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ABSTRACT OF THE DISSERTATION 

Superior Temporal Sulcus and the Distributed Cortical Network for Visual Social 

Perception   

By Samhita Dasgupta 

Doctor of Philosophy in Psychology (Cognitive Neuroscience) 

 University of California, Irvine, 2015 

 Professor Emily D. Grossman, Chair 

 

Studies have shown that the posterior region in the Superior Temporal Sulcus 

(STSp) is an important brain region for perceptual analysis of social cognitive cues. Given 

the multifaceted nature of social perception, it is evident that several other cortical regions 

coordinate together to process various aspects of socially relevant perceptual cues. It is 

reasonable to assume that STSp is a part of a distributed cortical system for social 

perception. I have investigated this through three different experiments.  

In the first study I characterize the functional specialization of the region of STSp co-

activated by three core social perception localizer tasks: biological motion perception, gaze 

recognition, and the interpretation of moving geometric shapes as animate. I have found 

underlying neural processing within the STSp that are core and distinct across different 

social tasks, with distinct hemispheric differences 
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In the second study I analyze the pattern of connectivity of the STSp within the large 

scale social perception network. I identified brain regions associated with the three 

representative socially relevant perceptual tasks and computed the effective connectivity 

pattern between them and the STSp. I have uncovered a core pattern of cortical 

connectivity that supports the hypothesis that the STSp serves as a hub of the social brain 

network.  

To understand the emergence of the relationship between the cortical regions 

through the different developmental stages. As a first step to investigate the developmental 

changes in the connectivity pattern of the social perception network, in my third study, I 

compare how the functional connectivity differs between both kids and adults brains when 

perceiving biological motion (a representative socially relevant task).  

In conclusion, my research brings forth evidence of the important role STSp plays in 

social perception. Specifically, the right STSp serves as the hub for the distributed network 

for processing visual social perception. 
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Chapter 1 

 

Introduction 

As social beings, humans navigate complex interactive encounters on a daily basis an 

ability that requires correctly interpreting facial and body cues that signal the goals and 

intentions of others. Social perception/cognition is more than just a simple mapping of the 

stimulus representation onto the motor representation. It is more likely that neural 

processing of social perception occurs in various stages through a distributed network 

system. In the past two decades in the field of social perception and cognition, cortical 

regions in the so-called “social brain” have been identified using both neuroimaging and 

neurophysiological methods. “Social brain” is the term used to denote the network involved 

in processing information to interpret social cues, such as, action understanding, goal 

direction and intention of other individuals. This network consists of several brain areas, 

including the superior temporal sulcus (STS), medial prefrontal cortex (mPFC), the inferior 

frontal gyrus, amygdala and the anterior insula. Each of these brain regions is believed to 

contribute a unique function to the larger network, with the more posterior brain sites 

(STS and fusiform) associated with visual perception of social cues, and the frontal nodes 

(mPFC and insula) associated with the attribution of mental states to external objects and 

events. 

 

1.1 The Superior Temporal Sulcus 

In particular the posterior part of human superior temporal sulcus (STSp) is considered 

a hub of the social cognitive network, and is implicated in action observation, face 
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perception, perception of animacy, mentalizing and the attribution of intent (Overwalle, 

2009, Gobbini 2012; Hein & Knight, 2008; Carter & Heuttell, 2014). Within the STSp there 

is little consensus as to the nature of the neural representations supporting social 

perception In both non-human primates and humans, the STSp region has been selective 

for movements of the eyes, mouth, hands and body, suggesting that it is involved in analysis 

of biological motion (Grossman et al. 2000, Vaina et al., 2001; Grossman and Blake, 2002; 

Puce & Perrett, 2003). The STSp has also been shown to be involved in changeable aspects 

of face perception, such as gaze direction and speech related facial movements (Haxby, et 

al, 2000; Ishai et al., 2005; Puce et al., 1998; Hoffman & Haxby, 2000; Calder et al., 2007). 

Humans can rapidly distinguish the gender, expression, age and mood when looking at a 

face, with this kind of information processing likely requiring the integration of neural 

activity across a network of cortical regions.  

Perception of faces and body motion also requires identifying, interpreting, and 

predicting the actions of others. The underlying neural processing within the STSp has 

been the focus of many studies, some of which have shown the STSp activation may be 

more strongly correlated with the intent of the action rather than just the action itself (Saxe 

et al. 2004). A study done by Morris et al. (2005) suggested that STSp is more selective 

when an individual is inferring the mental state of another behaving agent. This study 

along with others (Iacoboni, 2004; Chouchourelou et al. 2006) have shown that the social 

cues or social significance of actions also drive neural activity in the STSp. The implication 

is that domain-specific populations on the STS are anatomically intermixed, an 

organization that is difficult to discern using standard neuroimaging mapping approaches. 
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1.2 Visual Social Perception – Emergence of Large-scale Network 

Both for biological motion perception and face perception the STSp is a part of a 

network of ROIs that is involved in the neural processing of the respective stimuli. Point 

light human actions can also activate cortical regions such as ventral temporal lobe (Vaina 

et al. 2001), regions along the lateral fusiform gyrus (Grossman & Blake 2002; Beauchamp 

et al. 2002) as well as some regions within the prefrontal cortex (Grezes, 1998). Other 

areas involving face perception includes Interocular gyrus (IOG), lateral fusiform gyrus 

(FG) (Kanwisher et al., 1997, McCarthy et al., 1997; Bokde, et al 2005), amygdala, insula the 

inferior frontal gyrus (IFG) and prefrontal structures (Vuilleumier et al., 2003; Ishai et al., 

2004).   

There has also been studies with socially interaction tasks that implicated the STSp, 

along with cortical areas such as the lateral fusiform gyrus (FG), the temporo-parietal 

junction (TPJ), the amygdala, the posterior cingulate cortex (PCC), the temporal poles (TPs) 

and the medial prefrontal cortex (Castelli et al. 2000, 2002; Martin & Weisberg 2003; 

Schultz et al. 2003; Decety & Lamm, 2007). That raises the question if STSp is more 

generally involved in perception of socially relevant events or situations and not just 

specific tasks of just understanding biological motion or facial expressions. It has been 

known animations of simple geometric shapes are readily interpreted as animate agents 

engaged in meaningful social interactions (Heider and Simmel, 1944). Neuroimaging 

studies have revealed that the STSp is also selectively activated when viewing Heider–

Simmel animations that depict social interactions in contrast to animations that depict 

mechanical concepts (Martin et al, 2003).  

There has been emerging evidence that social perception itself may rely on a 
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distributed neural network (Overwalle, 2009; Wolf et al, 2010) often coined as the "social 

brain". The studies of these three different tasks suggest that there are common areas in 

the STSp, along with a few other cortical regions that are selective for the common neural 

processing of these stimuli. What is the common neural processing that binds all different 

perceptions involving social cognition? And how is the STSp involved in this large-scale 

network system? There have been some studies that have attempted to find the common 

regions in and around the STSp for various socially relevant perceptual tasks (Gobbini et al, 

2007; Carrington & Bailey, 2009). However there has been a lack of a thorough methodical 

study investigating all cortical areas – not just the STSp – but other possibly areas within 

the lateral fusiform gyrus and prefrontal cortex that may also have overlapped regions 

between these three tasks.  

 

 

1.3 Social Perception Network – a Developmental Perspective 

Interconnectivity within the social cognition domains are mostly studied using imaging 

in adult brains. Given the complexity of the distributed network of social cognition, the 

interactions between the core brain regions that comprise it is best studied in the mature 

network. Very little is currently known about the functional maturation of this network 

from childhood to adulthood. Examining the developmental trajectory of how the intricate 

connectivity patterns within the “social brain” emerges is important for understanding the 

ontogeny of the various cognitive processes under social cognition. Additionally, this will in 

turn help in the understanding of neurodevelopmental disorders such as autism spectrum 

disorders and attention-deficit/hyperactivity disorder, in which the typical maturation of 
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the mechanisms of social cognition are often compromised. 

Biological Motion Perception – A Hallmark of Social Cognition: In developmental studies 

biological motion perception is an important precursor for the development of more 

complex social perception. Frith and Frith (2003) suggested that one of the early 

components of social cognition in the developing brains of infants is the agency detection 

mechanism. Infants, as young as 3 months, have the ability to distinguish between 

biological and non-biological figures. They proposed this sensitivity to biological figures 

and their actions is one of the likely precedents, in both evolutionary and developmental 

measure, to the Theory of Mind (ToM). They also noted that the STSp region, implicated in 

biological motion processing, is a “multimodal convergent zone” and is adjacent to regions 

of the brain used for mentalizing. In Maria Pavlova’s review paper (2012), the author 

argued that biological motion Perception can serve has a “hallmark of visual social 

cognition”. Studies have shown that individuals with impaired biological motion perception 

also show deficits in social perception. The review underlined the shared neural networks 

involved in the processing of both biological motion and social cognition and consequently 

the proper functioning of the structural and functional connectivity for the cortical network 

for processing biological motion is essential for normal social perception. Thus, early 

biological motion detection abilities could allow children to develop the ability to use 

knowledge about the actions and intentions of others to infer mental states and thus is an 

indication of their social cognition skills. Carter and Pelphrey (2006) in their fMRI study 

mapped out the domain specificity in the biological motion on children between the age 

ranges of 7-10 years. This is an important step to understand different aspects of biological 

motion processing. However, in order to fully comprehend the manner of information 
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sharing in this large-scale network we also need to determine the relationship between the 

cortical regions involved during the process. No studies, until now, have specifically looked 

at the functional connectivity of the neural circuitry of biological motion perception in 

children. 

 

1.4 Major questions to be addressed: 

Social perception is a central characteristic of human interaction. Humans can rapidly 

distinguish the gender, expression, age and mood when observing a face or even point light 

bio walkers. This kind of information processing more likely involves the integration of 

diverse neural processing within various cortical regions – that can possibly includes high-

level abstract concepts (what is the intent of someone's action? what is the cause of an 

individual's behavior) and low-level perceptions (form, motion). To comprehend the 

nature of this large-scale network the goals to be accomplished are: 

1) Characterize the neural response within the STSp co-activated by three social 

perception/cognitive tasks. 

2) What is the interconnection between the STSp and distributed cortical regions?   

3) How does the network connectivity patterns emerge from childhood to adulthood?  

 

There have been quite a few studies involving various types of visual stimuli that are 

considered socially relevant – biological motion, theory of mind, social interactions, 

perception of facial expression or gaze. For the purpose of this research project I have 

chosen the three domains – biological motion, face perception, and social interactive study 

– as representative of socially relevant tasks more broadly. The primary goal for this 
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dissertation is to investigate all the regions of co-activation between these three tasks and 

find the functional connectivity between them with a focus on the STSp region. In my 

second project I have shown that all three of these tasks share a large cortical network, 

including the STSp, early visual cortex and pre-frontal areas. I hypothesize that there exists 

a shared network system for these different external stimuli with the STSp being a network 

hub. Through my three projects I identify the distributed network system and compute the 

extent of neural processing within the STSp as well its functional relationship with the 

brain regions involved in the distributed network based on three representative social 

perception tasks.   

  

1.5 The Technique:  

In the field of brain imaging, functional magnetic resonance imaging (fMRI) has come a 

long way in the last 15 years. Not only in terms of higher resolution of images and more 

efficient machines, but also in the way we analyze the huge volume of data. In a typical 

design, thousands of voxels (three dimensional pixels) are obtained from an fMRI scan and 

a univariate statistical analysis, such as the general linear model (GLM), is used to search 

for correlations between the BOLD activity and the experimental design. The standard 

statistical analysis would thus attempt to find and characterize brain regions that become 

activated as a whole, with data spatially smoothed and activity averaged an entire region of 

interest (ROI). This process of analysis definitely has its advantages. In the early years of 

fMRI, macro-regions of the brain that correlate to specific brain function were revealed 

using these univariate statistics, which in turn revealed information on the modular 

aspects of human brain functions.  
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However, the information in the brain is bound to be vastly multivariate with its huge 

population of neurons and the billions of connections between them, both locally and 

globally. Also recent studies have shown a shift from the modular approach to investigating 

more of the distributed network system that is gives a more in depth picture of how 

information is processed across the vastly interconnected brains (Ishai, 2008; Overwalle, 

2009; Wolf et al, 2010). One of the major issues in current MRI studies is that the 

commonly used univariate methods of MRI data analysis would fail to disambiguate 

between the differences in neural processing within the same region of interest (ROI) when 

presented with different cognitive tasks.   

For this study on the shared neural network for the three social cognitive tasks, I have 

used three multivariate methods of data analysis that help us identify the overlap in the 

neural processing between these different tasks within the ROIs:  

 

1) Multivariate Pattern Analysis using correlational data (Pearson’s r and partial 

correlation) between the different tasks to show the extent of overlap of neural 

processing between the different tasks.  

2) Functional connectivity using Pearson’s r correlation measures – marginal 

correlation values of two ROI timeseries as a tool to understand the functional 

relationship of the brain regions involved in the neural network.  

3) Effective connectivity using partial correlations – a data driven approach to 

compute the interconnectivity between the ROIs, an Effective Connectivity Analysis 

tool, yielding an extensive representation of the distributed network of this shared 

system  
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Both for the multivariate pattern analysis and for the connectivity analyses I have used to 

represent the data in the form of in undirected graphs. For the multivariate analysis, the 

tasks are represented as nodes while the strength of the correlated pattern of activation 

between tasks are represented as edges. For the connectivity analysis, I have also 

computed simple graph metrics to understand the defined network, with the regions of 

interest as nodes and edges between the nodes weighted by partial and multiple 

correlations values to depict the strength of covariation of the neuronal activity involved in 

the different stimuli/tasks. 
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Chapter 2 

Multivariate Pattern Analysis of the Human STSp 

The posterior part of the Superior Temporal Sulcus (STSp) is an important cortical 

region implicated in various aspects of social perception, including perception of biological 

motion, gaze direction, and social interactions. The aim of this study was to study the 

underlying functional specialization of overlapping region within STSp activated by 

different socially relevant perceptual tasks. We used three core social perception tasks to 

localize this co-activated region of the STSp at the individual subject level - standard 

localizers for biological motion, gaze direction, and social interaction concepts using 

animated shapes. We also used two additional localizers for control purposes - motion and 

object (inanimate) localizer. We conducted a multivariate pattern analysis to analyze the 

underlying structure and pattern of activation of this co-activated region. We first, 

separated the response pattern of each localizer into its experimental and control blocks, 

resulting in a total of 10 conditions. We used these 10 response patterns to compute 1) 

Pearson’s r correlation coefficients for each pair of conditions and 2) Partial correlation 

coefficients for each pair of conditions. We represented each analysis graphically with 10 

nodes and thresholded correlations as weighted edges. Both analyses reveal strong 

correlation between Biological motion and Face perception across hemispheres. Partial 

correlation further reveals strong correlation between biological motion and social 

interaction in both hemispheres. But there exists no correlation (above threshold) between 

face and social. By examining the multivariate pattern response, we find evidence in favor 

of a “micro-modular” model in contrast to a fully integrated “multiplexed” brain region. The 

pattern of response indicates that the neural substrate tuned to actions are anatomically 
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positioned between those tuned to faces and the interpretation of the social vignettes 

 

 

2.1 Introduction 

Social interaction in humans is quite intricate and involves a number of cognitive 

mechanisms, including encoding the actions of others so as to build internal 

representations of their intentions and mental states. These complex sets of processes have 

been broadly categorized as social cognition, the perceptual aspects of which have been 

linked to cortical activity in the posterior superior temporal sulcus (STSp)(Perrett & Puce 

2003; Pyles & Grossman, 2013) The STSp is a region for which functional specialization has 

been difficult to determine empirically. Human neuroimaging studies have implicated the 

STSp in a wide range of higher social cognitive functions, all interpreted within the scope of 

modular functional organization. These including perception of agency, animacy and goal-

directed-behaviors, even when depicted abstractly by non-human tokens (Castelli et al, 

2000; Martin & Weisberg, 2003); the successful attribution of theory of mind (Galagher & 

Frith, 2003); and multisensory integration, particularly with naturalistic stimuli (Wolf et al 

2010). A strictly modular account of STSp cortical organization hypothesizes anatomically 

distinct and functionally specialized subpopulations of neurons in the STS for each of these 

tasks. Although, modular organization is the underlying framework within which more 

neuroimaging mapping studies operate, there has been little evidence to support such a 

strong account for functional specialization within the larger domain of social cognition. 

For example, meta-analyses reveal distinct subdivisions of the STS associated with person 

perception and theory of mind (Gobbini et al., 2007), but not so clear evidence for distinct 
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modules associated with action understanding and face processing (Hein & Knight, 2008; 

Grosbras, et al 2011).  

There are two alternatives to the strict modular account: modular organization at the 

micro level in which functionally segregated populations intermix at a scale not easily 

measured with univariate analyses of the BOLD response; and an integrated hypothesis in 

which neural populations supporting distinct social perceptual tasks are shared. The 

former hypothesis, although more difficult to assess using fMRI, is aligned with single-unit 

evidence for heterogeneity among intermingled and finely tuned neurons on the monkey 

STS. Single-unit studies, which have largely only examined the perceptual aspects of social 

cognition, have clearly identified neural populations associated with perception of body 

parts, including the eyes, face, hands and whole body (Barraclough, Xiao, Baker, Oram & 

Perrett, 2005; Perrett, Smith, Mistlin, Chitty, Head, Potter et al., 1985). In some studies 

these neural populations can be linked to specific visual features present in the body, such 

as body form or characteristic movement (Oram & Perrett, 1996; Vangenueden et al, 2009).  

In humans, the existence of unique neural populations has been difficult to 

demonstrate using fMRI. fMR-adaptation paradigms have twice demonstrated tuning for 

specific actions, but also find evidence that neural tuning generalizes over relatively large 

changes in viewpoint and would be consistent with an inferred action goal level of 

representation (Kable & Chatterjee, 2006; Grossman, Jardine & Pyles., 2010). The 

hypothesis that the STS may consist of neurons encoding inferred (versus perceptual) 

properties of a scene is also consistent with findings of unique action-related activation on 

the STS depending on the context within which the cue is interpreted (Wyk, et, al 2009; 

Jastorff, et al., 2010; Schultz, et al, 2010).  
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The uncertainty of functional specialization on the STS indicates the need for a 

methodical and quantitative system to identify the relationship between neural 

populations on the STS support various aspects of social perception. The goal of this study 

is to directly test for evidence for the micro-modular versus integrated model of STS 

functional specialization using a multivariate pattern analysis approach. Whereas 

univariate approaches have failed to disambiguate between social cognitive tasks, this 

method is based on the assumption that the STS is vastly multivariate with largely 

heterogeneous populations of neurons. Evidence for micro-modular organization would 

take the form of a univariate STSp response that fails to differentiate different stimuli that 

are statistically discernable in the multivariate pattern response.  Evidence for an 

integrated model would take the form of both univariate and multivariate responses that 

are statistically identical between different social perceptual and cognitive tasks. We 

approached this problem by first isolating the co-activated region on the human posterior 

STS that is correlated with social perceptual processes in three core standard localizers 

(e.g. Grossman et al. 2000, Haxby et al 2001, Martin et al 2003). We then computed the 

marginal and partial correlation for each pair of conditions. Marginal correlation analysis is 

commonly used in the field of neuroimaging in regards to understanding the functional 

relationship of a number brain regions in context of whole brain network connectivity. In 

the current study, we also used a novel approach of computing similarity from partial 

correlations (in combination with multiple correlations) to quantify the underlying 

similarity in the neural response when engaged in distinct perceptual tasks. The partial 

correlation approach is a data driven means to compute the pairwise similarities between 

the patterns of activation in the STSp (mathematical concept behind effective connectivity 
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analysis in Marrelec, et al. 2006, 2009) Multiple correlation determine how much of the 

variance of each of the tasks may be accounted for with the correlation between any pair of 

conditions. Using this approach, we can generate a graphical model of information sharing 

among voxels in the STS, and from that make inferences as to the tuning properties of the 

underlying neural populations.  

 

2.2 Methods 

Participants.  

A total of sixteen individuals (eight male) from the UC Irvine campus and community 

participated in this experiment. Subjects completed two identical scanning sessions in two 

separate days. The Human Protections Review Board at the University of California Irvine 

approved all recruiting and consent procedures. 

Localizers: 

Subjects participated in three localizer tasks (described below), all chosen because 

they identify brain regions associated with social perception and cognition.  

Biological motion (BM). Point light animations depicting 25 unique actions were 

constructed using 13 black dots (0.17° of visual angle) representing the major joints and 

head of an actor. The overall figure subtended approximately 8 × 3.5° of visual angle and 

was positioned at the center of the screen. Scrambled motion was constructed by 

randomizing the spatial location of the starting position dots while leaving the motion 

vectors intact. Blocks consisted of 10 one-second animations with a 600 ms inter-stimulus 

interval. Subjects performed a 1-back task (report a repeated animation) on each stimulus, 

with an average of 3 repeats within each block.  
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Face perception (FP). The Face perception localizer was constructed similar to Haxby et al. 

(2001), Stationary grayscale images of faces (7.5 × 3° visual angle) were obtained from the 

Radboud database (Langner et al, 2010), with all faces depicting adults in the frontal view 

with gaze directed to the left, right or straight ahead, with happy, sad, angry, disgusted or 

neutral emotional expression. Scrambled faces were created from the face images by pixel 

scrambling them in units of .36° visual angle.  Each 16 sec block contained ten 750 msec 

images separated by 1000 ms interstimulus interval. During the face localizer, for each 

block, subjects were cued to perform a 1-back task on the face identity (irrespective of 

facial expression or gaze direction) or gaze direction (irrespective of facial expression or 

identity) with five repeats per block (on average).   

Social Cognition (SC). The social cognition localizer was adapted from Martin and Weisberg 

(2003), with stimuli generously provided by Alex Martin. Subjects viewed 21 sec video 

vignettes, similar to those developed by Heider-Simmel (1944).  These sequences depicted 

geometric shapes moving such that they readily appeared as agents (self-motivated actors) 

engaged in social interactions, or as components of moving mechanical objects. Each 

vignette was immediately followed by a 6 sec response window with a multiple choice 

selection in which subjects selected one of four phrases that best described the preceding 

scene.  

Motion Perception (MP). The motion localizer proceeded similar to Morrone, Tosetti, 

Montanaro, Fiorentini, Cioni & Burr (2000, Nature). Optic flow motion was constructed 

with 500 dots in an 8.7° circular aperture depicting expanding and contracting optic flow 

motion with an average speed of 8.5°/s. Throughout the 16sec blocks of motion, the 

direction of contraction and expansion randomly alternated to minimize the build-up of 
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visual motion aftereffects. Subjects passively viewed the stimulus, with no task other than 

to remain fixated on the central fixation cross and maintain attention on the stimulus.  

Object Recognition (OR). The object localizer proceeded similar to Grill-Spector et al. 

(2001). Subjects viewed grayscale stationary images (8 × 3.5° of visual angle) of common 

household objects (e.g. spoon, cup, comb, food, chair). Scrambled versions of the same 

images were constructed by scrambling the Fourier phase components of the original 

images. Participants performed a one-back task on each item within the block with an 

average of 3 repeats within each block. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: 5 Schematics Localizer task used for this experiment. Localizers for the three main tasks 

- Biological Motion Perception, Face Perception and Social Vignettes are shown on the left column. 

The two additional control tasks – Object and Motion Perception – are shown in the right. 
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Procedure 

For both scanning sessions, BM, FP and OR localizers were implemented as blocked 

designs with six experimental blocks alternated with six control blocks, separated by 4 

second fixation intervals for a total of 12 blocks/scan. Blocks in the social cognition 

localizer extended to 27 seconds and were separated by a 3 second interblock interval, for 

a total of 8 blocks/scan. Blocks in the motion localizer were 16 seconds long, separated by a 

3 second interblock interval, for a total of 12 blocks/scan. Each localizer scan 

pseudorandomly presented two times within a single scanning session, for a total of 24 

blocks/session for BM/FP, and 16 blocks/session for SC). All stimuli were displayed using 

Psychophysics Toolbox (Brainard, 1997, Pelli 1997) in MATLAB (Mathworks, Inc.).  

 

Imaging:  

MR images were collected on the UCI 3T Philips Achieva scanner housed in the UCI 

Research Imaging Center and equipped with 8 channel parallel imaging. High-resolution 

anatomical images were acquired for each individual (T1-weighted MPRAGE, TE = 3.7 ms, 

flip angle = 8°, 200 sagittal slices, 256 × 256 matrix, 1 × 1 × 1 mm3 voxels). Functional 

images (single-shot, T2*-weighted gradient EPI) were collected for the whole brain (2.0 x 

2.0 x 4.0 mm3, TE = 30ms, flip angle = 90 deg, A-P phase encoding, 32 axial slices acquired 

interleaved, 0 mm gap between slices, SENSE factor = 2, TR = 2000 ms, 128 volumes). 

Subjects viewed the animations through a periscope mirror mounted on the birdcage head-

coil and directed at a custom screen positioned at the head of the scanner. Responses were 

collected on an MR-compatible button box (Current Designs, Inc.).  
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Analysis:  

Functional images were corrected for motion within and across scans, mean intensity 

corrected, co-registered to the individual subject high-resolution anatomical images, and 

resampled into 2x2x2 mm voxels when transformed into standardized Talairach space (all 

conducted using BrainVoyager, Brainworks Inc.).  

 

Identifying the Overlapped Region: Localizers were analyzed for each individual subject 

with hemodynamic predictors estimating the blocked responses for the two conditions of 

interest (for each localizer scan). Significance was assessed at p < 0.05 (uncorrected). Co-

activated voxels within the STSp (both hemisphere) were identified as those with 

significant task-positive activation in all three social cognitive localizer tasks (biological vs. 

scrambled motion, faces versus scrambled faces, and social versus mechanical vignettes). 

Isolating co-activated regions and additional multivariate analysis were all conducted on 

the individual subject level 

 

Multivariate Analysis: Multivariate pattern analysis was conducted in Matlab (Mathworks, 

Inc.). We computed a full correlation and a partial analysis on the conjunction ROIs 

obtained from the previous steps on each hemisphere of each subject. The main goal was to 

determine the degree of coactivation in the neural population from the different social 

cognitive tasks.  

 

Undirected graphs using Full Correlation and Partial Correlations/Multiple Correlations:  
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Two types of correlation measures were calculated: 1) Pearson’s r correlation 

coefficient - a measure of linear correlation between the voxel-wise spatial activation 

patterns of two conditions, which we term “full” correlation, and, 2) a partial correlation 

value, which measures the linear relationship between the same two conditions after 

variance accounted for by other variables (ROI timeseries) had been removed (the 

correlation between the residuals). These two approaches are complementary. Whereas 

the marginal correlations returns the linear dependence between voxel activation pattern, 

this relationship may reflect common driving inputs from other regions and other shared 

influences that may be epiphenomenal to the task of interest. Some of these limitations can 

be overcome by examining covariation structure computed from partial correlations, which 

identifies variance unique to any pair of activation pattern based on conditions and not 

shared with the other conditions included in the model (Salvador et al 2005). This 

approach has been fruitful in constructing models of interdependence by using linear 

regression to remove underlying variance structure common across three or more 

conditions. We combined the full and partial correlations to construct a more 

comprehensive representation of the network.  

Multiple correlation is an estimate of the combined influence of two or more variables 

on the observed variable. For our partial correlation connectivity analysis, a node’s (ROI’s) 

multiple correlation coefficient measures the amount of variance that can be explained by 

the influence of all the other nodes of the network - it can be viewed as the strength of 

association of one node with the rest of the nodes in the network. The multiple correlation 

of a node is computed by the square of the coefficient of multiple correlation can be 

computed using the correlation vector of the target variable (dependent variable) with the 
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predictor variables (independent variables), along with the inverse correlation matrix of all 

the predictor variables. 

For each of the localizer scans we take the distinct voxel responses (neural response 

pattern) within the ROI separated into experimental conditions and the respective control 

conditions, resulting in 10 distinct STSp activation patterns. We first compute the full 

correlation and partial correlation for all possible pairs of these 10 response patterns, and 

then compute the multiple correlation values for each of the responses. For reliability 

measure we conducted a Monte Carlo bootstrapping procedure in which we shuffled the 

condition labels for each voxel response and recomputed the full and partial correlation 

values. We repeated this randomization procedure 10,000 times to estimate the statistical 

distribution of correlation coefficients expected by chance. Full correlation values four 

standard deviations above the mean of the distribution were considered to be statistically 

significant. Partial correlation values two standard deviations above the mean were 

considered to be statistically significant. These inequitable thresholds create graphical 

models with approximately the same STSp node density (number of significant connections 

out of total possible). The node densities for the right and left STSp constructed from the 

full Pearson’s r correlations are 33% and 22%, respectively. The node densities for the 

STSp for the partial correlations analysis were 24% for both hemispheres. The multiple 

correlation values reflect that the variance accounted for by the partial correlation model - 

on average, 81% of the variance of all the nodes are accounted for by the model for the left 

hemisphere and 84% for the right. 



21 
 

The resulting graphs constitute 10 nodes - one for each of the conditions, with edges 

(weighted) of strengths that exceeded the significance threshold for the correlation 

coefficients. 

 

2.3 Results 

Univariate GLM: 

Figure 2.2 shows the results from group analysis (N = 16) of the individual localizer 

univariate analyses, all scaled to a common significance threshold. Each localizer yielded 

large-scale patterns of cortical activation that had both shared and distinct regions of 

selectivity elicited by all three localizers. The face and biological motion localizers (top left 

and middle panels, respectively) each revealed task-related activation in large regions of 

the superior temporal sulcus (posterior), lateral occipital sulcus, ventral temporal cortex, 

intraparietal sulcus and premotor and prefrontal cortices. These findings are very similar 

to previous reports using these localizer tasks (Grill-Spector et al, 2004; Grossman et al., 

2000; Saygin, 2007). Face and biological localizers also revealed control task related 

activation around occipital pole and medial prefrontal regions. The social vignette localizer 

identified large regions of activation extending the length of the superior temporal sulcus 

(from the anterior pole to the most dorsal parietal aspects), intra-parietal sulcus and in 

premotor cortex, and activation stronger for the control task in the lateral occipital sulcus 

and on the floor of the temporal lobe. 

Figure 2D depicts a count map with task-related significant activation common across 

all the three tasks (conjunction areas). The figure shows a group count of the bilateral 

conjunction areas as assessed separately in from each individual subjects. For the purpose 
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of this study we will be focusing only on the conjunction areas within the STSp, which was 

identified in all three tasks of all 16 subjects. Talairach coordinates for the conjunction area 

are shown in Table 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Univariate Analysis – GLM and STSp Conjunction. The top row shows the Group GLM 

on each of the three main tasks – Biological Motion (A), Face recognition (B), Social Vignettes(C). 

The bottom half shows the count map of the conjunction area computed in each individual 

subjects. The more yellow the area shown on the map, more the number of individual brains 

showed conjunction over the task positive GLM regions in the exact same spot. 
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Multivariate pattern analysis: 

Figures 2.3a and 2.3b show the averaged graph models, computed separately for the 

full and partial correlations. In these models, each of the conditions is represented as a 

graph node, with the similarity between each pair of nodes shown as a weighted 

undirected edge. A positive correlation coefficient implies that those voxels more strongly 

activated in a given condition are also more strongly activated in the second condition, and 

likewise for the more weakly activated voxels. Negative correlation coefficient implies 

those voxels in the STSp more strongly activated in one condition are the more weakly 

activated voxels in the second condition, and vice versa.  

The partial correlation analysis reveals similarity between conditions computed with 

variance accounted for by the other conditions removed, and thus is particularly helpful for 

controlling for the influence of nuisance factors (e.g. partial voluming, subject motion) that 

may artificially inflate correlation scores. Because our model includes two non-social 

control tasks (optic flow and object recognition), the partial correlation approach also 

serves to remove the influence of neural populations with general sensitivity to motion and 

form features, not specific to the three key tasks. A lack of similarity (deleted edge) in the 

partial correlation model must be interpreted in the context of the full correlations: deleted 

edges may result from variance captured by a third condition, in which case the edge would 

be present in the full correlation model. Alternatively, a deleted edge in both the partial and 

full correlation models indicates no shared variance (i.e. strong dissimilarity) in the pattern 

of STSp responses elicited by the two conditions. 
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Figure 2.3a. Graphical representation of the full correlational analysis of the 10 conditions in each 

hemisphere of the STSp. Figure 2.3b. Graphical representation of the partial correlational analysis of 

the 10 conditions in each hemisphere of the STSp. Each condition (5 pairs of experimental and 

control counterparts) are represented as separate nodes. Existence of an edge between two nodes, 

depicts a correlation value higher than the threshold. Solid lines denote positive correlation, dotted 

lines denotes negative correlation. Correlation edges between the main tasks are represented in 

green; correlation edges involving any of the control tasks are represented in yellow.  

  

Full Correlations 

Partial Correlations 

STSp Left Hemisphere                                       STSp Right Hemisphere 

STSp Left Hemisphere                                       STSp Right Hemisphere 
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Biological motion and face perception: The patterns of activation on the STSp during 

biological motion and face perception were strongly similar; indicating that the same set of 

voxels is strongly activated (or deactivated) by both action recognition and face 

recognition. This was true for the STSp in both hemispheres when similarity was computed 

using the full correlations. When the similarity between the activation during biological 

motion and face perception was computed in the partial correlation model, the relationship 

between the two conditions weakened but remained significantly stronger than anticipated 

by chance. Since partial correlation approach removes the influence of factors driving 

neural activity due to other cues present in the additional conditions, we conclude that 

biological motion and face perception share some neural substrates that are not accounted 

for by motion, form or the interpretation of the stimuli as agents (as in the social vignettes). 

 

Biological motion perception and interpretation of social cognitive vignettes: The patterns 

of activation elicited by action recognition and interpretation of the Heider-Simmel type 

vignettes was also very similar, although some important differences emerged between the 

full and partial correlations as computed in the two hemispheres. The STSp response in the 

right hemisphere was similar between biological motion perception and the social vignette 

conditions in both the full and partial correlation model. These two conditions share 

variance in the STSp pattern response. 

In the left hemisphere, the similarity between biological motion perception and the 

social vignettes emerges in the partial correlations, only after the influence of a third 

source of variance is accounted for (i.e. the two patterns of activation are not correlated 

beyond that expected by chance in the full correlations). We hypothesize that the 
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emergence of similarity in the partial correlations reflects the removal of variance 

associated with language functions, which would be largely left lateralized and likely 

emerged due to multiple choice component of the social vignette localizers. (This task 

component was included in order to replicate the STSp localization as found by Martin and 

Weisberg, 2003). Subjects also participated in multiple-choice responses during 

mechanical vignette condition, which served as a means for accounting for and controlling 

that source of nuisance variance in the partial correlations analysis. This suggests that the 

functional specialization for social perception often attributed to the right STS is also 

apparent in the left STSp, but masked by the relatively large impact of language function on 

neural responses. 

 

Face perception and the interpretation of social vignettes: The pattern of cortical activity in 

the STSp during face perception was dissimilar to that generated by the social vignettes. 

There is no significant similarity between these two conditions, even when controlling for 

the many possible sources of nuisance variance. This indicates that face perception and the 

interpretation of Heider-Simmel like sequences are supported by distinct populations of 

neurons in the human STS. 

 

Additional observations: In addition to the three key socially relevant conditions, a few 

additional observations are notable from the graphical analysis of the full and partial 

correlation models. First, the two nonsocial conditions in our experiment, the optic flow 

and object recognition, were the two conditions in which the experimental and control 

conditions elicited the most strongly opposing patterns of activation. STSp cortical 
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activation elicited by optic flow was significantly and negatively correlated with the pattern 

of activity generated by the static pattern of dots. This was true even when the influence of 

other parameters was removed (in the partial correlation model). The same finding existed 

in the relationship between the pattern of STSp response during object recognition and 

discrimination of pixel-scrambled objects. It is also worth noting that the strong 

multivariate relationship in these conditions exists even though the mean STSp BOLD 

response does not differentiate these two conditions (Figure 2.4). Thus there is meaningful 

information in the STSp pattern response that discriminates visual events that only weakly 

activate the region as a whole. 

 

 

 

 

 

 

 

 

 

Figure 2.4: BOLD signal Percent Signal change (with standard error bars) for each pair of 

experimental and control conditions in the identified conjunction area within the STSp. Left and 

Right hemispheres shown in separate bar graphs. 

 

 

A second important observation is the similarity in the spatial pattern of the STSp 

response for the three control conditions for the social tasks: scrambled biological motion, 
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scrambled faces and mechanical vignettes. Like the nonsocial conditions discussed above, 

these control conditions elicit significantly weaker univariate responses on the STSp as 

compared to the social conditions. But some interesting and meaningful similarity 

relationships emerged in the partial correlation model. Specifically, the pattern of 

activation during the scrambled biological motion had some significant similarity to that 

elicited by the mechanical vignettes. The pattern of activation associated with the pixel-

scrambled faces also shared some similarity to the mechanical vignettes. Similar to the 

finding with optic flow and object recognition, there is structure to the STSp pattern 

response for categories of events to which the region as a whole is not tuned. 

Lastly, we note the similarity in the STSp pattern response between object 

recognition, biological motion perception and face perception. All three of these tasks 

elicited similar pattern responses on the right and left STSp, but those connections largely 

disappeared in the partial correlation model. The implication is that the variance amongst 

these three conditions is strong, but essentially redundant. The exception is the residual 

similarity between biological motion perception and object recognition in the right 

hemisphere STSp, which is not accounted for by any of the other conditions modeled. 

 

2.4 Discussion 

The purpose of this analysis was to seek structure in the STSp pattern response such 

that two prominent models of functional organization could be tested. In this approach, we 

considered that neural activity on the STS may reflect distinct populations of neurons 

tuned to different social cues, or that this region may contain neurons tuned to the inferred 

attributes of the events, such as animacy or intent. For example, neurons tuned to faces 
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may be spatially intermixed but distinct from those tuned to social vignettes, but both 

populations may be recruited by more complex neurons tuned to higher cognitive 

inferences, such as intent (Jellema & Perrett, 2006). Neural activity on the STS can also 

reflect the engagement of domain-general attention and memory responses known to 

recruit spatially proximal regions of cortex, but believed to reflect the activity of an entirely 

different population of neurons (Carter & Heuttel, 2013).  

With these considerations in mind, we parceled the variance in the neural response 

into that which is shared among the tasks and that which specifically describes the unique 

relationship between any two given tasks. This analysis specifically reveals any distinct 

relationships between two tasks, apparent in the spatial distribution of activity on the STS. 

Both models have significant support in the literature, and univariate approaches have 

been largely unsuccessful in discriminating the two. 

By examining the multivariate pattern response, we find evidence in favor of the 

modular model, which we refer to as the “micro-modular” model because there is 

insufficient evidence in the univariate response to dissociate the conditions. We find 

distinct components of variance in the spatial pattern that is shared between biological 

motion perception and face perception, and biological motion perception and the 

interpretation of social vignettes. There is no shared cortical response in the STSp between 

face perception and the interpretation of social vignettes. 

These findings are not without some precedence. Single-unit findings and fMR-

adaptation studies find evidence for distinct neural population supporting face and 

biological motion perception, and even more strict tuning within those categories of social 

cues (Kable & Chatterjee, 2006; Grossman et al., 2010). Single-unit findings note that cells 
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with similar tuning tend to be clustered together (Oram & Perrett, 1994; Vangeneugden et 

al., 2011), and there has been some preliminary evidence for coarse organization of social 

cues on the STSp when subjects are analyzed individually as opposed to pooled into a 

homogenous group (Beauchamp, et al, 2004). 

 It is highly unlikely that the similarities we observe in the patterns of these 

responses are due to low-level (visual) features in the stimuli. The point-light sequences 

consist of sparse dynamic dots, the face recognition task consists of fully-illuminated 

stationary photographs, and the social vignettes consist of colorful, dynamic geometric 

shapes. Perceptually, this is a comparison of apples and oranges. Yet in this conjunction 

region on the STSp, there is clear selectivity for each condition (as measured in the 

univariate response), and clear structure to the patterned voxel response for these distinct 

conditions. Even with the dramatically different perceptual features, there is shared 

variance in the pattern response.  

A fully integrated “multiplexed” brain region that extracts social cognitive cues from 

a wide assortment of visual events would yield a much different pattern of similarity than 

we measured in the STSp. The integrated model would have strong similarity in the full 

correlation approach, and a completed disconnected model in the partial correlation 

approach, which removes redundant variance. Instead, we found a pattern of response 

during point-light biological motion that had components that were separately similar to 

face perception and the social vignettes. We also observed complete disconnect in the STSp 

responses during face perception and the viewing of social vignettes.  

We also found structure in the variance that reflected similarity in the pattern of 

responses to conditions for which the STSp only elicited weak univariate responses. These 
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included the control conditions for the social localizers, and the nonsocial control 

conditions (optic flow and object recognition). That there is structure in the pattern 

response for visual events that do not drive maximal BOLD response is not new (Haxby et 

al., 2001 Science paper), but to our knowledge this is one of the first demonstrations in the 

human STS. 

Although social perception and cognition are largely associated with right 

hemisphere lateralization, we found only hints of any right hemisphere dominance. For the 

three main social conditions, there were no significant hemispheric differences in the 

number of connections or strength of connections. We noted that the shared pattern of 

activation when observers viewed social vignettes and biological motion perception in the 

left STSp only became apparent when redundant variance was removed from the model, 

which we hypothesize resulted from removing the influence of language function on the 

left STSp pattern response. Overall the univariate BOLD activation in the social cue 

conditions was trended to be higher in the right hemisphere than in the left, but the 

difference was not significant statistically (Figure 4). 
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Chapter 3 

 

Effective Connectivity in the Superior Temporal Sulcus during Social 

Perception 

The STS is an important brain region for perceptual analysis of social cognitive cues. 

This study seeks to characterize the functional specialization of the STSp by identifying the 

pattern of connectivity emerging from the STS in three core social perception localizer 

tasks: biological motion perception, gaze recognition, and the interpretation of moving 

geometric shapes as animate. We identified brain regions associated with all three of these 

localizers and computed the effective connectivity pattern between them and the STSp 

using a partial correlations metric that provides a metric of effective network connectivity. 

We find a core pattern of cortical connectivity that supports the hypothesis that the STSp 

serves as a hub of the social brain network. The right STSp was among the most highly 

connected of the brain regions measured, with the pattern of connectivity between the 

STSp and prefrontal cortex being selective for task. Unlike the other highly connected 

regions, connectivity to the STSp was distinctly lateralized, with more connections to the 

right STSp as compared to the left. We conclude the functional importance of right STSp is 

revealed when considering its role in the large-scale network of brain regions involved in 

various aspects of social cognition. 
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3.1 Introduction 

As social beings, humans navigate complex interactive encounters on a daily basis, an 

ability that requires correctly interpreting facial and body cues that signal the goals and 

intentions of others. In the past 15-20 years, non-invasive brain imaging methods together 

with neurophysiological studies have identified key cortical regions in the so-called “social 

brain”(coined by Brothers, 1990), which is involved in processing and interpreting the 

actions and intentions of other individuals. This network consists of several regions, 

including the superior temporal sulcus (STS), medial prefrontal cortex (mPFC), the inferior 

frontal gyrus (IFG), amygdala and the anterior insula. Each of these brain regions is 

believed to contribute a unique function to the larger network, with the more posterior of 

these brain sites (STS and fusiform) associated with visual perception of social cues, the 

IFG associated with the interpretation and planning of actions, and the prefrontal nodes 

(mPFC and insula) associated with the attribution of mental states to external objects and 

events (Miller & Cohen, 2001; Krueger et al, 2009; Menon & Uddin, 2010). 

In this study, we focus on superior temporal sulcus, the posterior extent (STSp) of 

which has been implicated as a critical module for perception of actions, faces (and more 

specifically, eye gaze direction) and animacy (Overwalle, 2009, Gobbini, 2007; Shultz & 

McCarthy, 2012; Carrington & Bailey, 2009; Carter & Huettel, 2013). Although the STSp has 

been characterized as a module for social perception, two important problems have arisen 

in understanding functional specialization of the STSp from this perspective: First, it is not 

yet clear whether perception of different social cues map to the same or distinct regions of 

the STS. Standard univariate mapping studies report evidence for a singular “multiplexed” 

region recruited by multiple social perception functions (Hein & Knight, 2008), whereas 
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recent multivariate approaches increasingly find evidence for distinct neural populations 

(e.g. Lee & McCarthy, 2014; Engell & McCarthy, 2013). The implication is that any modular 

organization apparent on the STS likely exists on a much finer scale than that seen in other 

regions on the temporal lobe (e.g. the fusiform face area; Mahon et al., 2007; Kanwisher, 

2010), and that multivariate analyses will be critical for disentangling domain-specific 

populations on the STS.  

A second issue that arises from the modular hypothesis of STSp functional 

organization is the lack of clear convergent evidence between neuroimaging studies and 

models of functional specialization drawn from cortical anomalies. There is very little 

indication that social cognitive deficits result from any acute and localized brain injury on 

the STSp, which implies social perception is not well characterized by a localizationist 

approach. The strongest model of social cognitive dysfunction is autism, which is 

associated with atypical patterns of long-range functional connectivity as compared to 

neurotypicals (specifically hypo-connectivity, as assessed in the resting state) in the social 

cognition brain network (Anderson, et al., 2011; von dem Hagen, et al, 2013). From this, we 

argue that a critical feature for understanding the brain-behavior relationship for social 

perception may be found in the pattern of long-range connectivity. 

Given the role of the STS as a major center for perceptual analysis of social cognitive 

cues and the importance of network connectivity in social disorders, this study seeks to 

examine functional specialization of the STSp by characterizing the pattern of connectivity 

emerging from the STS in social perception tasks. This approach is motivated by the notion 

that functional specialization is not just reflected in the local activity within a single brain 

site, but also the coordination of information flow throughout the network. While the 
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literature has been quite successful at mapping brain regions involved in social cognition, 

very few have attempted to characterize the actual information flow through this large-

scale brain system. The goals of this study are to test the hypotheses that STSp is one of the 

major hubs for the large-scale cortical network of the “social brain”, and that patterns of 

connectivity through the STSp are specialized for the analysis of distinct social cognitive 

cues.  

To understand the large-scale network, we compute the effective connectivity pattern 

between the STS and related brain regions. This approach has some major advantages over 

pairwise Pearson correlation (also termed “full correlation”) as a means for assessing 

functional connectivity. Full correlation returns the linear dependence between brain 

regions, a relationship that labels both direct and indirect connections non-discriminately, 

including common driving inputs and other shared influences that may be epiphenomenal 

to the task of interest. Functional connectivity computed from full correlations are also 

particularly susceptible to artificial inflation from physiological artifacts such as subject 

motion (Power, et al., 2012). These limitations can be overcome by examining covariation 

structure computed from partial correlations, which identifies variance unique to any pair 

of regions and not shared with the other brain regions included in the model (Salvador et al 

2005; Marrelec et al., 2009). This approach has been fruitful in constructing models of 

interdependence by using linear regression to remove temporal structure common to three 

or more brain regions, and reveals connected regions that are conditionally independent, 

what can be defined as the effective connectivity of the network (Lee et al., 2013, Marrelec 

et al., 2006, Marrelec et al., 2007; Smith et al., 2011). 
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For our purposes, we have focused on three key social tasks: gaze recognition, action 

recognition and the interpretation of interactivity from simple geometric shapes (Heider 

Simmel-like animations). Each of these tasks is associated with putative functional 

specialization in brain regions linked to the social brain (Grossman & Blake, 2002, Haxby et 

al 2001, Martin et al 2003; Saygin 2004). We use standard univariate approaches to map all 

overlapping cortical regions of functional selectivity, and compute network connectivity 

using a partial correlation analysis. Using the resulting network, we constructed an 

undirected weighted connectivity model that identified pairs of brain regions between 

which new information is shared (Marrelec et al., 2006, Marrelec et al., 2009). We further 

analyzed the network structure using metrics drawn from graph theory, a mathematical 

representation of a real-world complex system (such as large scale brain networks) defined 

by a collection of nodes (brain regions) and edges (anatomical, functional, or effective 

connections) connecting pairs of nodes (Bullmore & Sporns, 2009; Minati et al., 2013). 

Using these tools, we map the unique connections between the STSp and cortical regions 

that differentiate patterns of brain connectivity revealed by social perception localizers, 

and characterize the functional specialization in their patterns of connectivity.  

 

 

Methods 

Participants. A total of 16 individuals (8 male) from the UC Irvine campus and community 

participated in this experiment. Subjects completed 2 identical scanning sessions in two 

separate days. The Human Protections Review Board at the University of California Irvine 

approved all recruiting and consent procedures. 
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Localizers: 

Subjects participated in three localizer tasks (described below), all chosen because they 

identify brain regions associated with social perception and cognition.  

Biological motion (BM). Point light animations depicting 25 unique actions were 

constructed using 13 black dots (0.17° of visual angle) representing the major joints and 

head of an actor. The overall figure subtended approximately 8 × 3.5° of visual angle and 

was positioned at the center of the screen. Scrambled motion was constructed by 

randomizing the spatial location of the starting position dots while leaving the motion 

vectors intact. Blocks consisted of 10 one-second animations with a 600 ms inter-stimulus 

interval. Subjects performed a 1-back task (report a repeated animation) on each stimulus, 

with an average of 3 repeats within each block.  

 Face perception (FP). The Face perception localizer was constructed similar to 

Haxby et al. (2001), Stationary grayscale images of faces (7.5 × 3° visual angle) were 

obtained from the Radboud database (Langner et al, 2010), with all faces depicting adults 

in the frontal view with gaze directed to the left, right or straight ahead, with happy, sad, 

angry, disgusted or neutral emotional expression. Scrambled faces were created from the 

face images by pixel scrambling them in units of .36° visual angle.  Each 16 sec block 

contained ten 750 msec images separated by 1000 ms interstimulus interval. During the 

face blocks, subjects were cued to perform a 1-back task on the face identity (irrespective 

of facial expression or gaze direction) or gaze direction (irrespective of facial expression or 

identity) with five repeats per block (on average).   
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 Social cognition (SC). The social cognition localizer was adapted from Martin and 

Weisberg (2003), with stimuli generously provided by Alex Martin. Subjects viewed 21 sec 

video vignettes depicting geometric shapes moving such that they readily appeared as 

agents (self-motivated actors) engaged in social interactions, or as components of moving 

mechanical objects. Each vignette was immediately followed by a 6 sec response window 

with a multiple choice selection in which subjects selected one of four phrases that best 

described the preceding scene.  

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Schematics of the three Localizer task used for this experiment. Localizers here are 

the same shown in chapter 2 (figure 2.1) – Biological Motion Perception, Face Perception and 

Social Vignettes. A block of the experimental and control conditions are shown side by side. 

Both for the biological motion blocks and face blocks the subject was asked to perform a 1-back 

task; for the social vignettes the subject viewed a short video clip and answered a multiple 

choice question at the end of the block 
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Procedure: 

For both scanning sessions, BM and FP localizers were implemented as blocked designs 

with six experimental blocks alternated with six control blocks, separated by 4 second 

fixation intervals for a total of 12 blocks/scan. Blocks in the social cognition localizer 

extended to 27 seconds and were separated by a 3 second inter-block interval, for a total of 

8 blocks/scan. Each localizer scan pseudorandomly presented two times within a single 

scanning session, for a total of 24 blocks/session for BM/FP, and 16 blocks/session for SC). 

All stimuli were displayed using Psychophysics Toolbox (Brainard, 1997, Pelli 1997) in 

MATLAB (Mathworks, Inc.).  

 

Imaging:  

MR images were collected on the UCI 3T Philips Achieva scanner housed in the UCI 

Research Imaging Center and equipped with 8 channel parallel imaging. High-resolution 

anatomical images were acquired for each individual (T1-weighted MPRAGE, TE = 3.7 ms, 

flip angle = 8°, 200 sagittal slices, 256 × 256 matrix, 1 × 1 × 1 mm3 voxels). Functional 

images (single-shot, T2*-weighted gradient EPI) were collected for the whole brain (2.0 x 

2.0 x 4.0 mm3, TE = 30ms, flip angle = 90 deg, A-P phase encoding, 32 axial slices acquired 

interleaved, 0 mm gap between slices, SENSE factor = 2, TR = 2000 ms, 128 volumes). 

Subjects viewed the animations through a periscope mirror mounted on the birdcage head-

coil and directed at a custom screen positioned at the head of the scanner. Responses were 

collected on an MR-compatible button box (Current Designs, Inc.).  
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Analysis:  

Functional images were corrected for motion within and across scans, co-registered to the 

individual subject high-resolution anatomical images, and resampled into 2x2x2 mm voxels 

when transformed into standardized Talairach space (all conducted using BrainVoyager, 

Brainworks Inc.). Functional connectivity analyses were conducted in Matlab. 

 

Whole Brain Conjunction Analysis: Localizers were analyzed using a group GLM 

analysis with hemodynamic predictors estimating the blocked responses for the two 

conditions of interest (for each localizer scan). Significance was assessed at p < 0.05, 

Bonferroni corrected. Co-activated voxels were identified as those with significant 

activation in all three social cognitive localizer tasks (biological vs. scrambled motion, faces 

versus scrambled faces, and social versus mechanical vignettes). This conjunction analysis 

revealed twelve bilateral regions of interest (24 total) on which we conducted the 

functional connectivity analysis. 

 

Effective Connectivity Analysis: Effective connectivity was assessed by computing the 

strength of the correlation between all pairwise combinations of the stimuli time-locked 

timeseries extracted from the ROIs. Correlation measures were calculated using partial 

correlation values, measuring the linear relationship between two ROI timeseries after the 

variance accounted for by other variables (ROI timeseries) had been removed (the 

correlation between the residuals; Marrelec et al., 2009). Multiple correlation coefficient is 

an estimate of the combined influence of two or more variables on the observed variable. 

For our partial correlation connectivity analysis, a node’s (ROI) multiple correlation 
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coefficient measures the amount of variance that can be explained by the influence of all 

the other nodes of the network - it can be viewed as the strength of association of one node 

with the rest of the nodes in the network. 

Partial correlations and multiple correlations (total variance explained) matrices 

were computed for all ROIs for each subject at the individual subject level on the 

normalized timeseries for each localizer. We then applied a Fisher-z transformation to the 

correlation matrices and averaged them across all subjects. Significance of the correlation 

values was assessed with Monte Carlo simulations in which the new ROI timeseries were 

constructed for each subject, each session and for each localizer by randomly sampling 

(with replacement) from each original ROI timeseries to generate a new bootstrapped 

timeseries of the same length.  The partial correlation matrices were computed for each 

iteration (out of a total 5000 iterations), and the distributions of correlations expected by 

chance were thus constructed. Partial correlation values that were two standard deviations 

above the mean of this distribution was determined to be significant. 

 

Undirected graphs to represent functional connectivity graphs: 

Graphing the partial correlations has two simple steps: i) the computation of all 

pairwise correlations for the variables being considered, and ii) a thresholding or filtering 

procedure (Monte Carlo simulation as described above) to identify significant correlations, 

and hence edges, of the network.  

Graph Metrics: Graphical model statistics were computed via the Brain Connectivity 

Toolbox (Rubinov & Sporns, 2010). Graph density was computed as the number significant 

connections out of the total possible number of connections for the entire graphical model, 
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calculated separately for each task. Node density was computed on each of the brain 

regions as the number of significant connections out of the total possible connections from 

that node, calculated separately for each task. Hubs were identified on the graph functional 

connectivity graph as those brain regions with node degree ranked in the top three for each 

task. The pattern of connectivity for each hub was quantified across the three tasks using a 

single metric of stability, which was computed as: 

 

𝑆𝑛 =  1 − ( 𝛴(𝑠𝑢𝑚𝑚𝑒𝑑 𝑜𝑣𝑒𝑟 𝑡𝑎𝑠𝑘) 𝛴 (𝑠𝑢𝑚𝑚𝑒𝑑 𝑜𝑣𝑒𝑟 𝑛𝑜𝑑𝑒𝑠) 𝑐𝑖𝑗) /  3 ∗ (𝑐𝑖𝑗 ∪ 𝑐𝑖𝑗 ∪ 𝑐𝑖𝑗), 

 

where, n = the node of interest, c = the binary connection weight (1 or 0) for the edge 

connecting nodes n and i in condition j. A stability index of 0 indicates no connections 

shared between the three tasks, while an index of 1 indicates the identical pattern of 

connections for all tasks. A low stability index is an indicator for functional specialization in 

the pattern of connectivity for that node, whereas a high stability index is indicative of 

general processing pathways across the domain of tasks tested. 

Node symmetry for the hubs was quantified as  

 

𝑌𝑛 =  ( 𝛴 (𝑠𝑢𝑚𝑚𝑒𝑑 𝑜𝑣𝑒𝑟 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑛𝑜𝑑𝑒𝑠) (𝑐𝑖 ∪ 𝑐′𝑖′ /  (𝑐𝐿𝑖 ∪ 𝑐𝑅𝑖), 

 

such that n = the region of interest for which symmetry is computed, with ci = the 

binary connection weight (1 or 0) for significant connections in the group graph for the 

edge connecting node n and i in one hemisphere and c’i’ indicates the connectivity weight 

for the edge connecting the opposite hemisphere homologous edge connecting node c’ and 
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node i’. A symmetry score of 1 indicates identical connectivity patterns mirrored in the 

right and left homologous regions of interest, while a score of 0 indicates no symmetry in 

the connectivity patterns. This metric is particularly helpful for identifying laterality bias in 

functional specialization as assessed from the pattern of connectivity arising from the 

targeted region of interest. 

To determine the impact of task on the strength of functional connectivity, we 

conducted a one-way repeated measures ANOVA to compare the weighted partial 

correlations values of the right STSp connections across the tasks. On the basis of the 

findings from the binary graphs, we computed paired samples t-tests to make post hoc 

comparisons between the conditions for each connection. 

 

Results 

Univariate localization analysis: 

The results from group univariate general linear model analysis of each localizer are shown 

in Figure 3.2, all thresholded at a false discovery rate of q < 0.05 (Genovese, 2002). A 

comparison of the maps revealed core regions of co-activation, with additional unique 

patterns of activation for the three tasks. For example, the face and biological motion tasks 

(top left and middle panels, respectively) localized large regions of the STSp, ventrolateral 

occipital cortex (VOC), fusiform gyrus (FG), intraparietal sulcus (IPS), premotor cortex 

(PMC), insula (Ins) and inferior frontal gyrus (IFG). These findings are very similar to 

previous reports using these localizer tasks (Hoffman and Haxby, 2000; Grill-Spector et al, 

2004; Grossman et al., 2010; Saygin, 2007).  
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Figure 3.2: GLM activation pattern and Whole Brain Conjunction Analysis. The top row shows the 

Group GLM on each of the three main tasks – Biological Motion (box A), Face recognition (box B), 

Social Vignettes (box C). Both task positive and task negative regions (thresholded) are shown. The 

bottom half (box D) shows the whole brain group conjunction analysis computed across both task 

positive and task negative areas. The bilateral regions identified as part of the brain network 

involved in processing all three tasks are labeled in box D. 

 

Face and biological motion localizers also resulted in activation in dorsolateral 

occipital cortex (DOC) and medial prefrontal regions (mPFC) that was higher for the 

baseline conditions (scrambled faces and scrambled motion, respectively). The social 

vignette localizer also identified large regions selective for social interactions extending the 

A 

 

B 

 
C 

D 
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length of the STS (from the anterior pole to the most dorsal parietal aspects), IPS and in 

PMC. This localizer also revealed activation selective for the mechanical vignettes in the 

lateral occipital sulcus and on the ventral surface of the temporal lobe. 

 

 

 

Table 3.1.  Talairach Coordinates 

Regions of interest identified in the 

univariate conjunction analysis, 

organized by cortical lobe and 

hemisphere. The Talairach 

coordinates of for the center of 

mass for each centroid, with size 

measured in number of voxels. 

 

 

 

 

 

 

 

Figure 2D directly compares the three localizers by mapping those voxels that 

reached significance in all three tasks (including regions significantly more strongly 

activated by the control conditions as compared to the key social conditions). This map of 

conjunction areas identified large bilateral regions on the posterior superior temporal 

sulcus (STSp), ventrolateral and dorsolateral occipital cortex the fusiform gyrus, 

ventrolateral prefrontal cortex, and the precuneus, and medial prefrontal cortex (medial 

Table 1. Talairach Coordinates

X Y Z # vox

Left STS -49.3 -46.6 6.2 337

Right STS 48.4 -44.4 9.1 356

Left FGp -23.4 -64.7 -16.4 357

Right FGp 19.0 -63.9 -15.5 276

Left FG -36.8 -45.3 -19.1 221

Right FG 36.0 -43.0 -17.5 229

Left MT -43.3 -67.3 5.5 290

Right MT 43.6 -61.1 4.1 663

Left VOC -41.2 -67.4 -10.2 570

Right VOC 37.7 -65.5 -13.5 664

Left DOC -16.4 -85.8 3.8 859

Right DOC 17.3 -84.2 6.9 683

Left SMG -49.7 -41.5 20.1 156

Right SMG 51.2 -37.8 25.2 117

Left IPS -37.8 -47.7 34.9 274

Right IPS 37.2 -46.5 39.9 310

Left PMC -32.4 -8.8 51.5 519

Right PMC 35.6 -5.3 51.0 611

Left IFG -42.0 12.3 30.1 670

Right IFG 43.1 10.6 28.7 790

Left Ins -34.4 17.6 9.4 227

Right Ins 36.2 18.0 9.4 279

Left mPFC -7.1 43.3 39.4 591

Right mPFC 8.1 49.7 32.9 613
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view not shown). In total, the conjunction of the three localizers demarcated 12 bilateral 

regions (24 ROIs) co-activated by the localizers (Table 3.1 and Figure 3.2). These co-

activated cortical regions served as the nodes for our functional connectivity analyses.  

 

Effective Connectivity using Partial Correlation Analysis: 

Figure 3.3 shows the graphical representation of the effective connectivity patterns 

computed from partial correlations between the 24 selected ROIs for each of the three 

social cognitive tasks. Each line on the graphical model indicates a connection between two 

brain regions in which significant, unique variance exists, with the influence of activity 

from all other brain regions removed. Graphical models of connectivity computed using 

partial correlations are much less dense than tasked-based full correlation models due to 

the statistical removal of redundant variance in the connections. These task-based models 

had an average connection density of 20.3%, which did not vary significantly across the 

three tasks (Table 3.2; F(2) = .562, p = .57).  

The graphical models depict undirected, weighted edges between the respective 

nodes, with only connections shown that have a correlation strength greater than that 

expected by chance (see methods). Positive partial correlation coefficients (solid lines) 

indicate covariation in the residual variance of the two connected nodes such that the 

neural activity in the two ROIs is time-locked and changing in the same direction (both 

increasing and decreasing for the specific condition/task). Similarly a negative correlation 

coefficient indicates antagonistic structure in the residual timeseries from the two 

connected ROIs (dashed lines in figure). Note that directionality in the correlation 

coefficient does not imply task-positive or task-negative activation (or deactivation). Our 
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model includes both task-positive and task-negative brain regions. Also note that all tasks 

revealed strong connectivity between homologous ROIs in the opposite hemispheres, as 

anticipated from previous literature (Salvador et al, 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Graphical representation of the effective connectivity across the brain network 

identified in this study. Each node represents a brain region.  Each node is color coded and the 

legend on the left displays the name of the brain region. Edges represent the effective connection 

between two brain areas (above threshold). Solid lines denote positive partial correlation values, 

dotted lines denotes negative partial correlation values. Connectivity patterns of each localizer 

task are shown separately. The common core connectivity pattern across all tasks are shown with 

gray edges. Effective connections unique to the Biological motion network is show in red, those 

unique to the Face are shown in green, and the Social vignettes one are shown in light blue. 
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The partial connectivity graphical models reveal distinct patterns of connections 

among the three tasks. Whereas the biological motion localizer revealed connections 

primarily within visual cortex, the face localizer primarily drove connectivity among 

prefrontal regions, and the social vignette localizer generated a more distributed pattern of 

connections. These distinct patterns of connectivity are analyzed in more detail using graph 

metrics. 

 

Graph Metrics: 

Graph metrics reveal three important features in the pattern of connectivity 

emerging from the STSp during these tasks. First, the right superior temporal sulcus was 

consistently identified in the top three most highly connected brain regions among the 24 

possible regions of interest, regardless of task (Table 3.2). Together with the inferior 

frontal gyrus (bilaterally) and the ventral occipital cortex, the right STS was connected to 

more than 25% of all possible regions of interest in the network. It is important to point out 

that each of this connection reflects significant shared variance between the STS and 

connected node that is unexplained by the activity of any other node. Thus we conclude 

that new, unique information is emerging from the communication pathway between these 

two brain regions during the social perception tasks. 

Figure 3.4 shows the boxplot figures of the five strongest connections to the right 

STSp for each task. There was a significant effect of task on the strength of the connection 

between both mPFC and right STSp (left mPFC: F(2, 30) = 2.51, p = 0.09; right mPFC: F(2, 

30) = 6.21, p < 0.001) and between the right and left STSp (F(2, 30) = 4.83, p = 0.015). 

Paired sample t-tests for post hoc comparisons between conditions showed right STSp and 
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right mPFC had significantly lower connectivity scores during the biological motion task 

(M=0.0, SD=0.11) as compared to the gaze discrimination (M=0.09, SD=0.11; t(15)= -2.69, p 

= .02) and as compared to the social vignettes (M=0.09, SD=0.13; t(15)= -3.26, p < 0.001). A 

paired sample t-test of the homotopic connections between right and left STSp indicated 

significant weaker connectivity in the biological motion condition (M=0.0, SD=0.11) as 

compared to the social vignettes (M=0.93, SD=0.13; t(15)= -4.13, p = .001). Paired samples 

t-test indicated significantly lower connectivity between right STSp and left mPFC during 

the biological motion localizer (M=0.0, SD=0.11) as compared to the social vignettes 

(M=0.93, SD=0.13; t(15)= -2.82, p = .013). There was no significant effect of task for the 

remaining nodes (all p< .05).  

 

 

 

 

 

 

 

 

Figure 3.4: Boxplot figures of the five strongest connections to the right STSp for each task. Red 

pluses denote outliers. Black asterix denoted statistical significance (main effect of task) 
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Table 3.2. Graph metrics for each ROI, with regions ordered by cortical lobe and hemisphere. 

Node density is computed as the percentage of significant connections out of the total 

possible, computed separately for each task. The instability is a metric that computes the 

percentage of connections that exist only for a subset of tasks (see methods. A high instability 

score indicates a pattern of connectivity that changes with task. Symmetry is a metric of 

connection patterns that are mirrored in the left and right homotopic ROIs (see methods). A 

high symmetry score indicates bilateral patterns of connectivity. 

 

Table 3. Graph Metrics

Face Bio Social Mean InStabiity Face Bio Social Mean

Left STS 22% 22% 22% 22% 33%

Right STS 30% 26% 30% 29% 50%

Left FGp 17% 17% 22% 19% 20%

Right FGp 17% 17% 13% 16% 25%

Left FG 17% 13% 26% 19% 57%

Right FG 9% 9% 13% 10% 33%

Left MT 17% 17% 26% 20% 63%

Right MT 17% 17% 26% 20% 57%

Left VOC 30% 35% 30% 32% 33%

Right VOC 22% 30% 35% 29% 56%

Left DOC 22% 17% 17% 19% 50%

Right DOC 9% 17% 22% 16% 67%

Left SMG 17% 13% 13% 14% 25%

Right SMG 13% 13% 13% 13% 0%

Left IPS 22% 17% 22% 20% 33%

Right IPS 22% 17% 22% 20% 33%

Left PMC 17% 13% 22% 17% 40%

Right PMC 17% 22% 30% 23% 43%

Left IFG 26% 26% 35% 29% 25%

Right IFG 35% 22% 39% 32% 44%

Left Ins 17% 13% 17% 16% 40%

Right Ins 22% 22% 17% 20% 20%

Left mPFC 17% 13% 22% 17% 40%

Right mPFC 22% 13% 22% 19% 40%

20% 18% 23% 21% 39% 51% 51% 49% 50%Mean

Node Density

50% 75% 50%

60% 67% 67%

60% 60% 33%

33% 29% 33%

70%

38%

32%

Symmetry

20% 29% 25% 25%

50% 50% 67% 56%

60% 40% 50% 50%

57% 56% 61%

67% 50% 50% 56%

60% 60% 33% 51%

58%

65%

51%

33% 50% 40%

60% 60% 60% 60%
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To summarize, of the eight brain regions with significant connections to the right 

STSp, only three had connection strengths that varied statistically between the three tasks. 

Connections between right STSp and mPFC were significantly stronger during gaze 

perception and social cognition as compared to biological motion perception, and 

homotopic connections between the right and left STSp were stronger during social 

cognition as compared to biological motion perception.  

Graph metrics also revealed that the specific pattern of connections emerging from 

the right STS was among the more task-sensitive regions of interest. We quantified the 

overall connectivity pattern using a stability score, which computed the percentage of 

connections that emerged for one or two, but not all three, of the tasks (stability measure, 

Table 3.2). In the right STSp, 50% of the significant connections depended on task, with the 

variation in pattern observed in the long-range connections between the right STSp and 

prefrontal cortex. The right STSp was connected to the right PMC only in the action 

recognition and social tasks, the right insula only in the gaze and action recognition tasks, 

and to the bilateral mPFC only in the gaze and social tasks. These connections were in 

addition to more proximal connections, which were stable across all three localizers: right 

STSp to the left STSp, right hMT+, right SMG, right IFG. The high degree of variability in 

STSp to prefrontal cortex connectivity across tasks may reflect unique neural populations, 

or unique channels of communications depending on the social cognitive demands. 

The third important feature revealed by the STSp graph metrics was a strong 

asymmetry between patterns of connectivity emerging from the left and right STSp 

(symmetry measure, Table 3.2). In all three tasks, the STSp was amongst the lowest of 

symmetry scores, with an average of 40% of the connections mirrored between the right 
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and left homologous regions. As a means for comparison, the 61% of the connections in the 

inferior frontal gyrus and 56% of the connections in ventral occipital cortex were mirrored 

across the right and left hemispheres (symmetry measures of two other regions with high 

node density, Table 3.2). We take this asymmetry, together with the node degree scores, as, 

indicative of a right hemisphere specialization in the pattern of connectivity during social 

cognition, which dovetails with previous mapping results finding larger regions of 

selectivity for social perception in the right STS. 

 

 

 

Discussion 

The current study aims to understand information sharing within a network engaged 

by socially relevant perceptual tasks. This approach is motivated by the premise that 

functional specialization of a given brain area includes its connectivity to other brain 

regions, the defining neural characteristic of social cognitive disorders. Using univariate 

mapping, we identified twelve bilateral brain regions recruited in the perception and 

interpretation of social cognitive cues. The localizers identified task-selective patterns of 

activation throughout occipital cortex and in select regions of parietal cortex, evidence that 

these localizers tapped an extended network beyond core social cognitive regions. All of 

these regions had brain signals indicating task-selective patterns of activation and many 

have been previously identified as components of the social brain (Vaina et al. 2001; 

Grossman & Blake 2002; Beauchamp et al. 2002; Weisberg & Martin, 2003; Kanwisher et 

al., 1997, Ishai et al., 2000; Rotshtein et al., 2005; Vuilleumier et al., 2001; Ishai et al., 2004); 



53 
 

Castelli et al. 2000, 2002; Martin and Weisberg 2003; Schultz et al. 2003; Ohnishi et al. 

2004).  

We analyzed functional connectivity among these regions using graphical modeling of 

the undirected partial correlations. The strength of this approach is that the partial 

correlations isolate variance in the neural signal uniquely shared between two nodes, with 

the redundant and distributed sources of variance removed (Sun et al., 2004). There are 

many fewer connections in this type of model as compared to a full correlation model 

(approximately 20% of all possible connections), with the implication that each of these 

edges are more likely to reflect functionally relevant patterns of information sharing that 

those identified using more traditional approaches.  

This analysis revealed a core pattern of cortical connectivity that supports the 

hypothesis that the STSp serves as a hub of the social brain network. The right STSp was 

among the most highly connected of the brain regions measured, with the bulk of these 

connections being long-range connecting the STSp to prefrontal cortex and depending on 

task. Whereas the STSp was strongly connected to regions associated with action 

observation during the biological motion scans (inferior frontal gyrus and premotor 

cortex), we found additional connectivity to frontal regions associated with mentalizing 

(medial prefrontal cortex) during gaze recognition and the interpretation of social 

vignettes. Unlike the other highly connected regions, connectivity to the STSp was 

distinctly lateralized, with more connections to the right STSp as compared to the left. 
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The STSp and the “social brain” 

The notion that social perception and social cognition relies on large-scale brain 

networks has existed in the literature for over twenty years (Brothers 1990). Defining the 

regions to be included in that network, and the means of information sharing among them, 

however, has been significantly more complicated. In a recent analysis of the literature, 

Yang et al. (2015) delineates three core sub-networks that subserve discrete social 

cognitive tasks: perceptual and limbic regions that support perception of socially relevant 

cues, a fronto-parietal “mirror neuron” network that supports the understanding and 

intent of actions, and a theory of mind network associated with the attribution of mental 

states to others. These networks are defined largely on localization studies that map co-

activated regions, with network structure implied by the tendency for subsets of these 

regions to be revealed by similar tasks. The STSp is proposed as a potential hub across all 

the subnetworks because it is the single brain region implicated in all three social domains. 

A similar finding was reported using more naturalistic viewing of movies (Lahnakoski et al; 

2012).  

Consistent with the hypothesis of STS as a social cognitive hub, our study found the 

right STSp to be among the most frequently connected brain regions during our three 

canonical social cognitive localizer tasks. Most of these connections, and particularly those 

that were sensitive to the specific task engaged were between the right STSp and prefrontal 

cortex, including the inferior frontal gyrus (IFG) and mPFC. The inferior frontal gyrus and 

premotor cortex are implicated in the observation, understanding and future imitation of 

actions, as demonstrated both through neuroimaging studies and through lesion analysis 

(Saygin et al. 2004; 2007; Wheaton et al. 2004). Neurons in the IFG and premotor cortex 



55 
 

form an important core of the proposed mirror neuron network, linked to both the 

observation and execution of actions (Carey et al, 1997; Gallese et al. 1996;Caggiano et al. 

2011; Kilner 2011; Nelissen et al. 2011). That the STSp would be highly connected to 

prefrontal brain regions supporting action understanding has been suggested in the 

literature for over a decade, on the basis that the STS tends to be activated in the same 

types of action observation tasks as the IFG (Decety and Grezes, 1999; Caspers et al, 2010). 

Although connectivity was not explicitly tested in the previous studies, the STSp is believed 

to provide essential analysis of visual cues that are required for action understanding, and 

is generally considered to a core input region to the larger action observation network. 

Moreover, recent work demonstrates the nature of action representations exist at multiple 

levels of abstraction on the IFG, from the sensory-motor level (“concrete” encoding) to a 

more abstract semantic level (Kilner et al., 2011), which is similar to models of action 

coding in the STS (Jellema & Perrett, 2006).   

The IFG has also been implicated in face perception (Furl et al. 2010; van Kemenade 

et al. 2012). Indeed, in a study of functional connectivity between core and extended face-

responsive regions the STSp was more strongly connected to the IFG than regions in 

fusiform cortex during face perception (Davies-Thompson and Andrews, 2012). These 

STSp to prefrontal connections are stronger specifically during tasks that require the 

interpretation of social cues (directed eye gaze) as compared to non-social cues (for 

example, arrows; Callejas et al., 2004).  

Our findings demonstrate the right STSp and the right IFG are indeed connected 

during action observation and gaze perception, with bilateral connections between the 

STSp and IFG during social cognition. Because our study isolated connections with unique 
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variance (among all the variance considered within our model), our findings support the 

hypothesis of specific demonstrate that the information conveyed via this pathway is 

specialized in some way, which we hypothesize supports action observation. 

The mPFC is another important brain structure in prefrontal cortex, associated 

specifically with the mentalizing system, specifically in tasks involving self-reference, 

theory of mind, introspection (Wheatley et al 2007, Mitchell, 2009, Baetens, et al, 2013).  

MPFC and STSp (especially the right), along with fusiform and temporo-parietal junction, 

form a part of the neural system involved in the conceptual knowledge of a person, with the 

right STSp as an essential component for representing the mental state and intent of others 

(Galagher & Frith, 2003; Saxe 2006). These studies are consistent with our current findings 

which shows strong connections of the right STSp with the mPFC (both hemispheres) 

during the social cognition task and also a right hemisphere bias as the right STSp strongly 

connects to the regions on the right prefrontal cortex across all tasks. 

 

Task-specific differences beyond the STSp: 

 While the number of connections from a given brain area can provide information 

as to its overall importance (or “hub-ness”), the extent to which the pattern of connection is 

specific to a particular task is also essential. We found that while the graph density of our 

effective models remained stable across the three localizer tasks, the pattern of 

connectivity throughout the brain differed significantly.  

Analysis of the biological motion localizer yielded more connections within the 

occipital ROIs as compared to other regions of cortex. We interpret this as evidence that the 

point-light animations require the integration of visual motion and form analyses to 
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organize the sparse sequences as coherent action patterns. Contemporary theories vary in 

the extent to which motion and form are important for point-light biological motion 

perception (Lange et al 2006, Beintema, et al, 2006), but all implicate the temporal 

integration action-specific body cues. In the brain, these models propose the STSp to have 

the neurons capable of integrating the movement properties of point-light motion (as 

analyzed by direction and flow-selective neurons in MT and MST, respectively) with 

templates for body posture (proposed to exist within the fusiform body area of ventral 

temporal cortex) (Giese & Poggio, 2003). Indeed, single-unit measures of action-tuned 

neurons in the monkey homologue to the human STS find evidence for temporal 

integration of body postures in so-called action “snapshot” neurons (Vangeneugden, et al, 

2009), which may be the target of convergent connections from inferior temporal cortex 

and direction-selective neurons in the MT belt areas (Cusick et al., 1995).  Our finding that 

the connections among the occipital regions of human visual cortex would specify unique 

information is perhaps not surprising given this previous body of physiological and 

modeling work. Further experiments may be able to details with the variance isolated to 

these connections carries information as to specific visual features that define the action 

sequences. 

 Connectivity patterns in the gaze localizer reveal connection density that is more 

evenly spread throughout cortex. Interconnectivity between ROIs within the visual cortex 

is comparatively lower in this condition than in biological motion localizer, while the right 

STSp connectivity with prefrontal regions increases. This finding is consistent with 

previous studies targeting the IFG, mPFC and STSp as extended regions in the face 

perception network, particularly in situations where individuals are assessing aspects of 
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gaze and when gaze is being evaluated in a social context (Ishai, et al 2005; Pelphrey, et al 

2004; Cavallo et al (2015) and in the ASD population during eye-gaze processing 

(Hadjikhani, et al 2007). Our results demonstrate that the patterns of connectivity revealed 

by gaze localizers isolate unique information sharing between prefrontal cortices and STSp 

in the right hemisphere. 

Unlike the biological motion and gaze perception localizer, connectivity during the 

social vignette localizer included many more long range bilateral connections than the 

other two tasks, including bilateral connections between the MPFC and the fusiform, and, 

between the IPS and ventral occipital cortex. Connections density in the Social Vignette 

localizers graph is also higher than the average across all the three tasks. The task for the 

social vignettes animation had more focus on the interpretive and intent of agents in a 

highly social context (for example, video representing children sharing ice cream) and 

included a task component that required individuals to select from possible interpretations 

given in a multiple choice format (following Martin & Weisberg, 2003). Presumably the 

complexity of the cognitive skills required in this localizer drives the more distributed 

patterns of connectivity that we observed. 

 

Right hemisphere specialization 

 Previous fMRI mapping studies have identified asymmetries in the organization of 

functional maps supporting social cognitive tasks, including action recognition (Saxe, et al 

2004), social decision-making and emotional processing. Studies done on functional 

specialization of STSp, commonly find hemispheric asymmetries with a right STSp 

dominance (right identified more frequently and with stronger levels of activation than the 
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left) for human face perception, movement perception and understanding (Thompson et 

al., 2007; Herrington et al, 2011). In regards to brain connectivity, patients with right 

lateralized lesions in ventromedial prefrontal cortex tend to have more severe deficits in 

social decision-making and emotional processing tasks (Tranel et al, 2002). Laterality, 

therefore, is a defining feature of the social cognitive brain systems.   

In our measurement of functional connectivity, we found a clear asymmetry in the 

number and pattern of connections between the right and left STSp, and it was unusual for 

two homologous ROIs to differ so much in these properties. Whereas, the right STSp was 

consistently ranked within the top five network hubs in our multi-seed network analysis, 

the left was not. The right STSp had more connections (predominantly to prefrontal cortex) 

than the left STSp, with the specific pattern of connections changing as a function of task.  

When symmetry was tested explicitly, the right STSp is noticeably more unstable and 

asymmetric as compared to its homologous counterpart (the left STSp) when compared 

across all three tasks. These metrics implicate the right, but not left, STSp as a critical 

information-sharing hub that is sensitivity to the unique demands of the face recognition, 

action recognition and social cognitive vignette tasks.  

 

From modular models of STSp to its role in the social brain network 

There has been much previous work linking the human STSp (and the likely monkey 

homologue, the STSa) to visual analysis of social cues (Puce & Perrett, 2003). Indeed, the 

response of individual neurons to a given action, and the pattern of activity measured 

across the STS depend not just on the nature of the external social cues, but also on context 

and how the observer interprets them (Pelphrey & Morris, 2006; Vander Wyk et al., 2012). 
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For example, large-scale brain networks identified during social cognitive tasks can be 

separated into subnetworks specialized for identifying agency (“who”), recognizing actions 

(“what”), or making inferences about goals and mental states of others (“why”) (Spreng et 

al, 2010; Overwalle, 2009). Thus we argue that the functional importance of STSp cannot be 

studied in an isolated manner, without considering its role in the large-scale network of 

brain regions involved in various aspects of social cognition.  

The importance of network connectivity is corroborated in patient studies with 

atypical traits of social cognition, namely Autism Spectrum Disorder (ASD).  Studies of ASD 

find the role of STSp as a hub is reduced in autism as compared to the typical brain and 

regional hypo-connectivity throughout the networks identified in our study (Itahashi et al, 

2014). For example, connectivity in autism is reduced between the STS and IFG, the STS 

and fusiform, and the fusiform and IFG (Uddin and Menon, 2009; Koshino et al, 2008; Kana, 

Libero, Hu, Despande & Colburn, 2014). Long-range connectivity patterns including 

interhemispheric connections are also decreased in ASD patients.  
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Chapter 4 

 

Developmental changes in STSp Functional Connectivity Patterns during Biological 

Motion Perception  

The posterior part of the superior temporal sulcus (STSp) is an important brain 

region for perceptual analysis of social cognitive cues. STSp is part of a distributed system 

involved in processing social perception, known as social brain. Biological motion 

perception is one representative task under social perception involving interpretation of 

social cues such as action intent. (Pavlova 2011). The goal of this study is to understand the 

maturation of STSp connectivity within the social brain using biological motion as a 

representative task.  

We obtained fMRI data from children (4-6 years old) and adults using a standard 

biological motion perception localizer task. We identified common and unique brain 

regions across the two groups modulated by viewing the point-light sequences and 

computed the functional connectivity pattern between the identified regions of the 

network and the STSp. We find distinct patterns of cortical connectivity between the two 

groups. STSp connectivity in adults is more symmetric compared to the children, whereas, 

there’s evidence of strong right lateralization in children. Adults have more long-range 

connections, whereas children have stronger connections to the parietal regions. 

Furthermore, the connectivity pattern in the biological motion and control conditions are 

similar in the adults, whereas most long-range connections are only present during the 

biological motion conditions in children.  We conclude that the children were interpreting 
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the point light action figures in terms of social cueing, while the adults were most likely 

seeking form within the control conditions as well. Our study also confirms maturation of 

long-range connections in large-scale networks, from childhood to adulthood. 

 

 

Introduction  

Social perception is a complex behavior in which we interpret the actions and 

behaviors of others, often with the intent to learn about their mental state and the 

allocation of their attention to the surrounding environment. On a superficial level human 

seem quite adept in such social tasks, but studies show that social cognition requires the 

coordination of cognitive and perceptual systems that are linked to large-scale brain 

systems (Adolphs, 2009; Lahnakoski et al 2012; Grosbas et al 2011).  

One dimension of social cognition is the ability to recognize and interpret social cues 

conveyed in facial and body movements of others. Point-light biological motion, actions 

conveyed by the kinematics alone, is a tool often used to assess the perceptual aspects of 

social cognitive development (see reviews by Pavlova, 2011; Pelphrey, et. al. 2004). 

Developmental studies measuring perceptual organization and fine discriminations using 

point-light biological motion find that this perceptual process matures from young 

childhood through late adolescence. Infants as young as newborns orient to biological 

motion, as assessed through preferentially looking paradigms, and this ability is retained 

and refined through early childhood (Fox & McDaniel 1982; Bertenthal, et al. 1987; Simion, 

et al., 2008). Even though studies have shown five year olds to be as good as adults in 
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discriminating humans actors from quadruped nonhuman animals in point-light sequences 

(Pavlova, et al 2000), four to six year old children are not as accurate as adults at judging 

the heading direction of point-light walkers (Sweeny, et al; 2013). Studies done with six to 

nine year olds also show that they are less able to tolerate masking noise hiding point-light 

actions as compared to adults, and these noise tolerance thresholds continue to approach 

adult-like levels through adolescence (Freire, et al; Hadad et al, 2011).  

In the brain, biological motion perception is linked to neural activity in the action 

observation and mirror neuron networks. Neuroimaging mapping studies have identified 

brain regions selective for biological motion in the posterior part of the superior temporal 

sulcus (STSp) in both adults and children (Allison, et. al. 2000; Pelphrey and Carter, 2008).  

Because the STSp is implicated in a host of other social perceptual and cognitive tasks 

beyond biological motion perception, it is sometimes referred to as the posterior hub of the 

social cognitive network (Yang, et al. 2015). Very little is known about the development of 

the STSp through childhood and adolescence, but there is some evidence for increased 

tuning to social cues between the ages of 7 and 10 (Carter & Pelphrey, 2006). 

In addition to the STSp, brain imaging mapping studies in children and adults 

identify an extended cortical network supporting perception of biological motion. This 

extended network in adults includes the ventral temporal lobe (Vaina et al. 2001), regions 

along the lateral fusiform gyrus (Grossman & Blake 2002; Beauchamp et al. 2002), as well 

as some regions within the prefrontal cortex (Grezes, 1998). In children, the extended 

network implicated in biological motion perception includes regions in the visual, parietal 

and prefrontal cortices (Carter & Pelphrey, 2006).  
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An important feature of brain development includes the increased functional 

integrity of large-scale brain networks. For example, the default mode network, as seen in 

adults, only shows up in late adolescence (Supekar, et al 2009). To date no study has 

measured connectivity of the core STSp to the extended action observation network in 

young children. We hypothesize that this network must be underdeveloped in young 

children as compared to adults, based on the behavioral indicators of development and the 

trend for large-scale networks to establish adult-like connectivity later in life. Our current 

study addresses this question by comparing the strength and pattern of connectivity of the 

STSp during biological motion perception, in adults and young children (ages 4-6 years 

old). 

In the current study, to assess functional connectivity, we first isolate the core and 

extended brain regions linked to action observation by mapping brain areas selective for 

biological motion perception.  We then compute the connectivity pattern between the STSp 

and extended areas to estimate the state of the underlying organization of information 

shared across the networked ROI(s). We interpret these measurements using graph 

theoretic concepts, in which a collection of nodes (brain regions) is connected via edges 

(anatomical, functional, or effective connection) between pairs of node (Friston, 1994). 

Regions characterized by a high degree of connectivity, often called hubs, are important in 

regulating the flow and integration of information between regions. Edges that are 

weighted more indicate larger shared variance among the node pairs for a given condition. 

For our study, we used undirected graphs with correlation values as weighted edges to 

depict the strength of covariation of the neuronal activity across different cortical regions 
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and document how this pattern matures developmentally in to the adult brain by 

contrasting with the connectivity pattern in children’s brain. 

 

Methods 

Participants:   

Adults. Data was collected from a total of 15 individuals (age range: 21-33 years, 7 male) 

from the UC Irvine campus and community. Subjects completed 2 identical scanning 

sessions in two separate days. The Human Protections Review Board at the University of 

California Irvine approved all recruiting and consent procedures. 

Children. A total of 13 children (age range 4-6 years, 7 male) from the Indiana University at 

Bloomington and community participated in the fMRI experiment. One subject was 

removed from the analysis due to excessive head motion. All recruiting and consent 

procedures were approved by Indiana University Institutional Review Board. 

 

Stimuli: 

Biological Motion Localizer. Point light animations depicting 25 unique actions were 

constructed using 13 black dots (0.17° of visual angle) representing the major joints and 

head of an actor. The overall figure subtended approximately 8 × 3.5° of visual angle and 

was positioned at the center of the screen. Scrambled motion was constructed by 

randomizing the spatial location of the starting position dots while leaving the motion 

vectors intact. Inverted motion was constructed by inverting the 25 point-light action 

figures. Each scanning sessions were implemented as blocked designs with six 

experimental blocks alternated with six control blocks, separated by 4 second fixation 
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intervals for a total of 12 blocks/scan. Blocks consisted of 10 one-second animations with a 

600 ms inter-stimulus interval. Adult subjects performed a 1-back task (report a repeated 

animation) on each stimulus, with an average of 3 repeats within each block, while children 

were asked to passively view the stimuli. All stimuli were displayed using Psychophysics 

Toolbox (Brainard, 1997, Pelli 1997) in MATLAB (Mathworks, Inc.). Localizer scan was 

presented 2-4 times for each subject.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Biological Motion Localizer Stimuli used for Adults and Children’s groups. The 

control blocks for the adults consisted of motion matched scrambled dots. For the children 

either the scrambled dots or inverted point light action figures were shown 
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Imaging Acquisition and Pre-processing:  

Adults: MR images were collected on the UCI 3T Philips Achieva scanner housed in the UCI 

Research Imaging Center and equipped with 8 channel parallel imaging. High-resolution 

anatomical images were acquired for each individual (T1-weighted MPRAGE, TE = 3.7 ms, 

flip angle = 8°, 200 sagittal slices, 256 × 256 matrix, 1 × 1 × 1 mm3 voxels). Functional 

images (single-shot, T2*-weighted gradient EPI) were collected for the whole brain (2.0 x 

2.0 x 4.0 mm3, TE = 30ms, flip angle = 90 deg, A-P phase encoding, 32 axial slices acquired 

interleaved, 0 mm gap between slices, SENSE factor = 2, TR = 2000 ms, 128 volumes). 

Subjects viewed the animations through a periscope mirror mounted on the birdcage head-

coil and directed at a custom screen positioned at the head of the scanner. Responses were 

collected on an MR-compatible button box (Current Designs, Inc.).  

 Imaging data for the children was collected on the Indiana University 3T Siemens 

Magnetom Trio whole-body MRI system and a phased-array eight channel head coil, 

located in the Department of Psychological and Brain Sciences. High-resolution T1-

weighted anatomical volumes were acquired prior to functional imaging using a 3D Turbo-

flash acquisition (resolution: 1.25 mm · 0.62 · 0.62, 128 volumes) Functional images 

(single-shot T2*-weighted gradient EPI) axial images were acquired for the whole brain  

(3.0 x 3.0 x 4.0 mm3, TE = 30 ms, TR = 2000 ms, flip angle = 90 deg, FoV 22cm x 22cm x 9.9 

cm, 33 axial slices per volume, 0 mm gap between slices, in-plane resolution of 64 x 64 

pixels).  

All data was adjusted for slice acquisition time, motion within and across scans and 

for linear trends in the voxel timeseries in Brain Voyager (BrainVoyager Inc.). Adult data 

was also adjusted for volumetric intensity across the scan to correct for scanner spikes. 
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Adult and children’s functional scans were subjected to a second “cleaning” procedure 

motivated by the tendency for more subject motion in children as compared to adults (e.g. 

Powers et al., 2012).  We used a procedure aligned with the denoising whole brain time 

series as detailed in Kay et al (2013) 

All functional data was co-registered to the individual subject high-resolution 

anatomical images, and resampled into standardized voxels (adults: 2x2x2 mm, children: 

3x3x3 mm) voxels when transformed into standardized Talairach space.  

 

Analysis:  

Whole Brain Conjunction Analysis: Localizers for adults’ data and children’s data were 

subjected to a within group analysis using a general linear model with hemodynamic 

predictors estimating the blocked responses for the experimental and control conditions, 

and six additional regressors estimating motion in six directions. Significant differences (p 

< .05, Bonferroni corrected) were computed for the planned contrast of biological motion 

blocks versus control, which consisted of scrambled and inverted bio-motion in the 

children’s data, and only scrambled motion in the adult data. Co-activated and contiguous 

voxels with significant activation (task-positive and task-negative) in the adults and 

children were included and regions of interest (ROIs) in the network analysis (below). 

Talairach coordinates for these identified regions are shown in Table 1. 

 

Functional Connectivity Analysis: All analysis pertaining to functional connectivity, were 

conducted in Matlab. To assess functional connectivity, we first extracted the de-noised and 

normalized timeseries associated with each of the ROIs identified in the conjunction 
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mapping analysis. We then z-scored and segmented each timeseries into those timepoints 

corresponding either to the biological motion blocks or the control blocks. Functional 

connectivity was thus computed on the normalized pseudo-timeseries, constructed from 

the concatenation of all blocks, all scans and all sessions of that condition type, for each 

subject. We computed the correlational strengths for all possible pairwise combinations of 

the time-locked ROIs using Pearson’s r correlation coefficients, which were then 

normalized using the Fisher-z transformation and averaged across subjects. We assessed 

significance of the resulting correlation scores using Monte Carlo procedures that 

simulated the expected distribution of significance anticipated from chance. The timeseries 

used in this bootstrap procedure were constructed by randomly sampling (with 

replacement) data points from the actual timeseries to construct two new timeseries of the 

same length for each subject, each session and for each localizer. This process was repeated 

10,000 times, and correlation values that were two standard deviations above the mean of 

this distribution was determined to be significant.  

We characterized the functional connectivity of the STSp to the designated brain 

network in a graphical model. The ROIs isolated are represented as the nodes of the graphs, 

while the thresholded (significant) values of the computed pairwise correlations are 

represented as weighted undirected edges of the network.  

 

Graph Metrics: Graph density was computed as the number significant connections out of 

the total possible number of connections for the entire graphical model, calculated 

separately for each subject group (Table 2). Bilateral STSp node density was computed 
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based on the number of significant connections out of the total possible connections within 

the network from each node, calculated separately for each graph.  

Node symmetry for the hubs was quantified as  

 

𝑌𝑛 =  𝛴 (𝑠𝑢𝑚𝑚𝑒𝑑 𝑜𝑣𝑒𝑟 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑛𝑜𝑑𝑒𝑠) (𝑐𝑖 ∪ 𝑐′𝑖′ /  (𝑐𝐿𝑖 ∪ 𝑐𝑅𝑖), 

 

such that n = the region of interest for which symmetry is computed, with ci = the 

binary connection weight (1 or 0) for significant connections in the group graph for the 

edge connecting node n and i in one hemisphere and c’i’ indicates the connectivity weight 

for the edge connecting the opposite hemisphere homologous edge connecting node c’ and 

node i’. A symmetry score of 1 indicates identical connectivity patterns mirrored in the 

right and left homologous regions of interest, while a score of 0 indicates no symmetry in 

the connectivity patterns. This metric is particularly helpful for identifying laterality bias in 

functional specialization as assessed from the pattern of connectivity arising from the 

targeted region of interest. 

 

 

 

Results 

Univariate localization analysis: 

The results from group univariate general linear model (GLM) contrast of biological motion 

> control sequences are shown in Figure 4.2, all thresholded at p<0.05 (Bonferroni 

corrected). A comparison of the maps revealed regions of co-activation, with additional 
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unique regions of activation in the children and adults. Large regions of the STSp are 

localized in the right and left hemispheres in both groups of subjects, along with bilateral 

regions of dorsal occipital cortex (DOC), the anterior superior temporal sulcus (STSa), the 

fusiform gyrus (FG), extensive regions of the superior parietal lobe (SPL), precuneus (PC), 

basal ganglia (BG), premotor cortex (PMC) and inferior frontal gyrus (IFG). These findings 

are very similar to previous reports using these localizer tasks (Carter and Pelphrey 2006, 

Grossman et al., 2010; Saygin, 2007). In addition, we found positive activation unilaterally 

in the left insula in the adults only. In the children, uniquely activated areas included 

bilateral ventromedial prefrontal cortex (VMPFC), the left dorsolateral prefrontal cortex 

(DLPFC), and task-negative activation in the precuneus. 

Figure 4.2 shows a count map that directly compares the activation maps generated 

from the localizer in the children and adults. The count-map isolates regions common to 

the two groups, which includes large bilateral regions on the posterior superior temporal 

sulcus (STSp), dorsolateral occipital cortex, the fusiform gyrus, ventrolateral prefrontal 

cortex, precuneus, and ventromedial prefrontal cortex. In total, we were able to demarcate 

15 bilateral regions (30 ROIs) and 3 unilateral ROIs (left hemisphere only) in the combined 

activation maps from the two groups that were more active during biological motion as 

compared to the control conditions. The ROI coordinates for are shown in Table 4.1. These 

co-activated cortical regions served as the nodes for our functional connectivity analyses.  
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Figure 4.2: Group GLM and Conjunction. the top row shows the Group GLM from each of the 

adults (upper left) and children’s (upper right) group for the biological motion localizer three 

main tasks. The bottom half shows the count map of the conjunction area computed from each 

group. The hotter (yellow) region shown on the map indicates activation found in both groups.  

The less hot (red/orange) regions indicate one of the groups shows response in that region. 
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Table 4.1.  Talairach Coordinates 

Regions of interest identified from the overlapped activation maps from the adults and children, 

organized by cortical lobe and hemisphere. The Talairach coordinates are the center of mass for 

each centroid, with size measured in number of voxels.  

X Y Z

Left STS -46 -48 5 177

Right STS 46 -46 6 264

Left STSa -52 -22 -4 116

Right STSa 46 -21 -4 116

Left SMG -51 -39 18 116

Right SMG 50 -40 20 116

Left SMGa -38.29 -29.87 11.54 54

Left MT -47.0 -69.0 2.0 177

Right MT 45.0 -67.0 0.0 177

Left DOC -18.0 -88.0 1.0 177

Right DOC 11.0 -91.0 0.0 177

Left FG -38.0 -42.0 -20.0 177

Right FG 36.0 -43.0 -19.0 177

Left SPL -23 -60 47 177

Right SPL 26 -56 46 177

Left SPL -20 -72 31 116

Right SPL 24 -71 30 116

Left SPL -23 -75 18 116

Right SPL 27 -75 14 116

Left Precuneus -7 -56 45 116

Right Precuneus 4.17 -63.74 43.28 125

Left Basal Ganglia -11 3 16 177

Right Basal Ganglia 10 1 19 177

Left PMC -40.6 -2.0 45.6 160

Right PMC 35.4 -6.2 44.0 155

Left Insula -38.0 29.0 8.0 177

Left IFG -44.0 10.1 23.8 171

Right IFG 45.0 24.0 22.0 177

Left MFG -30.7 47.8 16.6 150

Right MFG 38.8 42.1 13.1 138

Left DLPFC -18.5 40.8 44.8 203

Left vmPFC -7.14 28.78 -11.96 202

Right vmPFC 9.14 29.16 -10.79 184

156

Medial Wall

Parietal

Pre-frontal

Mean Values

ROI Centroid

Node (ROIs) Coordinates and Graph Metrics

Temporal

Region of Interest
ROI Size 

(# Voxels)

Occipital
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Graph metrics 

Table 4.2 details the node density and symmetry of the STSp for the two groups and 

two conditions. In children, the node density in the right STSp for the experimental (Bio) 

condition is double that of the left, and node density drops off significantly in both STSp for 

the control conditions (Non-Bio). Node symmetry is consistently at 50% (50% of the 

thresholded edges are symmetric across hemispheres) in children for both conditions. The 

overall pattern of activation does not change between conditions in adults. Node symmetry 

in the adults’ group also remains high in both conditions, but gets higher (90%) in the 

control conditions. The right lateralization of the STSp in children can also be confirmed 

with the comparatively low node symmetry measurements in contrast to the adults 

 

 

 

 

 

Table 4.2.  STSp Node Density and Symmetry between hemispheres. Node density is 

computed as the percentage of connections with weights significantly stronger than 

anticipated from chance, out of the total possible number of connections between the STSp 

node and the other regions within the network.  

 

 

Functional Connectivity: 

Figure 4.3 shows the graphical representation of the functional connectivity 

patterns of the bilateral STSp computed from marginal correlations within the network of 

33 isolated ROIs for each subject group. Each graph shows the connectivity of the adults 

Left Right Left Right

Children 19% 38% 16% 22% 24% 50% 50%

Adults 31% 31% 31% 28% 30% 67% 90%

Mean 25% 35% 24% 25% 27% 59% 70%

STS Stats
Bio Non Bio

SymmetryNode Density

Bio Non Bio

Mean 

across 

groups



75 
 

and the children on the same graph for ease of group comparison, and connectivity for the 

biological motion and control conditions are shown separately. Each line on the graphical 

model indicates a significant connection between two brain regions in which the variance 

shared between the two regions is higher than expected by chance.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.  Graphical representation of STSp Functional Connectivity in the two Subject 

groups.  Left and Right STSp, is shown in purple nodes in the network representation. 

Adults connectivity is shown in green, children’s connectivity is shown in red. Connectivity 

common across both groups are shown in gray dashed lines.  

 

For both groups of subjects and both conditions, the vast majority of the STSp 

connections were to proximal brain regions. The STSp was connected to the homotopic 

STSp, bilateral hMT+ and the superior marginal gyrus. Right STSp was also connected to 

the anterior STS (STSa) and fusiform gyrus, and bilaterally the STSp was connected to the 
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inferior frontal gyrus (IFG). The STSp connections to the IFG likely reflect the engaging of 

information sharing within the action observation network (Decety et al 1997). 

Connections to hMT+ and fusiform likely reflect the integration of dynamic key features 

with implicit form information computed regarding the underlying body structure in the 

hMT+ and fusiform body areas, respectively (Peelen & Downing, 2006; Giese & Poggio, 

2003). 

The right STSp in the young children, but not adults, was also connected to two 

dorsal regions of interest on the superior parietal lobule in the right hemisphere, and one 

SPL region in the left hemisphere. The superior parietal lobule is associated with spatial 

allocation of attention (xx). That the STSp is connected to these regions suggests the 

children are extracting cues to directing spatial attention (social orienting), a behavior 

widely observed in development (Scaife & Bruner 1975) and sometimes linked to point-

light biological motion recognition (Zhao, et al, 2014). 

In the adults, the left STSp was connected to premotor cortex and insula in the 

frontal lobe, while the right STSp was also connected to left inferior frontal gyrus. These 

connections are evidence for long-range connectivity to prefrontal cortical areas associated 

with higher cognitive planning (insula and premotor cortex) that are absent in the young 

children.  

To assess the specificity of the observed connections to biological motion 

perception, we compared these patterns of connectivity to that found when subjects 

viewed non-biological, control sequences (Figure 3B). In these conditions, we found two 

major connections in the action observation and attention networks were lost in the 

children when viewing point-light control sequences (which are not perceived as human 
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actions): the STSp and IFG, and right STSp to SPL connections. In the adults, only the 

connection between the left STSp and left insula was lost when computed from the control 

sequences. 

 

 

Discussion 

The human brain actively integrates, coordinates and responds to various aspects of 

social cognition coordinated through a number of brain regions. The maturation of the 

functional relationship of these brain regions is an important aspect of understanding how 

we perceive social intent, action recognition and such. In our current study we sought a 

comprehensive look at the development of the functional connectivity of STSp in the 

context of biological motion perception. We found that children and adults have distinct 

patterns of STSp connectivity when viewing point-light sequences. While the STSp in adults 

was engaged in long-range visual-frontal network, the STSp in the children’s brains was 

connected to the superior parietal cortex. We conclude that children interpret the point-

light action sequences as social orienting cues and engage spatial attention mechanisms in 

the parietal lobe. 

 

Social cueing: 

In our study, the children’s data shows functional connections of STSp with the 

parietal regions, which is absent in the adults’ group.  Involvement of parietal regions in the 

children’s brain might indicate some attentional control, reflexive orienting mechanisms 

might be at play here. We hypothesize that in our study, the children were discerning the 
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point light stimuli as some form of social cueing. Social cueing is an important aspect of 

interpersonal interactions.  

Top-down cognitive control of attention mechanisms serves to allocate additional 

mental resources to the locations, objects and people that are essential to the task at hand, 

and ignore those that are not. Often, and particularly in the cases of interpersonal 

interactions, the targets of our attention lead us to orient toward new locations and objects 

of interest to others. This directed attention from interpersonal cues is broadly referred to 

as social orienting. Researchers report speeded response times and improved peripheral 

target discriminations when body movements direct spatial attention, including pointing, 

eye gaze, and head turns (Birmingham & Kingstone, 2009; Frischen et al, 2007; Hietanen, 

1999). This so-called “social reflexive“ orienting is believed to arise from involuntarily 

attending to the directional information in the cue (Friesen & Kingstone, 1998; Senju & 

Hasegawa, 2005; Tipples, 2002). Although the reflexive nature of orienting from body cues, 

and the timing of facilitation, is similar to that elicited by endogenous arrow cues, it is 

worth noting that orienting from body movements has a unique developmental trajectory 

than orienting from symbolic cues. Whereas directed attention from symbolic cues 

develops relatively late, infants as young as 8 months old use the eye gaze of caregivers to 

orient their attention to items of interest, and by 12 months of age most infants will 

attempt to direct the attention of others through their own eye gaze and pointing 

(Carpenter et al, 1998; Hood et al, 1998; Moore et al, 1997; Scaife & Bruner, 1975). 

Moreover, mastery of directed attention from social cues is believed to reflect cognitive 

development much more broadly, with the ability to engage in shared and directed 

attention being strongly correlated to successful acquisition of receptive and expressive 
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language, and understanding the mental states of others (Frith & Frith, 1999; Tomasello & 

Farrar, 1986). 

 

Emergence of long-range connectivity  

Recent studies have shown a clear difference in the intrinsic connectivity of large-

scale brain networks in young children when compared with adults, and much research has 

focused on the default mode network (Fair et al. 2007, 2008; Supekar, et al, 2009). Both age 

groups show small world, non-random functional organization of large-scale brain 

networks, there is a distinct change in connectivity pattern from youth to adulthood. 

Children have stronger and more short-range connections as compared to adults 

(segregation), while young adults have more robust long-range connections, evidence of 

developmental maturation of the functional relationship (integration) of these of these 

long-range cortical regions. Most of the emerging long-range connectivity involves regions 

within the prefrontal cortex (Fair et al 2007), a part of the brain, generally known to have 

an important role in various skill acquisitions from childhood to adulthood. Our study 

examines the maturation of brain connectivity in a biological motion - specific component 

of the social brain network, and finds a similar pattern of fewer long-range connectivities 

between the STSp and prefrontal cortex in children. We do, however, find bilateral STSp-

IFG connections even in the children during biological motion perception. STSp and IFG are 

both implicated in the action observation network (Decety et al 1997; Keysers & Perrett, 

2004; Kilner, 2011), which appears to mature relatively early in development as compared 

to other long-range networks. 
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Neural markers of social cognitive brain development in children 

Many developmental studies have looked into various aspects of social cognitive 

brain through various stages of development in atypical and typical children groups. It has 

been argued that preferentially attending to biological motion has evolutionary benefits 

such as filial attachment and heeding predators (Johnson, 2006). Human infants as young 

as 2 days old are able to preferentially orient themselves to point-light figures when 

presented in the upright position but not towards inverted versions (Simion et al, 2008 

PNAS). ERP studies show that the activation pattern on the right hemisphere during point-

light action sequences in 8 month old infants are similar to that of adults, indicating an 

early maturation of the neural circuitry for perception of biological motion (Hirai & Hiraki, 

2005; Reid et al., 2008). Studies have found similar mirror neuron activity in children 

between 10 and 12 years of age as had been identified previously in adults, but patterns of 

activity in these areas have not yet been explored in younger children (Dapretto et al., 

2006; Ohnishi et al., 2004). It has also been shown that the specificity for biological motion 

in these regions increased with age, indicating a developmental change. With some studies 

finding the selectivity to be weaker than found in adults and increasing with age (Carter & 

Pelphrey, 2006).  

Preferential attention to biological motion is seen as a precursor for the ability to 

assess intention to others (Frith & Frith, 1999). The cortical regions involved in perception 

of bio motion overlap with those regions involved in the perception of basic social signal 

such as facial expression and gaze (Pelphrey et al 2005, Overwalle 2009). The STSp has 

been implicated in biological motion perception in both adults and children. The posterior 

STS region has also been implicated for processing eye-gaze shifts in children between the 
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ages of 7 and 10 years (Mosconi, et al, 2005). So the overlapping of different perceptual 

tasks can be seen in young children and using the once representative social perceptual 

task, will elucidate some aspects of the network involved in more than one type of social 

cognitive aspect.  

 

Differences in laterality: 

Another important aspect to be addressed from the connectivity patterns in our study 

hemispheric differences observed in both adults and children when comparing within and 

across groups. Hemispheric lateralization has always been a talking point in a social 

perception studies. Linguistic processing, an important aspect of social cognition, is well 

established to have a left hemispheric dominance. Similarly, studies have shown spatial 

cognition and the processing of emotions to have a right-hemispheric bias. Thus social 

perception based on non-verbal cues will most likely have major implications on the right 

hemisphere.  

Biological motion, an important hallmark of social cognition in terms of non-verbal 

cues for action intent and goal direction, has also shown lateralized activation across 

various brain regions. For example the right STSp have been shown to have stronger 

activation when subjects observe body motion (Bonda et al, 1996; Grossman et al, 2000, 

Beauchamp et al 2003) and specifically whole body motions (human figures) rather than 

point-light sequences (Pelphrey, et al 2003). The right STSp is also implicated when one 

view specific limb movement - eyes, hands, mouth (Puce et al 1998, Grezes, et al 2001). 

Lateralization of other brain regions with higher activation in regions within the right 

hemisphere has also been shown in the past (Wheaton et al, 2004; Costantini, et al 2005). It 
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is worth noting that, Saygin (2007) did not find evidence of any hemispheric dominance in 

her work on biological motion perception in unilateral stroke patients. She concluded that 

body movements by themselves are insufficient to evoke a right lateralization of the 

biological motion perception. There must be some ‘social’ aspect to elicit a laterality bias. 

In our study we noted right lateralization of the STSp more so in the children during 

biological motion perception and not so much in the non-bio conditions. The right STSp 

shows both contralateral and ipsilateral connections to various nodes of the network, 

whereas the left STSp is sparsely connected. This confirms with the idea that the socially 

relevant perceptual tasks are shown to have a right hemisphere dominance. Note, however, 

that STSp connectivity in the adults is largely similar between the right and left, and even 

more left lateralized at the long range STSp-prefrontal connectivity. There were also few 

connections to the STSp in the adults’ brains that were present only in the experimental 

and not control conditions. One possible explanation is that the adults may be interpreting 

visual patterns from the scrambled motion and seeing hints of action within them.  
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Chapter 5: 

 

Conclusion 

In this dissertation, the main goals were i) to understand the functional 

specialization of the STSp when processing various social perceptual task, ii) what is the 

role of the STSp within the distributed network of the “social brain”, and iii) and how does 

the functional relationship of the STSp with the distributed network develop from 

childhood to adulthood. I have addressed each of these questions through my three studies.  

Here are the key conclusions of my research, 

 

Functional Specialization of STSp 

The functional organization of the STS has been difficult to characterize. The STSp is 

activated in univariate mapping studies that span a wide range of tasks, usually linked by a 

connection to social perception or cognition. We analyzed the STSp pattern response and 

found the structure in the voxel activation more closely resembles that which would be 

predicted by a “micro” modular account in which strictly tuned neural populations are 

intermixed at a spatial scale that is too fine to be estimated effectively using univariate 

approaches and standard neuroimaging acquisitions. Further research will be needed using 

other multivariate approach, and also different manipulations of social perceptual tasks, to 

get a better understanding of the subpopulations of neurons within the STSp regions 
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Understanding the Distributed System of Social Perception: 

Brain mapping research has been strongly motivated by a modular approach, with 

functional specialization inferred on the basis of convergent evidence for isolated neural 

tuning, isolated brain damage, and isolated perturbation using TMS. Increased 

sophistication of statistical analytical techniques, however, has ushered in a shift in 

thinking about brain function in the context of whole brain networks, with the 

configuration of the connectivity patterns as a means for characterizing the underlying 

dynamic system. Neuronal activity generates dynamic patterns and processes in the 

localized regions of the cortex, while anatomical and functional connections play an 

important role in our ability to understand underlying networks of information sharing.  

Our study shows the STSp connectivity patterns in socially relevant perceptual tasks in 

normal healthy adults. The strength of our approach in studying brain network 

connectivity using partial correlation is, that it isolates of pathways in which new 

information has emerged, removed from the redundancies in variance distributed 

throughout the model. As a consequence this network will be a truer representation of the 

typical connections. Within the constraint of our three localizer task we have been able to 

show, in this study, a set of brain regions that coordinate information processing of various 

aspects of socially relevant perceptual tasks. While each of these brain regions are known 

for different kinds of functional specialization from a modular perspective, to process 

something as complex as social cognition, they come together as a part of this distributed 

system. 
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Emergence of the social brain and functional connectivity of STSp in young children: 

My functional connectivity analysis using biological motion perception in children and 

adults show, that the STSp does exhibit distinct patterns of connectivity between the two 

groups. STSp in adults show more long range connectivity, while in children the region 

show strong connection to parietal lobe indicating different cognitive strategies between 

the groups while performing the task Such multimodal analysis of structural and functional 

brain connectivity will prove useful in helping us better understand the network 

architecture that shapes and constrains development of network connectivity of STSp 

during social perceptual tasks. Our findings can provide a framework for examining how 

fundamental aspects of distributed systems such as the social perceptual network can be 

disrupted in neurodevelopmental disorders.  
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