
fer geometric images have more severe scores on indica- 
tors of autism impairment compared to those who 
strongly prefer social images. In addition to replicating 
the original GeoPref phenomenon, the Complex Social 
GeoPref test finding shows potential as a valid behavioral 
biomarker, as it identifies ASD in toddlers at the individ- 
ual subject level. 
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Additional file 1 

Additional sample information 

Eye tracking data from the Complex Social GeoPref test were collected from 2013 

to 2015. If participants were eye tracked multiple times across longitudinal visits, data 

included are from the earliest appointment available. If clinical assessments were 

completed multiple times across longitudinal visits, scores included are from the same day 

when Complex Social GeoPref data were collected whenever possible. Details of the 

reasons for subject exclusion and number excluded per diagnosis are summarized in Figure 

S1 below. 

Figure 3.S1: Summary of subject inclusion and exclusion. Note: Excluded refers to children 

for whom eye tracking data was obtained, but was unusable. 4 additional toddlers (2 DD, 1 ASD, 1 

Other) would have participated, bringing the total participants to 274, however researchers were 

unable to obtain any eye tracking data due to inability to calibrate the eye tracker to the child’s eye. 
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Additional data quality information

Eye tracking data collection typically occurred first or early in an evaluation 

session, prior to other assessments. Since 2015 we have used spatial accuracy 

verification testing consisting of a looming cross paired with sound subtending 3.5 

degrees at its largest size presented at three positions (top left, top right, and center) 

immediately after testing to determine whether excessive loss of spatial accuracy has 

occurred during the testing process. Though we do not have this information for the current 

dataset, across 240 toddler testing sessions, we have found that 97% of toddlers test 

within this margin. For adults we routinely obtain by calibration, and maintain during eye 

tracking, accuracy with error below 1 degree, and this is verified periodically as part of 

standard lab practices to assure data quality. Further details of the calibration and eye 

tracking procedures used were largely the same as those described in our prior paper’s 

supplement [38]. 

Figure 3.S2: Heat Maps of ASD and TD Gaze Fixation shows data “heat maps” drawn in Tobii 

Studio of convenience samples for illustrative purposes. The point of gaze fixation is usually near the 

AOI’s center, so the outer perimeter of the AOI constitutes a large margin of error against spatial 

accuracy that falls outside the accuracy measurement the initial calibration would predict (e.g. due to 

drift). 

A. depicts data from n=11 typically developing children

B. depicts data from n=21 children with ASD
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The means and standard deviations for total looking time (in seconds, out of a possible 

total of 90 seconds) to either AOI by diagnostic group were as follows: ASD 65.6 (17.2); ASD 

Features 79.2 (11.5); DD 76.4 (15.1); TD 78.3 (13.0); Other 77.7 (15.9); TypSib 72.9 (21.6). 

There was a significant main effect (F5,221 =5.8, p<.001) of diagnosis, and significant after 

Bonferroni correction post-hoc pairwise differences between ASD and the groups DD (p<.005), 

TD (p<.001) and Other (p<.05). There were no significant differences found between groups 

in total looking time to the original GeoPref test [38]. The difference found here can likely be 

attributed to the total duration of the Complex Social test video being 90 seconds, while the 

original GeoPref test’s duration is 60 seconds. 

Saccade Frequency to Geometric vs Complex Social Stimuli 

Differences in saccades between clinical groups were reported for the original 

GeoPref test in our 2016 paper [38], therefore we report whether or not these effects were 

replicated with more complex social stimuli in the current study. For both the geometric and 

social stimuli, number of fixations per AOI was divided by sum of fixation time for that AOI to 

derive saccade frequency as saccades per second. Homogeneity of variance was confirmed 

then 1-way ANOVAs were performed (diagnostic group (6 levels) X saccades/sec (1 level)) for 

each AOI, and significant effects were followed by pairwise comparisons with Bonferroni 

correction. To confirm that differences in data quality were not impacting the reported results, 

ANCOVAs were performed as well, with 6 diagnostic groups as a fixed factor, saccade/sec as 

the dependent variable, and a data quality measure (percent of valid samples obtained) as a 

covariate. However, in this case, we found significant effects for the percent samples data 

quality measure. This implies that variable data quality between groups may be confounding 

true measurement of saccade rate, so results must be interpreted with caution. 

Saccade Frequency of the 6 Groups to Geometric vs Complex Social Stimuli 

For each toddler, each stimulus type (geometric and complex social) was considered 

separately to calculate saccades/sec. Saccade frequency data were subjected to additional 

scrutiny as this data quality can be impacted by data loss and lack of precision, while overall 

percent total fixation duration calculations are not as sensitive. Therefore, we excluded five 

subjects with saccades/sec values greater than two interquartile ranges from the upper 

quartile, indicating poor fixation filter performance [49]. While looking at geometric stimuli, there 

were no statistically significant differences in saccades/sec among the six diagnostic groups 
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(F5,216=.43, p=.8). However, ASD toddlers had significantly more saccades/sec when viewing 
social stimuli than did TD or DD toddlers (F5,216=3.4, p=.005, partial eta-squared=.07; ASD vs 
DD, p<.005, Cohen’s d=.63; ASD vs TD, p<.05, Cohen’s d=.57). This is consistent with a faster 
rate of saccades occurring when the child is less interested in or attentive to the stimuli. But 
this could also reflect less ability to correctly measure saccades from some ASD children (also 
arguably due to being less interested or attentive). 

Saccade Frequency Comparisons within ASD Subgroups 

For geometric stimuli, the ASD GeoPref subtype had less frequent saccades, 1.33 
saccades/sec, while the ASD SocPref subtype had more frequent saccades, 1.87 

saccades/sec, (t25.8=2.14, p<.05). For comparison, saccade rates to the same geometric 

stimuli reported in Pierce et al (2016) for these ASD subgroups were for ASD GeoPref 1.33 
saccades/sec, and for ASD SocPref 1.94 saccades/sec. When viewing the new complex social 

stimuli, the opposite occurred: the ASD GeoPref group had more frequent saccades, 2.38 

saccades/sec, and the ASD SocPref group has less frequent saccades, 1.61 saccades/sec, 

(t18.4=-3.77, p=.001). See Figure S3. This is again consistent with faster rate of saccades 
when less attentive to the stimulus, but also potentially impacted by difficultly precisely 

measuring saccade frequency during less attentive behavior. 
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Figure 3.S3 Saccade Frequencies of ASD Subgroups to Complex Social & Geo Images 
Bar graph illustrating comparison of saccade rate (saccades/second) between two ASD subgroups 

defined by their % Geo scores in the Complex Social GeoPref test: those who viewed geometric images 

more than 69% of the time, the Geometric Responder (GeoPref) subtype, and those who viewed 

social images more than 69% of the time, the Social Responder (SocPref) subtype. Group sizes were 

n=13 geometric responders and n=16 social responders. Error bars represent 95% confidence 

intervals. 

Additional classification validation statistics 

Table S1 shows classification validation statistics based on the cutoff for maximizing 

specificity with the Complex Social GeoPref test, 75% Geo looking time. At this cutoff, where 

specificity is 99% (more accurately, it is 99.78%), the PPV of the Complex Social GeoPref test 

slightly exceeds that of the original GeoPref test, at 92%. That is, on the original GeoPref test, 

at the 69% cutoff for %Geo the specificity is 99%, however the PPV is 90%. PPV is the 

likelihood that a given positive test is a true positive, and is therefore of particularly strong 

interest to clinicians. 
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Table 3.S1 Clinical Classification Performance, Complex Social GeoPref Test at 99% 
Specificity 

%Geo threshold for positive test = 75% ASD Only = True Positive 

N=227 

True Positive 12 
False Negative 64 

False Positive 1 

True Negative 150 

Sensitivity 16% 

Specificity 99% 

Positive Predictive Value 92% 

Negative Predictive Value 88% 

Area Under ROC Curve .74 

Table S2 shows an additional potential usage for the Complex Social GeoPref test, 

ruling out an ASD diagnosis. That is, children with a %Geo score below 11% (i.e. a %Soc 

score above 89%) are very unlikely to have an ASD, with test classification performance shown 

below, where a lower score is more positive. This can be particularly useful as a second tier 

screen applied to toddlers who have already shown a few potentially concerning behaviors, 

and who may or may not have an urgent need for an autism focused evaluation. These values 

were derived by defining positive as falling into any diagnostic group other than ASD, and true 

positive by also have a %Geo score below 11%; negative refers to having an ASD diagnosis, 

and true negative to having an ASD and a %Geo score of 11% or greater. In this usage, if a 

test result is negative, it is inconclusive, because negative results are correct only 36% of the 

time (NPV=36% below). But if a test result is positive, it is valuable, because 92% of positive 

results are correct (PPV=92%), and, in this case, 22 toddlers (22 True Positives below) would 

be correctly identified as not at risk for ASD. 
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Table 3.S2 Clinical Classification Performance, Complex Social GeoPref Test for Ruling 

Out ASD 

%Geo threshold for negative test = 10% ASD Only = True Positive 

N=227 

True Positive 22 
False Negative 129 

False Positive 2 

True Negative 74 

Sensitivity 15% 

Specificity 97% 

Positive Predictive Value 92% 

Negative Predictive Value 36% 

Area Under ROC Curve .74 

Table S3 shows validation classification statistics for detecting children with ASD 

without the inclusion of typically developing children (i.e. TD or TypSib groups), as 

distinguishing between ASD children and those with some sort of delay or other challenge that 

impacts behavior is typically the task facing clinicians. Also, our overall TD group contains 

some “control” participants, who would not be present in a sample from a non-research clinical 

setting, so this may be more reflective of a natural clinical sample. 
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Table 3.S3 Clinical Classification Performance, ASD vs DD and Other 

69% Geo threshold 

Complex Social 
GeoPref Test 
only 

Complex Social 
and Original 
GeoPref Tests 
combined 

Complex Social 
and Original 
GeoPref Tests 
combined 

ASD Only = 
True Positive 

vs DD & Other 
N=154 

ASD Only = 
True Positive 

vs DD & Other 
N=77 

ASD+ ASD 
Features = True 
Positive 
vs DD & Other 
N=87 

True Positive 14 13 15 
False Negative 62 24 32 

False Positive 2 2 2 

True Negative 76 38 38 

Sensitivity 18% 35% 32% 

Specificity 97% 95% 95% 

Positive Predictive Value 88% 87% 88% 

Negative Predictive Value 55% 61% 54% 

Area Under ROC Curve .75 .79 .79 

Additional clinical severity in relation to eye tracking data information 

Figure S4 (below) shows the significant correlation between %Geo scores on the 

Complex Social GeoPref test and ADOS scores for the entire group of 76 ASD study 

participants (Pearson’s r=.46, p<.001). 



88 

Experiment 2: Exploratory data on back to back usage of the original and Complex 
Social GeoPref tests 

An additional 162 subjects participated in both GeoPref tests administered back to back 

on the same day. Between tests a break of several seconds was provided and a brief 

presentation of fixation crosses at known X-Y coordinates was used to confirm continued 

accuracy of gaze measurement. 

Sixty-six of these participants (41%) were excluded from analysis due primarily to 

behavior incompatible with data collection (excessive movement, tantrums, etc) when exposed 

to the combined 2.5 minutes of GeoPref video presentation across two tests. In comparison, 

only 16% of participants from the main study, when only one GeoPref test was administered 

on a given day, were excluded. Of the remaining 96 subjects, 41 viewed the Complex Social 

test first and 55 viewed the original GeoPref test first. All were within the age range of our 

main study, 12 to 48 months. The diagnoses of the final 96 participants were 28 ASD, 4 ASD 

Figure 3.S4: Correlation between Complex Social Test %Geo and ADOS Scores in 
ASD. (n=76)
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features, 32 developmentally delayed, 22 typically developing, 5 typical siblings to ASD, 5 with 

other diagnoses. 

Table S4 below shows classification results for the use of the two GeoPref tests back 

to back on the same day. While sensitivity, specificity and NPV remain fairly high, PPV drops 

below 2/3, meaning when a test results is positive there’s more than a 1/3 chance that it is 

incorrect. This value, combined with the large percentage of subjects whose data cannot be 

used (41%), limits the clinical utility of administering the two GeoPref tests immediately back 

to back. In the future, the addition of musical sounds to increase willing attentiveness during 

back to back presentation of two GeoPref videos might be tested. 

Table 3.S4 Clinical Classification Performance, Original and Complex Social GeoPref 

Tests Administered Immediately Back to Back 

Positive = positive on 
either test 

69% Geo threshold 

ASD Only = 
True Positive 

vs all other 
groups 

N= 96 

ASD+ ASD 
Features = 
True Positive 

vs all other 
groups 

N=96 

ASD Only = 
True Positive 

vs DD & 
Other 

N=65 

ASD+ ASD 
Features = 
True Positive 

vs DD & 
Other 

N=69 

True Positive 8 8 8 8 
False Negative 20 24 20 24 

False Positive 5 5 4 4 

True Negative 63 59 33 33 

Sensitivity 29% 25% 29% 25% 

Specificity 93% 92% 89% 89% 
Positive Predictive 

62% 62% 67% 67% 
Value 

Negative Predictive 
76% 71% 62% 58% 

Value 

Area Under ROC 

Curve 
.76 .74 .74 .71 
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a b s t r a c t

Simulation theories for the perceptual processing of emotional faces assert that observers recruit the

neural circuitry involved in creating their own emotional facial expressions in order to recognize the

emotions and infer the feelings of others. The EEG mu rhythm is a sensorimotor oscillation hypothesized

to index simulation of some actions during perceptual processing of these actions. The purpose of this

research was to extend the study of mu rhythm simulation responses during perceptual tasks to the

domain of emotional face perception. Subjects viewed happy and disgusted face photos with empathy

and non-empathy task instructions while EEG responses were measured. EEG components were isolated

and analyzed using a blind source separation (BSS) method. Mu components were found to respond

to the perception of happy and disgusted faces during both empathy and non-empathy tasks with an

event-related desynchronization (ERD), activation that is consistent with face simulation. Significant

differences were found between responses to happy and to disgusted faces across the right hemisphere

mu components beginning about 500 ms after stimulus presentation. These findings support a simulation

account of perceptual face processing based on a sensorimotor mirroring mechanism, and are the first

report of distinct EEG mu responses to observation of positively and negatively valenced emotional faces.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Social interaction relies heavily on nonverbal communication,

especially through facial expressions. We make critical inferences

about the feelings, motivations, and intentions of others based on

observing facial emotion. Simulation theories for the processing

of emotional faces assert that observers activate the sensorimo-

tor representations involved in creating their own emotional facial

expressions, in order to recognize the emotions and infer the feel-

ings of others [1,2].

Several different forms of facial expression simulation have been

identified. One of these is facial mimicry, activation of the facial

muscles used to produce a given emotion expression in response

to seeing the expression on another face [3,4]. Mimicry has been

shown to influence how we feel, for example, to increase liking

between interaction partners, and thus to facilitate successful social

interactions [5]. A second type of facial simulation is facial mirror-

ing, activation of neural substrates for expression production that

is not for the sake of mimicry but rather for producing an “offline”

simulation of what is observed [6,7]. Facial mirroring, which refers

primarily to the mirroring of the action of generating an emotional

facial expression, is believed to be important for making inferences

∗ Corresponding author. Tel.: +1 858 373 8705; fax: +1 858 534 1128.

E-mail addresses: armoore@ucsd.edu, adriennermoore@yahoo.com (A. Moore).

about how others are feeling [2]. This involves shared premotor rep-

resentations utilized both for the action of generating or imitating

an emotional facial expression oneself and for the perceptual pro-

cessing of another’s face [6,7]. Mimicry and mirroring systems are

believed to be distinct, because while viewing the actions of oth-

ers one’s own primary motor cortex (M1) is not usually active [8],

and functional magnetic resonance imaging (fMRI) studies of facial

mirroring responses have shown premotor but not primary motor

cortex activity [6,7]. Some researchers assert that having two dis-

tinct systems for mirroring and mimicry may help us distinguish

our own actions and sensations from those of others whom we

simulate [9].

Another aspect of mirroring in response to faces is the simu-

lation of the emotional feeling conveyed by the face, in addition

to the simulation of the facial configuration. Emotion mirroring

involves recruiting the cortical activation involved in one’s own

experiences of an emotion or bodily sensation during the percep-

tual processing of the same feelings expressed in others [9], and

co-occurs with facial mirroring [6]. There is evidence for neural mir-

roring of an observed feeling state in response to facial expressions

across a number of specific feeling states. These include shared

neural substrates for feeling and for observing disgust [10], and

for feeling and observing pain [11]. Together these simulation pro-

cesses provide a plausible foundation for the human capacity for

inferring and responding to the feelings and experiences of others

[12].

0166-4328/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbr.2011.07.048
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Simulation of observed actions can be investigated by mea-

suring the electroencephalogram (EEG) mu rhythm during action

observation [13]. The mu rhythm is a cortical oscillation generated

by somatotopically organized sensorimotor cortex near the central

sulcus, with distinct oscillations occurring for processing related to

different body parts [14]. The neural generators of the mu signal

are said to “idle” synchronously when off task, which is typically

measured as high 8–13 and 15–25 Hz EEG power at central elec-

trode sites, at rest with eyes open [15]. The mu rhythm is activated,

or desynchronized, resulting in suppression of mu spectral power,

by movement and movement preparation [16]. The mu rhythm is

similarly desynchronized and suppressed by the observation or the

imagination of movements of body parts (hands and feet have been

primarily studied), linking the mu rhythm to both action and action

simulation [13].

Simulation theories of person perception and social cognition

were fostered by the study of mirror neurons in monkeys and then

of the human mirror neuron system. Individual macaque neurons

in premotor region F5 fire to both object-directed hand actions, to

ingestive and communicative mouth and lip actions, and to their

observation [17]. The human inferior frontal gyrus (IFG), which is

believed to be the homolog to macaque F5, has been shown to

be similarly activated by perception of actions [18]. This activa-

tion appears to facilitate action understanding, inferring goals and

intentions when observing people’s behavior. For example, pre-

motor mirror neuron regions, active during both execution and

observation of an action, are more strongly activated by perception

of grasping hands within a meaningful context (drinking or clean-

ing up) when compared to perception of grasping hands without a

contextual scene or to perceiving the context alone [19].

A number of studies infer from functional similarities between

the mu rhythm and the human mirror neuron system (MNS) that

changes in EEG mu (at least the 8–13 Hz component, where this

research has focused) reflect “downstream” modulation of sen-

sorimotor cortex neurons by premotor cortex mirror neurons,

potentially located in BA 44 [13,20]. Consistent with this, using

repetitive transcranial magnetic stimulation (rTMS) to disrupt

activity in the left inferior frontal gyrus affects the modulation of

mu rhythms over sensorimotor cortex [21]. A canonical mirror neu-

ron triggering stimulus, the observation of an object-directed hand

grasping motion, has been shown to decrease mu power relative to

simple hand extension and to objectless grasping gestures [22,23].

This shows that the mu rhythm shares the mirror neuron system’s

preferential activation for goal-directed actions [17]. Further link-

ing mu rhythm simulation to the mirror neuron system, it has been

shown that observation of point-light biological motion of full-body

gestures (e.g. jumping jacks) both activates premotor MNS areas

according to fMRI research [24], and causes EEG mu power sup-

pression [25]. Linking mu power to critical social processes, stimuli

varying in degree of sociality (movies of social ball tossing games)

have been asserted to suppress the mu rhythm accordingly [26].

Finally, mu suppression has also been correlated with accuracy

on social-perceptual tasks, which involve inferring mental states

from bodily expressions, but not on social-cognitive tasks, which

are linked to language and theory building.

Regarding mu and simulation of faces in particular, very little

research has been done. Mental imagery of orofacial movements

(tongue movement and lip movement) has been shown to affect the

EEG mu rhythm in a manner suggesting simulation in the form of

recruitment of motor cortical areas for movement that is imaginary,

not actual [27,28]. But mu power changes in response to emotional

face observation have not been previously characterized.

This current study predicted that because viewing emotional

faces involves simulation of the emotional facial expression, it

also elicits a mu rhythm desynchronization. To test this, we com-

pared mu responses to positively and negatively valenced faces,

specifically, to happy and disgusted faces. Because simulation

mechanisms are known to differ for different emotion expres-

sions [9,29], we predicted that the mu desynchronization responses

to happy and to disgusted faces would be distinct. Because evi-

dence shows that the right hemisphere is preferentially involved

in perceptual processing of emotion and emotional faces, we pre-

dicted these differences may be right lateralized [30,31]. Finally,

we also compared the influence of task conditions that do and do

not instruct subjects to attempt to empathize with the perceived

emotions. This allowed us to investigate whether the mu face simu-

lation is automatic, or whether deliberate attention to the emotion

expressed and an attempt to put oneself “into the shoes” of the

observed person influence the mu response.

2. Materials and methods

2.1. Subjects

Thirty undergraduate students were recruited through UCSD courses and com-

pensated for participation with course extra credit. Subjects’ vision was normal or

corrected to normal. Exclusion criteria included history of neurological disease and

current use of psychotropic medications or stimulants other than caffeine. Subjects

were also excluded if they scored above 17 (borderline clinical depression) on the

beck depression inventory, or if lack of fluency in English interfered with compre-

hending the instructions. Five subjects were not included in the final study, due to

data recording problems. Of the remaining twenty-five subjects, twenty-two (11

females and 11 males) yielded clear mu components as defined in Section 2.4.3.

The human study protocol was approved by the Institutional Review Board at UCSD

and therefore has been performed in accordance with the ethical standards of the

1964 Declaration of Helsinki. All subjects gave their informed consent prior to the

beginning of the experiment.

2.2. Stimuli and experimental design

Subjects viewed six blocks of 40 photos: four blocks of face photos (happy and

disgusted, with and without the explicit instruction to empathize), one block of

photos of buildings, and one block of static visual noise images. The order in which

subjects completed the conditions was pseudo-randomized with all orders approxi-

mately equally represented in the final set of subjects, such that the 22 final subjects

represented 18 different orders. Finally, at the end of the experiment subjects com-

pleted the balanced emotional empathy scale (BEES), a self-report tool for indexing

individual differences in dispositional emotional empathy [32].

Face images were greyscaled photos from a validated facial affect stimulus set

(the MacArthur Foundation Research Network EEBD NimStim set), which was cre-

ated by actors coached by a FACS (facial affect coding system) expert [33]. Each

block of faces contained 40 unique photos of one emotion (happy or disgusted).

The photos depicted both genders and three ethnicities (European–American,

African–American, and Asian–American) in random order. Face photos from par-

ticular actors and actresses were counterbalanced to appear paired with empathy

and non-empathy task instructions with equal frequency.

In the empathy conditions, subjects were instructed to try to experience the

emotions felt and expressed by the photographed people, and then to rate how suc-

cessful they believe they were at empathizing with each on a 1–5 Likert scale. To

ascertain whether subjects experienced a change in emotion congruent with the

observed faces during the empathy tasks, subjects reported their mood after each

block of 40 empathy trials using the PANAS-X (positive and negative affect scale-

expanded). The PANAS-X is a well-validated, self-report measure of transient change

in mood, consisting of adjectives and short phrases describing potential feelings

and emotions in response to which subjects reported to what extent these terms

described how they felt at that moment [34]. In the non-empathy conditions, sub-

jects were asked to rate how attractive they found each face on a 1–5 Likert scale,

a task, which did not require directly attending to the expressed emotion. In the

buildings condition, subjects were asked to rate how well they liked each building

on a 1–5 Likert scale. The constraints on order randomization were that two con-

ditions of the same task (empathy or non-empathy) were always adjacent to one

another, and the final block of photos viewed was never an empathy condition, to

avoid administering the final PANAS-X self-report at the end the experiment when

mood is perturbed.

2.3. EEG data acquisition

Comfortably seated in a soundproof and electrically shielded recording booth,

subjects were told to fixate gaze at the center of the monitor as much as possible,

to minimize movement of facial muscles, to blink only when rating with a button

press, and to wait until prompted by a question appearing on the monitor to respond

with the button press (see Fig. 1). Care was taken to instruct subjects not to move

more than necessary, stressing the potential for motion artifact.
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Fig. 1. Timing of individual trials. Stimuli were presented for 2000 ms.

Continuous EEG was recorded using a NeuroScan system (NeuroScan, Inc., Hern-

don, VA) from 13 electrodes placed according to the International 10–20 System

(O1, O2, T5, T6, P3, PZ, P4, C3, CZ, C4, F3, FZ, and F4) referenced to electroni-

cally linked mastoid electrodes. Additionally, bipolar electrooculogram (EOG) was

recorded from four electrodes to monitor blinks and eye movements (positioned

vertically at the supraorbital ridge and lower outer canthus of the left eye, and hor-

izontally at the middle outer canthi of left and right eyes). Impedances were set

below 10 k� (usually below 5 k�) for HEOG and VEOG, and below 5 k� for mas-

toids and cap electrodes. Data were sampled at 500 Hz and filtered to the .05–30 Hz

band by the NeuroScan acquisition software.

2.4. EEG data analysis

The EEGLAB Matlab Toolbox [35] was used as the platform for data

analysis, with some integrated customized routines, including eSOBI,

the second-order blind identification (SOBI) algorithm for epoched data

[http://sites.google.com/site/bioanalyze/]. We used blind-source separation

(BSS) to reduce noise and artifacts in the EEG data and to extract the mu rhythm

components.

2.4.1. Preprocessing
Data records from each subject were highpass filtered above 4 Hz, yielding

4–30 Hz bandpassed data. Data epochs time-locked to the presentation of a single

photo were extracted from 1500 ms before stimulus presentation to 2000 ms after

stimulus presentation. Mean baseline values were removed from each epoch. Trials

containing button presses incorrectly made during the epoched time period were

deleted (resulting in 191–200 total epochs per subject). Data epochs from the visual

noise condition were removed and the remaining epochs for each subject were con-

catenated. The reason visual noise was excluded was that it elicited strong, occipital

Fig. 2. Left mu cluster: (A) Mean and individual topographic scalp maps, (B) Cluster mean DIPFIT dipole location, (C) Cluster mean power spectrum, 10 × log10 (�V2/Hz)), for 
each condition.
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Fig. 3. Right mu cluster: (A) Mean and individual topographic scalp maps, (B) Cluster mean DIPFIT dipole location, (C) Cluster mean power spectrum, 10 × log10 (�V2/Hz)),

for each condition.

8–13 Hz alpha activity apparent in the raw EEG record, which can occasionally alter

the robustness of source separation of other, weaker cerebral sources.

2.4.2. Component separation
SOBI, a well-validated BSS method, was used to separate the preprocessed EEG

signals into independent components. BSS attempts to separate linearly mixed

signals without information about the mixing process. The SOBI algorithm, intro-

duced by Belouchrani et al. [36], attempts to perform the joint approximate

diagonalization of a set of time-lagged covariance matrices obtained from the

data. SOBI has been found to be effective in removing EOG and EMG artifacts,

noise, and also for separating EEG cerebral sources, including mu components

[37–40]. SOBI is also computationally fast and can work well on short data

records.

The eSOBI algorithm is a modification of SOBI for processing epoched

data.

The eSOBI algorithm was applied three times as follows. In the first step, eSOBI

was used similarly to the procedures described by Ng and Raveendran [38] to extract

and remove components that contained a large portion of noise and artifacts, includ-

ing ocular artifacts. Next, “cleaned” EEG data were reconstructed from the remaining

non-artifactual components. In the second step, eSOBI was applied to the cleaned

EEG data to identify trials in which subject motion distorted EEG components. After

rejecting those trials, cleaned EEG data were once again reconstructed and eSOBI

was applied a third time. The mu rhythm components were identified from the

third decomposition. Sequential application of eSOBI yielded data with improved

signal to noise ratio, by unmixing and removing standard EEG artifacts from the

brain activity data. This overall approach was found to yield the most robust results

for our data.

2.4.3. Identifying mu components
To identify mu rhythm components, we first used individual topographic scalp

maps (Figs. 2A and 3A) to identify all centrally located generators, with dipolar

structure, and with the focus lateralized left or right of the midline. However, topo-

graphic projections depend on the orientation of the electric field, so sources from

other parts of the cortex may occasionally appear as emanating from the sensorimo-

tor region in a topographic map. One solution is to localize the cortical generators

of selected components to verify their foci. Therefore, as our second validation

step we performed such localization using the equivalent dipole DIPFIT function

and standard Boundary Element Model (MNI) head model, with the warp montage

function to co-register the electrode locations with the head model, followed by

coarse and fine fitting [35] (Figs. 2B and 3B). The localization identified one left

lateralized component, which was located outside the central cortical region, and

it was excluded from further analysis. In the third validation step, spectral anal-

ysis was performed on the remaining components. All of the components that

passed the second validation step had peak power in the alpha (8–13 Hz) range

(Figs. 2C and 3C), as is characteristic of mu. This analysis identified 22 subjects

with at least one clear mu component. Of those 22, 11 had both left and right

hemisphere mu components. No subjects had more than one mu component per

hemisphere, indicating that the identified components captured the entire left or

right mu rhythm responses extracted for each subject. The final mu clusters con-

tained 17 right lateralized and 16 left lateralized mu components (Figs. 2A and

3A).

2.4.4. Spectral and statistical analyses
Event related spectral perturbations (ERSPs), deviations in spectral power rel-

ative to a baseline, were calculated for each component in the left and right mu

clusters using built-in EEGLAB procedures [35] as follows. A time-frequency decom-

position was computed for each individual condition using wavelets with Morlet

tapers, and the deviations in log spectral power in each time-frequency bin were

then computed, relative to the mean of the log spectral power of the 1500 ms pre-

stimulus baseline. To compare responses for specific experimental conditions, the

common baseline was calculated across those test conditions using EEGLAB, and the

component ERSP values were adjusted for the common baseline for each test.

To assess statistical differences, nonparametric resampling methods available in

EEGLAB were used [41]. A bootstrap resampling methods was used to test whether

ERSP deviations in spectral power in the post-stimulus interval were significantly

larger relative to the pre-stimulus period for each subject and each separate con-

dition. The statistical differences across the four face conditions were analyzed for

the right and the left clusters by comparing ERSP values in each time-frequency

bin for that cluster using repeated measures permutation comparison of the 2X2

(empathy/non-empathy X happy/disgusted) design. To address the increased prob-

ability of false discoveries in multiple hypotheses testing, all ERSP results were

corrected using Benjamini and Hochberg [42] false discovery rate correction with

an alpha value of .05.
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Fig. 4. (A) Left mu cluster, event related spectral perturbations (8–13 Hz power, dB), (B) Right mu cluster, event related spectral perturbations (8–13 Hz power, dB).

3. Results and discussion

3.1. Emotion and empathy self-report results

Mood measurement (the PANAS-X) was administered two times

to each subject, following the two empathy tasks. The differences

(first score minus second score) between mood change for subjects

who would be predicted to have a mood score drop if empathizing

(empathized with happy first, then with disgust) and subjects who

would be predicted to have a mood score increase if empathiz-

ing (empathized with disgust first and then with happy) were

compared. 90% of the subjects who empathized with happy faces

first and then disgusted faces experienced a drop in mood, with a

mean drop of 8.6 points. 62.5% of the subjects who empathized

with disgusted faces first and then happy faces experienced an

improvement in mood, with a mean increase of 2.75 points. This

difference was statistically significant (2 tailed, unequal variance

t-test, t(15.7) = −3.59, p < .003, after confirming data does not differ

from Gaussian, Kolmogorov-Smirnov z = 355, p = ∼1.0), confirm-

ing that the empathy task successfully modulated subject mood.

Though mood responses were not measured following the non-

empathy conditions, it is possible that subjects also experienced an

empathetic mood convergence during the non-empathy conditions

due to observing emotional faces.

Individual differences in trait emotional empathy reported

through the BEES questionnaire were calculated as well, with the

prediction that the trait empathy measure may be correlated with

how much self-reported mood was perturbed in the empathy

conditions and/or with the magnitude of the mu face response

ERSPs. However, no significant correlations were found between

individual differences in trait empathy and amount of mood change

due to observing emotional faces or magnitude of mu EEG response.

3.2. EEG component separation results

To cluster mu components together we used mu power spec-

tra, topographic maps, and equivalent dipole source localizations

as criteria for inclusion of a component in the mu clusters. Mu com-

ponents were found in the left and/or the right hemispheres of most

subjects (22 of 25). In Figs. 2A and 3A it can be observed that the

centers of the topographic projections of components vary slightly

more for the left than the right cluster. The underlying cause may be

poorer performance for source separation of left mu responses due

to weaker responses in the left than the right hemisphere during

emotional face perception [30].

3.3. EEG spectral and statistical results

Event-related perturbations in spectral power time-locked to

stimulus presentation for the left and right mu component clus-

ters were used to compare experimental conditions as described

in Section 2.4.4. ERSPs are referred to as event-related desynchro-

nizations (ERDs) if the direction of post-stimulus change in power

is decreasing, and as event-related synchronizations (ERSs) if the

direction of post-stimulus change in power is increasing. The ERD

corresponds with mu power suppression, which has been reported
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in response to movement and movement simulation, while the ERS

corresponds to mu power enhancement. All significant mean ERSPs

from all subjects and all face viewing conditions in both clusters

except for one mean response were ERDs, not ERSs, consistent with

the face simulation hypothesis.

3.3.1. Buildings to faces ERSP comparison
To compare mu ERSP responses to viewing emotional faces with

mu ERSP responses to the control viewing buildings, for each sub-

ject we calculated the mean response for each condition across

40 trials. Observing faces elicited more statistically significant ERD

responses than observing buildings in both the left and right mu

clusters, consistent with a face simulation mechanism indexed by

mu suppression. In the left mu cluster, buildings elicited a statis-

tically significant (p < .05) ERD response in 50% of subjects, while

faces elicited a significant ERD response in 81.3%. On the right,

buildings elicited a significant ERD response in 47.1% of subjects,

while face elicited a significant ERD in 76.5%. We confirmed that

the difference between percentage of subjects who responded to

faces and percentage of subjects who responded to buildings in

each cluster was significant with a Wilcoxon signed ranks test

(z = −2.236, p = .025, both clusters). While this confirmed signifi-

cant mu suppression to viewing emotional faces relative to the

control condition, further studies are needed to understand the

nature of the mu response to observing buildings. Future research

should determine whether the mu response to buildings indicates

a baseline responsivity of sensorimotor EEG components to any

complex visual stimuli observed for the sake of a rating task. Fol-

lowing this confirmation that faces elicited significantly greater mu

suppression than the control buildings, we then compared in detail

differences between the responses to the four face observation con-

ditions.

3.3.2. Face conditions ERSP comparison
The mean ERSP values computed as described in Section 2.4.4

above are displayed in Fig. 4. ERDs were observed beginning

approximately 500 ms after stimulus presentation in both the left

and the right mu clusters in the 8–13 Hz range in response to

observing both happy and disgusted faces, with and without the

explicit instruction to empathize with the faces. As ERD responses

indicate activation of the mu rhythm and are characteristic of real

and imagined bodily movement, this suggests simulation of the

action of producing a facial expression in response to observing

both positively and negatively valenced faces.

Though faces elicited essentially the same number of significant

ERDs from the left and right hemispheres (from 81% of subjects on

the left and from 77% of subjects on the right), there were significant

differences between the four face processing condition ERDs only

on the right. The results from non-parametric, permutation-based

statistical comparison of the right hemisphere ERSP responses to

the four face processing conditions are shown in Fig. 5. B. A main

effect of facial emotion observed (happy vs. disgusted) was found

in the right mu clusters (p < .05). This lateralization of effects is

consistent with many reports of different roles for the left and

right hemispheres in processing emotional faces, and with many

reports of right hemisphere dominance for face processing and

emotion processing [1,30,31]. The time course of the post-stimulus

response main effect of facial emotion observed involves a sig-

nificantly greater ERD to disgusted faces than to happy faces at

around 500 ms post-stimulus presentation, followed by a larger,

significantly greater ERD to happy faces than to disgusted faces at

around 600 ms, 1000 ms and 1500 ms (see Fig. 5A and B). The time

course of these differences indicates more rapid face simulation for

negatively valenced, disgust faces, but an overall more extensive

simulation response for positively valenced, happy faces.

Fig. 5. (A) Main effect of emotional facial expression, right hemisphere mu ERSP

power. Response to happy faces minus response to disgusted faces, right mu clus-

ter power, in dB (8–13 Hz). Shows the mean ERSP power collapsed across the

empathy and non-empathy conditions ((EH-ED + NH-ND)/2). Redder regions indi-

cate ERSP power to happy > ERSP power to disgust, therefore, post-stimulus ERD to

disgust > ERD to happy. Bluer regions indicate that ERSP to happy < disgust, there-

fore, ERD to happy > ERD to disgust. (B) Significant differences by emotional facial

expression, right hemisphere mu ERSP. Shows the regions where ERSP differences

between happy and disgust are statistically significant. In red regions the ERD to

disgusted faces is significantly greater than the ERD to happy. In blue regions the

ERD to happy faces is significantly greater than the ERD to disgusted faces. p < .05

after FDR correction at all red and blue data points.

At around −800 ms pre-stimulus, the right hemisphere power

briefly differs significantly between happy and disgusted face con-

ditions, with higher power in the happy face conditions (p < .05).

Because the stimuli were presented in blocks to facilitate mood con-

vergence in one direction across blocked trials, subjects were able

to anticipate the upcoming facial expression. These pre-stimulus

differences by face type are attributed to anticipatory simulation of

facial expressions, as mental imagery is another class of simulation

known to be reflected in mu power changes [27,28].

After FDR correction for multiple comparisons across time

and frequency bins, no significant differences were found in the

mu component responses when comparing empathy and non-

empathy conditions (p > .05). Absence of differences between the

mu responses in empathy and non-empathy conditions in this

study may indicate that the mu ERD reflects an automatic simu-

lation process which is not influenced by the deliberate attempt to

empathize. Alternately, it is possible that this analysis was not sen-

sitive enough to detect significant differences by task, in part due to

the correction for multiple comparisons across a large number of

time and frequency bins (1400), which increases the probability

of false negatives. Future research could address these alterna-

tives.

3.4. Mirroring and mimicry

Viewing emotional faces has been shown to elicit a facial

mimicry response measured by EMG recording from electrodes

placed above the facial muscles responsible for generating a

particular expression [3] [43]. This mimicry occurs both within

500–1000 ms [44], and also at slower time scales [45,46]. Facial

95



A. Moore et al. / Behavioural Brain Research 226 (2012) 309–316

mimicry responses could contribute to the mu suppression effects

reported here.

However, evidence also exists indicating that mu power changes

while observing face stimuli do not necessarily reflect this covert

muscle movement. An MEG study of observation of faces producing

speech and non-speech lip forms while EMG was collected reported

activity in BA 44 and in sensorimotor areas, indicating simulation,

but found no significant facial EMG activity [47]. This is consis-

tent with other studies of mu simulation responses and EMG. For

example, in a study wherein subjects imagined hand movements

in order to move a cursor by means of a brain–computer interface,

hand EMG activity was reported to be very low. Further, the cor-

relation between cursor target position and EMG was reported to

be much lower than that between target position and mu EEG [48].

This supports the idea that mu reflects a simulation process that is

distinct from motor processes that produce mimicry’s movement.

Future research on mu suppression in response to emotional face

perception should attempt to distinguish between mu ERD effects

due to facial mimicry and mu ERD effects due only to neural mirror-

ing. Simultaneous measurement of facial EMG and EEG responses

while subjects observe emotional faces may accomplish this.

4. Conclusion

This study extends EEG mu mirroring research to the domain

of emotional face perception by identifying the mu responses to

viewing happy and disgusted facial expressions. Mu component

event-related desynchronization responses occurred to observa-

tion of both disgusted and happy faces with and without the

deliberate attempt to empathize with the emotion viewed. This

event-related decrease in mu component power is believed to

indicate simulation of the action of producing an observed facial

expression, consistent with previous accounts of mu power sup-

pression responses to both action execution and action perception

in other domains [23,25]. In the right hemisphere, the mu compo-

nent responses to observation of these positively and negatively

valenced emotional faces were distinct. Specifically, at around

500 ms disgusted faces elicited a more robust ERD, with a stronger

ERD to happy faces subsequently. The findings reported here

support a simulation theory of face processing based on a sen-

sorimotor mirroring mechanism, wherein first-person action exe-

cution and third-person action perception share common neural

substrates.
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CHAPTER 5 

THE RECENT EVOLUTION OF MU SUPPRESSION RESEARCH 

The mirroring properties of the mu rhythm of the EEG were published as early as 1954, 

when Bert and Gastaut observed changes in mu as subjects viewed a “moving picture” 

presentation of a boxing match (Gastaut & Bert, 1954). Rizzolatti et al., first reported mirror 

neurons in motor regions of macaque monkey cortex that fire both to performing and to 

observing goal directed hand movements in 1992 (di Pellegrino, Fadiga, Fogassi, Gallese, & 

Rizzolatti, 1992). However, it wasn’t until 2005 when a connection between these two domains 

was established and explored. EEG mu suppression was proposed and discussed by Pineda 

in 2005 as a means of measuring the putative human mirror neuron system (Pineda, 2005); 

that same year an experimental link between social deficits in ASD, the mirror neuron system, 

and mu suppression was published (Kilner & Lemon, 2013; Oberman et al., 2005), and 

subsequently interest in these topics took off. 

The initial excitement regarding the promise of mu suppression research that followed 

early reports also inspired and was bolstered by widespread attention through the popular 

scientific press (Ramachandran & Oberman, 2006). Standing on the shoulders of these initial 

reports, a large proliferation of publications on these topics has emerged over the last ten 

years. The subset of literature focused on the infant mu rhythm alone is said to have more 

than doubled between 2011 and 2014 (Cuevas, Cannon, Yoo, & Fox, 2014). To illustrate, a 

PubMed search with the keywords “EEG mu suppression” yields 150 relevant search results, 

and 130 were published in 2009 or later (see Figure 1). 
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Figure 5.1: Increase in publications on EEG mu suppression 

This early publication proliferation stage was naturally followed by a “pruning” phase, 

in order to guide the field of mu suppression research to a more mature stage. That is, the 

second wave of mu research reported some conflicting findings (Fan, Chen, Chen, Decety, & 

Cheng, 2014; Fan, Decety, Yang, Liu, & Cheng, 2010; Raymaekers, Wiersema, & Roeyers, 

2009), and then an increased scrutiny of methodology began, in order to establish consistency 

within the rapidly growing mu suppression literature inspired by earlier work (Braadbaart, 

Williams, & Waiter, 2013; Dumas, Soussignan, Hugueville, Martinerie, & Nadel, 2014). 

Several critiques of methods were offered between 2013 and 2017, papers focused on 

establishing methodological standards for mu suppression research and identification of best 

practices to measuring mu suppression as an index of mirror neuron system activity 

(Tangwiriyasakul, Verhagen, van Putten, & Rutten, 2013), (Bowman et al., 2017; Cuevas et 

al., 2014), (H. M. Hobson & D. V. Bishop, 2017; Hobson & Bishop, 2016; H. M. Hobson & D. 

V. M. Bishop, 2017).
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In light of these developments, this chapter will have two objectives: part one will 

describe the rationale for the methodological choices made for the 2012 paper reported in the 

previous chapter; and part two will summarize important publications with a methodological 

focus that were written after the 2012 publication of the previous chapter, regarding use of the 

mu rhythm to index the mirror neuron system. 

Part 1: Methodological Considerations for Chapter 4 

Blind Source Separation. ICA with source localization is used fairly often to study mu 

suppression in EEG data of late (Liao, Acar, Makeig, & Deak, 2015; Yin, Liu, & Ding, 2016), 

but was not the norm at the time Chapter 4 was published. Two considerations primarily 

motivated the application of a Blind Source Separation (BSS) technique to the EEG data 

presented in Chapter 4 in order to attempt to isolate the mu rhythm components, rather than 

using a more traditional analysis of electrode channel data. The first is given by Pfurtscheller 

and colleagues in a 1994 paper (Pfurtscheller & Neuper, 1994). Emphasizing the somatotopic 

organization of sensorimotor cortex, they refer to electrode sites C3 and C4 as positioned 

above and indexing a “hand area mu rhythm” specifically, and note that a face/tongue area mu 

rhythm exists as well. They also point out a “focal ERD/surround ERS” structure to the mu 

rhythm, and show that while a mu event-related desynchronization (ERD) indicating cortical 

activation is occurring at these hand electrode sites during a hand movement task, an event- 

related synchronization (ERS) can be recorded over neighboring cortical areas simultaneously 

and in the same frequency band. During a foot movement task, these neighboring electrodes 

reveal an ERD response, while the “hand electrodes” C3 and C4 reveal an ERS. Further, they 

show that the same focal/surround architecture applies to face compared to hand related 

activity, both movement and imagined movement. Mental imagery of orofacial movements 

(especially tongue movement and lip movement) produces an ERS response at electrodes C3 
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and C4, pronounced enough to be consistently identified in single trials (Pfurtscheller, Brunner, 

Schlogl, & Lopes da Silva, 2006; Spiegler, Graimann, & Pfurtscheller, 2004). 

Consistent with this, in a preliminary channel analysis of this study’s dataset indicated 

increased mu frequency power at electrodes C3/C4 found in face observation conditions 

relative to a control (Moore & Pineda 2007, conference poster). By this reasoning, the increase 

in power found at C3/C4 points to a possible decrease in power (or ERD) elsewhere, which is 

not directly indexed by any sensor electrodes in the sparse (13 electrode) array used for data 

collection in this study. Therefore a means of getting at the underlying neural generators for 

this face simulation cortical activation, such as BSS, was particularly desirable for this study’s 

data analysis. 

Preliminary application of the SOBI BSS algorithm for the purpose of routine artifact 

removal led to the second motivation for use of BSS on this dataset. The application of the 

BSS algorithm to this study’s preprocessed data showed that after removal of 

electrooculographic (EOG) and electromyographic (EMG) components, the signals at both 10 

Hz and 20 Hz at the central electrodes which are typically measured as the mu rhythm were 

the result of a mixture of various signal sources from several parts of the brain. Table 1 shows 

the degree of mixture, specifically the number of signal components contributing to the low and 

high mu frequency bands at central electrodes for each subject. The SOBI method estimates 

that there are a minimum of 2 generators in all cases, and sometimes more than 5 signal 

sources, contributing significantly (at least 10%) to the signal mixture commonly referred to as 

the mu rhythm. This evidence that 8-13 Hz power at C3 and C4 is not simply the mu rhythm 

but can be in fact a mixture of various brain sources is the second consideration pointing to 

the conclusion that use of a technique like BSS to un-mix these signals and isolate the mu 

rhythm would be beneficial. 
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Table 5.1: Number of SOBI components contributing at least 10% to mu EEG signals.  
The following chart shows for each subject the number of SOBI derived components that 
contributed at least 10% of the mu rhythm signal, that is, the EEG recorded from the lateral 
central electrodes (C3 and C4) within the low and high mu frequency bands at 10 and 20 Hz, 
after removal of visible artifacts. Data were analyzed using the EEGLAB ‘component spectra 
and map’ popspectopo function applied across the entire 3500 ms trial window and sampling 
50% of the data per subject per condition. (Ss = subject number) 

Ss: C3 -10 Hz, #: C3 - 20 Hz, #: C4 - 10 Hz,: #: C4 - 20 Hz, #: 

1 2 4 4 5+ 
2 3 4 2 5+ 
3 2 4 3 3 
4 4 4 2 3 
5 3 4 3 4 
6 3 4 4 4 
7 4 3 2 2 
8 2 5+ 4 4 
9 3 4 4 5+ 
10 5+ 4 4 5+ 
11 4 5+ 4 3 
12 5+ 3 2 4 
13 2 3 3 3 
14 2 5+ 3 5+ 
15 2 3 4 3 
16 3 4 3 5+ 
17 4 4 4 4 
18 3 4 5+ 4 
19 3 4 3 5+ 
20 2 3 3 4 
21 3 4 3 4 
22 4 5+ 4 3 
23 4 3 4 3 
24 3 4 2 4 
25 2 3 3 2 

Baseline selection. An additional methodological departure taken for our 2012 paper 

was with regard to choice of baseline. A number of early mu suppression studies included an 

extended baseline condition, but not a pre-stimulus baseline time period (Bernier, Dawson, 

Webb, & Murias, 2007; Oberman, Pineda, & Ramachandran, 2007; Oberman, Ramachandran, 

& Pineda, 2008). Typically mu power was averaged across each condition, then the 
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experimental and baseline conditions’ power were put into a log-transformed mu suppression 

ratio, where 0 indicated the same amount of mu power in both conditions. Instead we used an 

event related spectral perturbations (ERD/ERS) design, with a within-trial pre-stimulus 

baseline. If the time course of the mu response involves both rising and falling power, 

averaging mu suppression across the conditions rather than using an event-related approach 

would not reveal this response, but ERSP could. Additionally, this approach has the advantage 

of testing not just whether power is greater or less in the experimental than in the control 

condition, but also whether or not stimulus related changes in spectral power (event related 

synchronizations or event related desynchronizations) occur in the control conditions, which 

was not usually examined. 

Part 2: Toward Best Practices in EEG Mu Suppression Research 

Intersubject variability and importance of baseline. Tangwiriyasakul et al. (2013) 

offer a systematic experimental investigation of what baseline condition is best for measuring 

relative event related mu suppression. The presented 5 sorts of baselines, compared to motor 

imagery: a gently moving flower, one bouncing ball, two moving balls, a static image of a hand, 

or a static black and white grid. They found that most but not all subjects had a discernable 

mu rhythm (11% were “mu absent”), and most but not all had mu suppression during mental 

imagery compared to at least one baseline (22% had no suppression in the mental imagery 

condition relative to any baseline). So 67% (12 subjects) confirmed mu is suppressed during 

mental imagery, at least relative to some baseline condition, when observing a hand opening 

and closing while instructed to imagine making the motion themselves. However, there was 

high inter-subject variability in which baseline was successful. Although the authors had tried 

a broad variety of baselines (both static and dynamic, complex and simple, biological and non- 

biological) they simply concluded that the baseline is important, and that in most subjects, mu 
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suppression during mental imagery will not be seen consistently across baselines, but only 

relative to a subset of plausible baselines. They were not able to conclude one of their tested 

baselines was better than another, or to recommend a particular type of baseline image, due 

to high intersubject variability in responses to baselines. 

Event-related designs. Cuevas et al. (2014), in response to the steep increase in 

publication of infant EEG mu suppression studies, wrote a review article that both summarized 

the literature and proposed methodological guidelines to facilitate comparisons between 

studies of mu reactivity in typically developing infants. These authors also describe baseline 

considerations as their first and foremost concern. They recommend as a best practice for 

selection of baseline borrowing from an EEG study of infant macaque monkeys to facial 

gestures (Ferrari et al., 2012) which found suppressed 5-6 Hz EEG activity to producing and 

observing facial gestures, but not to observing non-biological stimuli, a study which they regard 

as particularly rigorous. The study’s important attributes were including multiple baselines 

when the experimental condition is a dynamic, biological image, including one which is the 

static version of the experimental video stimulus, and one which preserves the movement but 

depicts a non-biological object in motion. This seems wise in principle, but they do not address 

inter-subject variability of responses to these sorts of baselines, which were reported (including 

static hand relative to moving hand, and moving, non-biological bouncing balls) by 

Tangwiriyasakul above. 

Another baseline consideration, one not anticipated by Tangwiriyasakul et al., relates 

to timing of baselines. Cuevas et al., conclude the best method may be use of a “true event- 

related design”, that is, one with discrete, short trials and in comparison a pre-stimulus baseline 

segment preceding each trial (as opposed to a lengthy baseline condition which is segmented 

off-line and averaged). This advice applies to both the baseline and the stimulus duration, that 
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is, Cuevas et al., also recommends using multiple, short (e.g. 1-3 seconds) stimulus 

presentations, in temporally close proximity to a particular action (e.g. a hand closing once), 

rather than a longer stimulus duration (e.g. tens of seconds covering various movements). 

Beyond baselines. Cuevas et al., contribute several additional recommendations 

toward construction of standardized methods. They advise including both an “execute” 

(production of movement) condition and an “observe” condition which is perceptual and/or 

motor imagery and therefore relates to mirroring. This seems important particularly to 

developmental research using mu suppression, because the infant EEG is not measured from 

8-13 Hz, it matures to that frequency band across development, and the execute condition

allows the researcher to identify the appropriate frequency band for study at different points in 

development. Finally, Cuevas et al., devote substantial discussion to the recommendation of 

reporting EEG changes beyond the central sites. They state the occipital region may be the 

most important non-central site to include because the alpha rhythm is measured there. Alpha 

is found in the same 8-13 Hz frequency band as mu and is very sensitive to changes in 

attentional state, therefore it is a potential confound in mu suppression studies. 

These are the primary recommendations made by Cuevas et al., while their additional 

recommendations are about more general research practices (e.g. using live observation trials 

if possible for maximum ecological validity, reporting outliers found and minimum amounts of 

data included). Although focused on infant research, with the possible exception of the 

necessity of including an action execution as well as an action observation/imagery condition 

which facilitates identifying the developmentally appropriate frequency to measure, these 

recommendations apply well to adult research also. 

Surprising meta-analysis results. Fox et al. (2016) present a meta-analysis of 85 mu 

EEG studies encompassing 1707 participants that all infer human mirroring system activity, 
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and additionally make suggestions for improving methods used in this sort of research. 

Overall, they confirm significant effect sizes for mu suppression during both action execution 

(Cohen’s d=.46) and action observation (Cohen’s d=.31) across the 85 studies. The latter 

finding should confirm that the mu rhythm does in fact reflect recruitment of sensorimotor cortex 

during perceptual processing of actions, or mirroring. They also include a careful analysis of 

whether publication bias and non-publication of insignificant results are impacting their result 

and conclude that despite the likelihood of some influence of publication bias, their effect 

remains significant after accounting for this. However, they also report somewhat surprising 

results related to the other considerations they address, namely, theoretically relevant 

moderators, methodological moderators, and topographic specificity of effects. 

Theoretical moderators not as predicted. The theoretical moderators considered were 

whether or not the action observed was biological motion, and whether or not the action 

(executed or observed) was object oriented. The former is predicted to be a significant 

moderator based on the theory that mu suppression reflects a simulation of another biological 

agent’s body movement; the latter is predicted to be a significant moderator because mirror 

neurons in macaques fire to object directed but not non-object directed actions. Interestingly, 

neither of these theoretically relevant moderators was significant (in fact the direction of results 

associated biological stimuli with smaller effects (Cohen’s d=.30) than non-biological stimuli 

(Cohen’s d=.51)). 

Methodological moderators not as predicted. The methodological factors considered 

were two aspects of sample composition (age (0-4, 5-18, >18 years) and gender) plus type of 

baseline used. Types of baseline were static or dynamic, biological or non-biological, live or 

video. Surprisingly, a significant effect of gender was found, with studies of males reporting 

significantly larger mu suppression effects (Cohen’s d=.38) than studies of females (Cohen’s 
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d=.27). This was not expected given that multiple studies that set out to examine gender 

differences in mu suppression have concluded females exhibit stronger mu suppression in 

mirroring conditions (Cheng et al., 2008; Yang, Decety, Lee, Chen, & Cheng, 2009). Neither 

age nor type of baseline was a significant moderator of effects. This null finding with regard to 

baseline doesn’t contradict Tangwiriyasakul’s prior assertion that choice of baseline is 

important because many subjects will appear mu suppressed compared to one baseline and 

not to another. Rather, it is similar to their assertion that no particular type of baseline was 

found consistently effective, because there was high inter-subject variability in baseline 

responses. 

Confounding alpha activity. The findings of Fox et al., regarding their third 

consideration, topographic specificity, were particularly striking. The authors did confirm 

topographic specificity for action execution, showing that frontal and occipital scalp locations 

had significantly smaller 8-13 Hz suppression effects than central locations. However, the 

authors were not able to confirm topographic specificity of suppression for action observation. 

In the subset of studies that reported data from non-central electrodes, mu suppression was 

no greater than suppression in the same frequency band at occipital and other scalp locations. 

This lack of specificity to central electrodes casts some doubt on claims that 

sensorimotor mirroring areas, including those homologous to the macaque mirror neuron 

system, are necessarily the source of the significant suppression effects reported at central 

electrodes during many EEG studies of action observation. This also might explain the null 

findings of the meta-analysis with regard to theoretically relevant moderators, i.e. whether or 

not the action was object directed or performed by a biological agent. Both these moderators 

would only be expected to impact results if 8-13 Hz EEG suppression at electrodes C3 and C4 

specifically reflects sensorimotor cortex activation, the source of mirroring or action simulation. 
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As a suggestion for future research, the authors state that attentional confounds, probably 

stemming from alpha rhythm contamination of the mu signal, must be better controlled, or 

alternately source localization could be used to confirm the signal from central electrodes 

measured as the mu rhythm really does reflect a sensorimotor cortex response. 

Attentional confounds are mentioned in the reviewed papers, that is, some attempts 

were being made to control for attention, sometimes by discarding portions of data most likely 

to be impacted by attention, or by engaging the subjects in a task that forces them to remain 

attentive such as counting (Oberman et al., 2008), or for infants choosing stimuli they think the 

subjects find interesting (van Elk, van Schie, Hunnius, Vesper, & Bekkering, 2008). The 

problem is that there’s often no way to confirm that these attempts were successful at 

equalizing attentional salience across baseline and experimental conditions for each or most 

subjects, or in some cases it is evident that they were not successful because posterior alpha 

is desynchronized along with mu (Warreyn et al., 2013) (Paulus, Hunnius, & Bekkering, 2013) 

(Perry, Troje, & Bentin, 2010). 

Hobson and Bishop (2016) responded to the previous papers by conducting a study on 

61 neurotypical adults (the largest mu suppression study to date) specifically with the aim of 

investigating the validity of mu suppression as a measure of the human mirror neuron system. 

They focused on the impact of different baseline measures, and comparison of activity at both 

central and occipital electrodes which could reveal an attentional confound, as well as mirroring 

in the beta (13-35 Hz) frequency band in addition to the 8-13 Hz band, as this frequency band 

has been reported to reflect mirroring in some experiments as well. Stimuli presented were 

two biological motion observation conditions, presenting a hand action both with and without 

an object (a pencil), and a baseline condition presenting a video of a dynamic, geometric 

“kaleidoscope” design (very similar to the geometric stimulus used in Chapters 2 and 3 of this 



109 

dissertation). A short (8 second) and a long (80 second) baseline resting condition were also 

included, wherein subjects looked at a blank screen without moving. A third baseline option 

was created within each trial by presenting the videos as static images for several seconds 

before they became dynamic, and comparing the mu power pre- and post- video onset. An 

“execute” condition was also included, which instructed subjects to tap index finger and thumb 

together for 40 seconds. EMG was simultaneously recorded from the arm muscle that 

performs finger extension, to see whether automatic imitation occurred in participants, and to 

remove individual trials contaminated with movement artifacts. 

Attempt to clarify with a large study. Hobson and Bishop (2016) calculated mu 

suppression for the execute condition and each of the three observe conditions (hand + object, 

hand no object, kaleidoscope) relative to each of the three baselines (long, short, and pre- 

stimulus/within trial) in a sample of 61 adults. They identified the result that would successfully 

confirm mu suppression as a valid indicator of mirroring: an interaction between electrode site 

and condition such that the difference between kaleidoscope and biological motion observation 

was greater at central mu than occipital alpha sites. This would both show that suppression 

was specific to central, sensorimotor sites, and clarify whether the result is sensitive to baseline 

selection, in a large, well powered study. 

Their results for the beta frequency band did not match this pattern or offer validating 

evidence of mirroring at central electrodes and higher frequencies. Their results for the 

traditional 8-13 Hz mu showed that only one of the three baseline methods used revealed a 

main effect of electrode site and an interaction between electrode and observed stimulus. Mu 

suppression calculated relative to a pre-stimulus/within trial baseline was significantly greater 

when viewing hand movement than when viewing kaleidoscope movement, at central but not 
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occipital electrodes (while kaleidoscope induced greater 8-13 Hz alpha suppression at occipital 

electrodes). 

This is a reassuring finding indicating that with the correct selection of baseline and 

rigorous attention to experimental design, a mirroring response that is not confounded with 

occipital alpha generated attentional responding can be measured. Nevertheless, the authors 

express skepticism regarding the utility of mu suppression as an index of the mirroring system. 

They point out that only in the hand interacting with an object and not the hand movement 

alone condition were results significant, plus at the individual subject level 16-21% of their 

neurotypical participants did not show mu suppression during hand + object observation, and 

they refer to mu suppression mirroring effects as “weak and unreliable and easily confounded 

with alpha suppression.” Fox’s group rapidly responded in a 2017 article with a more optimistic 

interpretation of the utility of measuring mu suppression to index mirroring titled, “The mu- 

rhythm can mirror: Insights from experimental design, and looking past the controversy”. A 

few months later, Hobson and Bishop responded with a targeted brief report, and with a lengthy 

counter argument as a second article, “The interpretation of mu suppression as mirror neuron 

activity: past, present and future”. 

Key points of agreement. It would be redundant to individually detail these most 

recent papers as they cover a lot of the same ground regarding different schools of thought on 

mu suppression and mirroring. But while Fox et al., and Hobson and Bishop remain in 

opposing roles as the self-described optimists and skeptics respectively during this dialogue, 

they agree on key points. For instance, they agree 1) that mu suppression reflects mirroring 

sometimes, 2) that the key to indexing mirroring with mu suppression is distinguishing 

sensorimotor mu from occipital alpha, and mirroring effects from visual attention effects, 3) that 

an event-related pre-stimulus baseline within each trial is most effective, and 4) that the most 
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rigorous experimental designs for mu suppression research include both mirroring condition/s 

and an “execute” condition as a positive control. 

Independent Component Analysis. An additional new argument from the Fox group in 

their latest publication points out that requiring that occipital electrode 8-13 Hz power not be 

suppressed, or be significantly less suppressed, during action observation compared to central 

electrode 8-13 Hz power in order to conclude mirroring occurred isn’t necessarily the best 

approach either. Alpha suppression reflecting visual attentional engagement at occipital 

electrodes as well as mu suppression reflecting mirroring at central electrodes in response to 

the same visual stimulus is entirely plausible, they aren’t mutually exclusive. This leads 

Hobson and Bishop in their most recent paper to add a discussion of the use of ICA (or another 

blind source separation tool) to dissociate and isolate mu and alpha components, and 

presenting results in component space rather than channel space. This should obviate the 

well-known low spatial resolution issues of EEG, which are due to volume conduction that 

creates the problem of the alpha rhythm appearing at central electrodes in the first place. It 

is noted that this approach is relatively unexplored and may prove to be key to future mu 

suppression research, if it can rule out confounds that have complicated the field in the past. 

Pre-registration. Finally, Hobson and Bishop (2016) argue convincingly for the 

practice of pre-registration of research plans, so that hypotheses, analyses and what will be 

reported are determined before data collection, to avoid bias toward reporting positive findings 

(H. M. Hobson & D. V. Bishop, 2017). In that spirit, I will mention some null results that were 

found in the study presented in Chapter 4. Three measurements were taken that could be 

used to index individual differences in subjects’ empathy, which could then be tested for 

correlation with amount of mu suppression. Subjects rated on a 1-5 scale how well they believe 

they empathized with each face after each trial; they reported their mood using the Positive 
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and Negative Affect Scale questionnaire twice, after the negative and positive empathy 

conditions, and a difference score was calculated to see whether there mood changed in the 

direction empathy would predict; and they completed the Balanced Emotional Empathy Scale, 

a trait measurement of differences in responsiveness to the emotional experiences of others. 

Chapter 4 null findings. None of these empathy measures were significantly 

correlated with amount of mu suppression in response to emotional faces (a fact I considered 

uninteresting at the time and failed to discuss in the publication). Overall, almost every area 

of literature reviewed for the introduction to this dissertation (including facial mimicry, emotional 

contagion, mirroring revealed by fMRI, mirroring revealed by EEG, mirroring in ASD, eye vs 

mouth looking in ASD) involved a large number of studies that were later contradicted and 

which failed to replicate, a problem to which I don’t wish to contribute. As others have noted, 

reporting null results and shifting the scientific culture toward ‘you can publish if the study 

design is rigorous’ (determined prior to examination of any data) rather than ‘you can publish 

if results are significant’ (which motivates finding your way to a statistically significant result 

with every dataset) might be a great means of lessening false positives that later fail to replicate 

and improving social neuroscience (Forstmeier, Wagenmakers, & Parker, 2017) . 

Comments on Chapter 4 results. Although the studies summarized here were all 

published later than “EEG mu component responses to viewing emotional faces”, we did 

anticipate and attempt to address the main problems raised in the recent critiques of mu 

suppression as an index of mirror system activity: how to isolate a mu (not alpha) signal from 

sensorimotor cortex, and what baseline to select relative to which to define mu suppression. 

However, our “control” condition of viewing buildings did show a mu suppression pattern of 

results, though not as robust as that of face conditions, even with carefully selected mu 

components based on blind source separation and a brief baseline calculated within the same 
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trial as the mu suppression. Specifically, 50% of left hemisphere mu components and 47% of 

right hemisphere mu components were significantly desynchronized relative to baseline when 

viewing buildings; viewing faces elicited a significant desynchronization in 81% and 77% of left 

and right components. 

There are at least two possible explanations for this finding. A task was given to 

subjects to encourage them to remain engaged (button press rating of attractiveness of faces 

and buildings in the two non-empathy conditions; trying to empathize and then rating how well 

they empathized in the empathy to faces condition). Anticipation of the button press, 

essentially mentally rehearsing it, causing mu suppression due to mental simulation of a hand 

action can’t be ruled out as a possible cause of mu suppression to buildings. Measuring EMG 

from hand electrodes during the experiment would address this limitation. Alternately 

attentional engagement may still be influencing mu component responses across conditions, 

even with the use of blind source separation. That is, viewing visual noise may be no more 

engaging than the pre-stimulus fixation cross baseline, while viewing and rating buildings may 

be slightly more engaging, and viewing and rating faces consistently more engaging. Plus, 

either SOBI blind source separation may not have adequate separated mu rhythm from alpha 

activity, or the mu rhythm even when perfectly separated from the alpha rhythm may be 

sensitive to attentional salience. 

Comments on Chapter 4 methods. To address this, alpha components could be 

identified using SOBI blind source separation, and either removed from data as a 

preprocessing step, or compared across conditions as a control if a different pattern of results 

was consistently found from alpha components in response to stimuli. However, the source 

localization of mu components utilizes the fortuitous location of mu source generators, which 

lie fairly superficially in the cortex such that they tend to be well resolved by source localization 
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algorithms, something that may not be true of alpha source generators. Therefore, it remains 

to be seen whether the method used here (with the criteria for identification of 8-13Hz 

frequency band of peak power, confirmed by scalp map projections and dipole localization) 

would actually be as effective at identifying alpha as mu components. 

Conclusion 

If I were doing this experiment today I would do many things the same way, however I 

would 1) add an “execute” condition (instructing subjects to produce the facial expression 

presented), which might make the separation of the mu component more robust; 2) try to 

isolate and identify the alpha components as well as the mu components to prove they are 

distinct in function, which might entail using a greater number of electrodes to better isolate 

alpha components; 3) consider ICA instead of SOBI for blind source separation as its usage 

seems more standard and prevalent; and 4) prior to considering faces, first try to replicate 

Hobson and Bishop 2016’s findings (of mu suppression when observing hand actions with a 

pencil) using blind source separation. When both the method’s efficacy (e.g. pros and cons of 

using either ICA or SOBI or traditional channel space to measure mu suppression) and the 

hypothesis (whether mu suppression occurs when observing emotional faces and is related to 

empathy) are both unknown and being tested simultaneously, as was the case in “EEG mu 

component responses to viewing emotional faces,” an experiment is intrinsically exploratory. 

The past few years have been an exciting time for mu suppression research. Despite an 

upsurge in number of publications, many questions, including methodological questions, 

remain unanswered or only partially answered, even with regard to neurotypical adult subjects, 

arguably the most basic starting point. 

Proceeding cautiously through the mu suppression literature (i.e. considering studies 

using within trial baselines, both execute and observe conditions, either reporting occipital as 
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well as central electrode results or using ICA and source localization to separate mu and alpha, 

and reporting some control condition that does not suppress mu), there are a number of 

interesting results from studies of mu suppression in infants. During observation of reaching 

and grasping at 12 months, an ERD response can be observed in the same frequency band 

as for executing the action, around 7 Hz (Thorpe, Cannon, & Fox, 2016). While the topography 

of the response does not include occipital electrodes, it does occur in a diffuse region across 

frontal central and parietal electrodes at 12 months, becoming more focal and adult-like in 4 

year olds. In additional studies, the development of this infant mu suppression during hand 

action observation has been associated with increases in the infant’s own grasping skills 

(Cannon et al., 2016; Yoo, Cannon, Thorpe, & Fox, 2016). Regarding perception of dynamic 

positive and negative facial expressions and emotionally neutral mouth opening faces, in 30 

month old infants, mu ERD was shown during face observation, right lateralized for emotional 

faces and bilaterally for the mouth opening face (Rayson, Bonaiuto, Ferrari, & Murray, 2016). 

This finding reaffirms the fundamental claim of Chapter 4, that mirroring of emotional facial 

expressions is reflected in mu suppression, measured as event related desynchronization that 

is focused above sensorimotor cortex. 

In conclusion, it appears from Chapters 1 and 4 that there is ample evidence that there 

is a human mirroring system, and from Chapter 5 that mu suppression can reflect it given 

rigorous methodological practices. What remains unclear is whether mu suppression is 

reliable enough at the individual subject level to serve as a biomarker, an objectively 

measurable characteristic that indicates presence or absence of a pathogenic condition 

(Strimbu & Tavel, 2010). Because the questions that might be addressed by mu suppression 

research related to knowledge of other minds, empathy, the organization of social cognition in 

the brain, and the origin of the social impairments in ASD are so fundamental and intriguing, 

no doubt the upcoming years will yield exciting new research exploring these topics
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       CHAPTER SIX 

 SUMMARY AND CONCLUSION 

Autism Spectrum Disorder is a major public health concern, with an estimated cost 

burden of $17,000 per child per year (Lavelle et al., 2014). Current practices for identifying 

children with ASD rely on fallible self-report questionnaires for screening, and expert clinician 

judgment, which is unavailable to a large number of people, for diagnosis (Filipek et al., 2000; 

Hayes, Ford, Rafeeque, & Russell, 2018; Towle & Patrick, 2016). Objective, standardized 

behavioral measures that are derived from and informed by neuroscience research, as well as 

direct neural measures, could provide a powerful complement to our existing suite of tools for 

meeting the public health challenge of ASD. 

Chapter 2 has shown that the GeoPref eye tracking test for ASD identification is 

comparably effective for early detection of both males and females with ASD (with ROC AUC’s 

of .72 and .75 respectively). Also, those with eye tracking scores at the extremes (which we 

refer to as the GeoPref and SocPref subtypes) do have similar relationships to clinical 

phenotype measures in females as in males. That is, females with increased social preference 

according to eye tracking have a strong advantage over the GeoPref subgroup in verbal 

developmental abilities. Further, the SocPref subtype is significantly more prevalent among 

non-ASD females than among non-ASD males, supporting subtle sex differences in 

neurotypical social development. Finally, considering a set of unaffected younger siblings to 

an older sibling with ASD, these high risk females do exhibit enhanced social attention on the 

GeoPref test, while high risk males do not. This social attention difference in those at risk for 

autism could point toward the underlying mechanisms that modulate the strikingly different 

vulnerability of males and females to ASD. 

Chapter 3 has shown that a new Complex Social stimulus video, while increasing the 

frequency and duration of dyadic interactions and emotional faces depicted during eye 
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tracking, maintains the property of detecting individual ASD toddlers based on elevated time 

spent viewing geometric images (with slightly improved ROC AUC of .75 for the Complex 

Social test, compared to .73 for the original GeoPref test, averaged across sexes). 

Furthermore, the Complex Social test had the additional property of ruling out ASD in a subset 

of toddlers who spend the least time viewing geometric images (none of whom were diagnosed 

ASD). Moreover, combined use of the original and Complex Social GeoPref tests does 

improve sensitivity of these tools (from 23% to 35%) for detection of toddlers with ASD. 

Increasing the sensitivity while maintaining the high specificity of eye tracking tests to detect 

ASD by combining several into a test battery could potentially strongly impact the usability of 

these tools. 

Chapter 4 has shown that mirroring of emotional facial expressions is measureable with 

EEG mu component suppression, using components extracted by blind source separation 

techniques Further, perception of positive (smiling) and negative (disgusted) facial 

expressions impact mu component suppression differently, particularly in the right hemisphere. 

However, individual differences in mu suppression when viewing emotional faces were not 

correlated with individual differences in trait empathy as predicted. Methodological best 

practices have been the focus of several important recent mu suppression publications 

(discussed in Chapter 5). These highlight the importance of selecting an appropriate baseline 

to measure mu suppression against, and eliminating attentional confounds due to the mixing 

of occipital alpha signals with the sensorimotor mu signal. Mirror neurons are now listed 

among the NIMH research domain criteria (RDoC) initiative constructs at the cellular unit of 

analysis for Reception of Social Communcation, and mu suppression is included in NIMH 

RDoC as well, at the circuit level for studying Perception and Understanding of Others 

(www.nimh.nih.gov/research-priorities/rdoc), indicating their potential to advance knowledge 

of the brain circuitry underlying neurotypical and ASD behavior (Insel, 2014). 

http://www.nimh.nih.gov/research-priorities/rdoc)
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Current “gold standard” tools for identifying toddlers with ASD involve a highly trained 

clinician observing complex behaviors (e.g. the ADOS presses a child to act out a doll’s bath 

time routine). These behaviors are fairly distant from and difficult to interpret in terms of current 

understanding of the organization of cognitive and neural systems. Eye tracking may be a 

particularly useful behavioral measure for autism research, because it lies at an intermediate 

level between the everyday activities where autism can reveal itself to clinicians, and 

underlying neurocognitive networks for perception, attention and social cognition believed to 

function atypically in ASD (Falck-Ytter, Bolte, & Gredeback, 2013). A neural measure, 

particularly if it were affordable and noninvasive like EEG mu suppression, would be an 

invaluable tool if it accurately identified individual infants and young toddlers with ASD or had 

other clinical applications, such as prognosis/stratification, or measurement of response to 

treatment. 

However, there is a deeper problem, related to our frame of reference for determining 

what accurate identification of ASD means (Walter, 2013). Tom Insel (head of the NIMH from 

2002 to 2015) has frequently asserted that behaviors in mental disorders including ASD are 

just symptoms, while their causes are the more important question, and their causes lie in 

neural circuits and biology (Insel, 2014; Insel & Cuthbert, 2015). Is the current state of ASD 

diagnosis moving close to a biological approach, something like that expressed by Insel? ASD 

diagnosis through the mainstream healthcare system in the U.S. relies on the Diagnostic and 

Statistical Manual of mental disorders. DSM definitions of ASD differ considerable from DSM- 

III to DSM-IV to DSM-5, for example the category PDD-NOS (persistent developmental delay 

– not otherwise specified) was eliminated, and the category ASD encompasses the remaining

persistent developmental disorders from DSM-IV (Tanguay, 2011). However from a 

perspective like that of Insel, it is difficult to say that one definition is more correct than another, 

because none are based on identifying any biological abnormality (Insel & Cuthbert, 2015). 
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There certainly has been improvement in ASD diagnosis in recent decades, for 

example Cathy Lord’s creation and development of the ADOS, which has been accepted as a 

gold standard diagnostic tool and is now widely used (Falkmer, Anderson, Falkmer, & Horlin, 

2013; Lord, 1991). As a result, if you have access to the gold standard diagnostic practices, it 

is probably considerably more likely than it would otherwise be that if you go to two clinicians 

they will give you the same answer as to whether or not your young child has ASD. 

Additionally, the age at which a stable diagnosis of ASD can be given has decreased (Guthrie, 

Swineford, Nottke, & Wetherby, 2013). But these sorts of developments have more to do with 

greater internal consistency of clinician practices than correspondence between an ASD 

diagnosis and any particular etiology or biological difference. 

To illustrate, Sally Ozonoff published an editorial perspective commenting on factors 

that lead to removal of PDD-NOS as a DSM-V category (Ozonoff, 2012). A large, 12 site study 

in 2011 showed that there was a gap between scores on the ADOS assessment and clinician 

judgments regarding who actually qualified for a diagnosis of PDD-NOS (clinicians interpreted 

and weighted the same assessment scores differently) (Lord et al., 2012). “The strongest 

predictor of diagnosis was what site made it, rather than any characteristic of the child. This is 

a clear sign that the PDD subtypes were just not working” (Ozonoff, 2012). 

I thought this was fascinating because Ozonoff is arguing that changing the definition 

of the disorder is a solution to difficulties in identification of those with a behavioral disorder, 

which is not how we think about disorders that correspond to known biology. For example, if 

pediatricians can’t look into an ear and say whether an ear infection is bacterial and should be 

prescribed an antibiotic, or is viral and should just be treated with pain management, no one 

thinks we should do away with the ear infection subtypes ‘bacterial’ and ‘viral’ so that all 

clinicians will agree. Yet this position is understandable and pragmatic. To quote Ozonoff 

(2012) again, “From my perspective as a practicing clinician, if these conditions cannot be 
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validly distinguished empirically and the labels are used inconsistently, then it is logically 

questionable (as well as patently unfair) to deny services to some while providing a full range 

of interventions to others.“ 

The goals of clinicians have much to do with helping connect challenged families with 

resources, specifically with the most appropriate types of resources, and ideally in a manner 

that is equitable and fair (Lord & Jones, 2012). Perhaps validity in diagnosis of mental illness 

with those goals in mind is primarily about reliability, consistency or creating a system of 

practice that is effective (Mahjouri & Lord, 2012). This just seems quite distant from the 

perspective of, for example, Tom Insel who seems to believe correspondence between 

behavior and a biological substrate is the type of validity we should be seeking, where 

behaviors are just a proxy we are using until the underlying neurobiology is understood 

(Cuthbert & Insel, 2013). 

There are also a number of concerns with access to ADOS trained clinicians, and 

reported long wait times between first signs of concern and actually receiving a diagnosis and 

then entering treatment (Vohra, Madhavan, Sambamoorthi, & St Peter, 2014). For this, eye 

tracking could be helpful, if it basically comes to the same conclusion as a clinician would but 

does so more quickly and less expensively. The eye tracking and EEG methods explored in 

this dissertation are also language-free, which could help remove barriers to accessing 

services (Zuckerman et al., 2013). But if we are serious about moving past behavioral 

definitions, we can’t define success in terms of being as sensitive and as specific as the ADOS 

is in classifying to DSM categories. There’s little reason to expect a strong biomarker to exist 

for a category that is not actually biological, rather we should expect biomarkers to “cut across 

current heterogeneous categories of mental disorders” (Casey, Oliveri, & Insel, 2014). We 

would therefore have to be willing to reorient research away from DSM categories, and what 

that would probably look like is poor sensitivity or poor specificity or both according to current 
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definitions (Kapur, Phillips, & Insel, 2012). But to abandon DSM would be to abandon 

mainstream healthcare systems, including insurance reimbursement, and determination of 

disability and service eligibility, at least in the short-term (Casey et al., 2013). These seem to 

me a very difficult set of problems to solve, but eminently worthwhile as well, as a truly new 

biomarker approach to ASD identification could lead to far better patient experiences. Perhaps 

equally compelling, these inquiries into brain and behavior position a few additional pieces of 

an old philosophical puzzle, that of how humans in their daily lives solve the problem of other 

minds. 
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