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Synopsis 

In humans, eye gaze of another person is a powerful stimulus, drawing the observerôs 

attention precisely to places and objects of interest to the other one. Monkeys also follow 

gaze, but rather than using eye-gaze, they rely more on peer head orientation to shift 

attention. Are the human and the monkey gaze following systems functionally related and 

do they depend on the same anatomical substrates, eventually sharing a common 

phylogenetic background? How can we voluntarily control our gaze following behavior and 

eventually suppress it when it is not suitable in a certain context? How does the brain 

decide which object to attend to in a situation in which the otherôs gaze direction seems 

to point towards more than one object at the same time? What are the properties of single 

neurons in the putative gaze following region of the brain and which specific computations 

are they capable of? My thesis tried to address these intimately related questions. 

In order to address the first question, we asked human subjects to make saccades to 

distinct spatial targets, either identified by the eye-gaze of a demonstrator portrait or, 

alternatively, by associating the demonstratorsô iris color to four spatial targets (gaze 

following vs. color matching). Using functional magnetic resonance imaging (fMRI) we 

identified a highly specific region, namely the ñgaze following patch (GFP)ò, in the posterior 

superior temporal sulcus (pSTS) activated by gaze following, well separated from those 

parts of the STS known to process visual information on faces and heads, a finding very 

similar to previous experiments on rhesus monkeys. 

In order to answer the second question, we looked at the brain activity while subjects were 

required to suppress the gaze following response. In this experiment, we could show that 

the cognitive control of gaze following was based on the activation of two regions in the 

frontal cortex, the dorsolateral prefrontal cortex and the anterior cingulate cortex.   

In a subsequent experiment, we integrated the need to extract the gaze vector direction 

and provided a-priori information in order to allow the viewer to select only one object out 

of several met by the same gaze vector. Using fMRI we demonstrated that the 

disambiguation of the potential object was mainly confined to a region in the inferior frontal 

junction. Finally, we used monkeys head gaze following as a model for human gaze 

following and recorded the activity of single neurons from the GFP of two rhesus monkeys 
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engaged in a battery of tasks in an attempt to understand how the otherôs gaze might 

guide spatial attention to a target shared by the two agents. 

We establish that the properties of neurons in the pSTS are indeed able to explain the 

monkeysô ability to follow gaze. The fMRI work on the relationship of gaze following and 

face processing-related activity supports the notion that monkeysô head gaze following 

might be homologous to the human eye-gaze following. The fMRI studies on cognitive 

control and the role of context reveal important features of the network centering on the 

GFP and the single neuron work on the monkey GFP is able to explain how gaze-related 

information is translated into shifts of attention by distinct sets of single neurons.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 9 

 

General introduction 

Primates have sophisticated social interaction systems that rely primarily on the sense of 

vision. During social interactions, faces can provide rich information about an individualôs 

age, gender, identity, emotional expression and mental state. In this regard, eyes are 

probably the most important components of faces, because they offer compelling 

information on the object and location of interest to the other, drawing the observerôs 

attention to the same object and location, thereby allowing her or him to establish ñjoint 

attentionò. By associating our object-related intentions, expectations, and desires with the 

other one, joint attention allows us to develop a theory of (the otherôs) mind (TOM). 

Disposing of a viable TOM is a major basis of successful social interactions and arguably 

its absence is at the core of devastating neuropsychiatric diseases such as autism (Baron-

Cohen 1994, 1995; Langton and Bruce 2000; Shimojo, Simion et al. 2003). Hence, in 

order to understand how the TOM may be dysfunctional in autism, it is very important to 

study how a healthy brain is able to establish its key building block, that is the gaze 

following. 

Gaze following emerges very early during ontogeny (Shepherd 2010). Already babies at 

the age of three months show preferential responses to the presence of eyes (Emery 

2000). Around the age of two, they follow gaze to objects within their view to establish 

joint attention. Finally, at an age of around four, they are capable of developing a full-

fledged TOM (Emery 2000). At this age, the gaze following and joint attention system have 

been fully developed and children are even able to follow the gaze towards an object 

which is not in their visual field by extrapolating the gaze direction of the others 

(Butterworth and Jarrett 1991). This pattern of development is absent or at least 

significantly delayed in subjects suffering from autism spectrum disorder (ASD) (Baron-

Cohen 1995; Baron-Cohen, Baldwin et al. 1997). 

Several studies have suggested that the gaze following has two components with respect 

to its speed and controllability. One is an extremely fast and reflex-like component which 

is very hard to suppress (Friesen and Kingstone 1998; Marciniak, Dicke et al. 2015) and 

a second later component that is more goal-driven and controllable (Ricciardelli, Carcagno 

et al. 2013). The features of the early gaze following component and the early appearance 
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during development qualify it as a domain-specific cognitive process according to the 

modularity criteria of Fodor (Fodor 1983). However, until very recently, it was unknown if 

also the third criterion of Fodor modularity requirements was met, namely if gaze following 

had a specific neural architecture, separate from the one for the processing of nonsocial 

stimuli for orienting attention or other, more general-purpose networks. Precise 

localization of the relevant machinery and its relationship to other forms of attentional 

orienting systems has recently been provided by a number of functional MRI (fMRI) 

studies. Those works have identified a circumscribed region in the posterior superior 

temporal sulcus (pSTS) of both hemispheres, adjacent to the middle and superior 

temporal gyri, often referred to as pSTS region or area or, more loosely, the gaze-following 

patch (GFP) (Puce, Allison et al. 1998; Allison, Puce et al. 2000; Hoffman and Haxby 

2000; Pelphrey, Morris et al. 2004; Materna, Dicke et al. 2008; Laube, Kamphuis et al. 

2011), the latter emphasizing a character reminiscent of the well-known face patches in 

the STS (Tsao, Moeller et al. 2008; Tsao, Schweers et al. 2008). The gaze following-

associated neural responses found in the previous studies were dissociable from those 

evoked by shifts of attention based on nonsocial cues such as arrow (Callejas, Shulman 

et al. 2014). Furthermore, patients with a temporal cortex lesion including the putative 

GFP have been shown to be unable to use the otherôs eye gaze to shift their gaze while 

still being able to use directional information provided by an arrow (Akiyama, Kato et al. 

2006a, 2006b). Altogether these studies confirm the notion that the GFP might be actually 

ñtheò domain-specific module which computes directional social information coming from 

faces to guide the observersô attention. This cognitive module is hypothesized to be 

evolutionary very old and shared between humans and their primate ancestors (Emery 

2000). The notion that the GFP may be a homologous structure subserving as the basis 

of this cognitive module, shared within the primate order, is supported by observations 

that demonstrate that monkeys follow gaze in a similar way to humans and that monkey 

show gaze following-related BOLD activity in a similar region. Monkeysô gaze following 

has been shown to be able to operate very fast and automatic and develop early after 

birth, similar to humans (Shepherd 2010; Marciniak, Dicke et al. 2015). This general 

correspondence not withstanding, there may also be differences between old world 

monkeys and man. Probably the most obvious difference is the source of directional social 

cues used to follow gaze and to establish joint attention. While the clear contrast between 
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the human iris and sclera allows detection even from a considerable distance and to 

pinpoint the otherôs focus of attention, the majority of primates have very dark sclerae and 

pupils as well as less elongated eye shapes, making it almost impossible to detect their 

conspecificsô eye gaze direction changes from more than a few meters (Kobayashi and 

Kohshima 1997, 2001). Hence, monkeys are thought to rely much more on the otherôs 

head and eventually also body orientation. Nevertheless, comparable developmental time 

scales and very similar anatomical substrates suggest that key features of the underlying 

neural mechanisms might be similar in monkeys and humans if not identical.   

The extraction of eye gaze orientation requires knowledge of the orientation of the eyes 

relative to the face and ultimately knowledge about the orientation of the otherôs face 

relative to the observer and the world to establish a stable frame of reference. The need 

to care about particular aspects of faces might suggest that gaze following may build on 

the information provided by the parts of the cortex known to be devoted to the processing 

of faces, including their constitutive elements such as the eyes.  

In fact, the human GFP, lighting up in gaze perception tasks, seems to be located in close 

vicinity to face-selective areas in the ventral visual cortex and eventually overlapping with 

neighboring face patches. This raises the possibility that the GFP may actually be one of 

the members of this face-processing network that involves distinct elements in the ventral 

visual cortex and the frontal cortex, namely the occipital face area (OFA), the fusiform 

face area (FFA), the STS face area (STS-FA), and the inferior frontal gyrus face area 

(IFG-FA) (Kanwisher, McDermott et al. 1997; Haxby, Hoffman et al. 2000; Tsao, Moeller 

et al. 2008). These areas are interconnected and seem to be devoted to processing 

particular aspects of faces. One important question which needs to be addressed here is: 

Could it be that the GFP is actually part of the machinery for face processing rather than 

being confined to converting directional information on face orientation to precise spatial 

coordinates? 

Human gaze following is geometric. This means that we use the other´s gaze vector to 

identify the exact location of the object of interest. As said earlier, the unique morphology 

of human eyes allows us to determine the direction of the eye at high resolution. However, 

most of the time the knowledge of the direction alone is not sufficient to pinpoint an object 

in 3D. In principle, differences between the directions of the two eyes, i.e. knowledge of 
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the vergence angle, could be exploited to triangulate the object position. Yet, this will work 

only for objects close to the beholder as the angle will become imperceptibly small if the 

objects are located far with respect to the beholder or too close with respect to each other. 

Hence, how is the brain able to disambiguate this situation and select only one object?  

High saliency of gaze cues let us always feel an urge to follow the otherôs gaze. However, 

we are able to control gaze following at least to some extent if alternative behaviors may 

be more pertinent in a given moment. What is the source of the control signals? Is gaze 

following under cognitive control exerted by prefrontal signals similar to many other 

functions (Miller and Cohen 2001; Aron, Robbins et al. 2004; Ridderinkhof, van den 

Wildenberg et al. 2004)? 

As said earlier, nonhuman primates are social animals and communicate based on 

nonverbal cues much like humans. The question of whether or not nonhuman primates, 

dispose of a full-fledged TOM similar to humans is debatable. But as said before, there is 

a substantial evidence that the key building block for the development of a TOM, the ability 

to follow the otherôs gaze in a very similar way to humans is available (Tomasello, Hare et 

al. 1999; Emery 2000; Tomasello and Carpenter 2005; Tomasello, Hare et al. 2007). I 

already alluded to the demonstration of a cortical area revealed by blood-oxygen-level-

dependent (BOLD) imaging of the monkey brain and activated by head gaze-following, 

the monkey GFP, having a position in the STS reminiscent of the location of the human 

GFP and eventually homologous to it (Marciniak, Atabaki et al. 2014). However, knowing 

the location of a module and knowing that it is activated in a task-dependent manner tells 

one very little about the underlying neuronal information principles. The most important 

questions here are: first, how can GFP neurons dissociate a simple perception of the 

otherôs gaze direction from a truly geometrical gaze following response towards certain 

spatial targets identified by an eye movement of the observer? Second, are GFP neurons 

able to show modulation by cognitive signals such as rules to enable the GFP machinery 

to undergo executive control in case gaze following-responses need to be suppressed? 

Third, is there any clear topographical distinction between the cluster of gaze following-

neurons and those involved in the passive perception of faces located nearby? And finally, 

and most importantly, how specific are the neuronal responses to shifts of attention guided 

by gaze cues in comparison to other sources of information such as other social cues and 
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learned arbitrary associations between cues and spatial targets? Answers to all the 

questions presented in this introduction will nominate the GFP as a domain-specific 

cortical module implicated in the control of social interactions based on otherôs gaze 

signals and allow us to shed light on the processes allowing this module to convert gaze 

information into joint attention. Finding answer will eventually help to pave the road to a 

better understanding of the pathophysiology of disturbances of social interactions. 
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Aims of this dissertation 

This dissertation addresses a key aspect of our ability to interact with others non-verbally, 

our ability to establish ójoint attentionô with the other by following the otherôs gaze. Joint 

attention is a key step towards developing a TOM. In order to establish joint attention, we 

rely on the otherôs gaze to identify her/his object of attention, a capacity which we share 

with nonhuman primates. Previous work has delineated a network of cortical ñpatchesò in 

the primate cortex, processing faces, eventually also extracting information on the otherôs 

gaze direction. Yet, the neural mechanism that links information on gaze direction, guiding 

the observerôs attention to the relevant object has remained elusive. 

In order to reveal the neural mechanisms affording gaze following and joint attention and 

its relationship to the previously described óface patchô system, I and the colleagues, who 

joined forces with me, ran several fMRI experiments on humans and an 

electrophysiological investigation of rhesus monkeys.    

First, we localized the main brain region implicated in eye-gaze following in humans and 

its anatomical relationship to the previously known óface patchô system in the temporal 

cortex (1st study, Chapter 1).  

Second, we tried to reveal the neural substrates allowing disambiguation of the object of 

joint attention when the gaze vector points towards several potential objects, deploying 

fMRI (2nd study, Chapter 2). 

Third, in an event-related fMRI experiment, we identified the neural network that is 

important for volitional control of gaze following responses (3rd study, Chapter 3). 

Finally, we studied the neural underpinnings of monkey head-gaze following as a model 

of the human eye-gaze following at the level of single neurons in a distinct region in the 

STS, the ñgaze following patchò (GFP) (4th study, Chapter 4). 
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Chapter 1  

Following eye gaze activates a patch in the posterior temporal 

cortex that is not part of the human ñface patchò system 

Kira Marquardt*, Hamidreza Ramezanpour*, Peter Dicke, Peter Thier (*equal contribution) 

eNeuro, 2017, doi:10.1523/ENEURO.0317-16.2017 

We compared the pattern of blood oxygenation level-dependent (BOLD) imaging 

contrasts reflecting the passive vision of static faces with the one evoked by shifts of 

attention guided by the eye gaze of others in the same set of subjects. The viewing of 

static faces revealed the face patch system. On the other hand, eye gaze-following 

activated a cortical patch (the GFP) with its activation maximum separated by more than 

24 mm in the right and 19 mm in the left hemisphere from the nearest face patch, the STS 

face area (FA). This clear segregation indicates that the GFP accommodates a 

functionality not found in the face-selective areas, although most probably building on 

pertinent information contributed by the latter. 
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