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Synopsis

Il n humans, eye gaze of another person i
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 whichtheot her 6 s gaze

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 associatingth e de mon st r at tofoar&patialrtargets (@azée
following vs. color matching). Using functional magnetic resonance imaging (fMRI) we
identified a highly specificregion, namel y t he figaze ihtbdpbsternor
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

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
monkeyso abi | i.fThe fMRbwork onltHe oelatiomshizoé gaze following and
face processing-related activity supports the notion that monkeys @ead 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.
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General introduction

Primates have sophisticated social interaction systems that rely primarily on the sense of
vision. During social interactions, faces can provide rich informatonabout an i ndi vi ¢
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, drawi ng t he obseryv
attention to the same object and location, thereby allowing her orhimtoe st ab |l i sh fij c
at t e nByiassatiating our object-related intentions, expectations, and desires with the
other one, joint attention allows us to develop a theory of (the other&) 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



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 unabletouset h e 0 eybk gareGcshift 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
fthed domain-specific module which computes directional social information coming from
faces to guide t he The waymtivevreodutebis hgpothesized to ben
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 activtyi n a si mi |l ar regi on.

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

10
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the human iris and sclera allows detection even from a considerable distance and to
pinpoint the otherods focus of at taeksderawand t he
pupils as well as less elongated eye shapes, making it almost impossible to detect their
conspecificsd eye gaze directi on (Kebhyashiggeds f r o m
Kohshima 1997, 2001). Hence, monkeys arethought t o rely much more
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 t he ot her 6s f
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 uniqgue 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 other& 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 otherds gaze i n a(Tomasellp,Hareemi | ar v
al. 1999; Emery 2000; Tomasello and Carpenter 2005; Tomasello, Hare et al. 2007). |
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
otherdéds gaze direction from a trulasaammet r i c
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

12



learned arbitrary associations between cues and spatial targets? Answers to all the
guestions presented in this introduction will nominate the GFP as a domain-specific
cortical modul e implicated in the control of
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,

ourability to establish Obyoifnal laotwienngt i.tdbimdd oni ht ehr

attention is a key step towards developing a TOM. In order to establish joint attention, we
rely on the ot her bisobjgcadt &tention, a cagaeity which we shaeer /
with nonhuman pri mates. Previous work has
the primate cortex, processing faces, eventually also extracting information on the other®
gaze direction. Yet, the neural mechanism that links information on gaze direction, guiding
the observer® attention to the relevant object has remained elusive.

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

del

its relationship to the prteniaodirekojfleaghesswha i bed

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 anatomi ¢ a | relationship to the previously

cortex (15t 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 (2" 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 (3™ 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 fAgaze f ol PMsway GhgptepH.t cho ( GFP) (4

15
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Chapter 1

Following eye gaze activates a patch in the posterior temporal

cortex thatisnotpartof t he human Aface patchbo

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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Cognition and Behavior

Following Eye Gaze Activates a Patch in the
Posterior Temporal Cortex That Is not Part of the
Human “Face Patch” System

Kira Marquardt,’* ®Hamidreza Ramezanpour,'?%" Peter W. Dicke,' and Peter Thier'*

DOl:http://dx.doi.org/10.1523/ENEURO.0317-16.2017

'Department of Cognitive Neurology, Hertie Institute for Clinical Brain Research, 72076 Tiilbingen, Germany,
2Graduate School of Neural and Behavioural Sciences, University of Tlbingen, 72074 Tibingen, Germany,
3International Max Planck Research School for Cognitive and Systems Neuroscience, University of Tibingen, 72074
Tubingen, Germany, *Werner Reichardt Centre for Integrative Neuroscience (CIN), University of Tiibingen, 72076
Tubingen, Germany

Abstract

Humans follow another person’s eye gaze to objects of interest to the other, thereby establishing joint attention,
a first step toward developing a theory of the other’s mind. Previous functional MRI studies agree that a
“gaze-following patch” (GFP) of cortex close to the posterior superior temporal sulcus (STS) is specifically
implicated in eye gaze-following. The location of the GFP is in the vicinity of the posterior members of the core
face-processing system that consists of distinct patches in ventral visual cortex, the STS, and frontal cortex, also
involved in processing information on the eyes. To test whether the GFP might correspond to one of the posterior
face patches, 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. 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 segregation supports a
distinct function of the GFP, different from the elementary processing of facial information.

Key words: face patch; gaze-following patch; joint attention; posterior superior temporal sulcus

Significance Statement

Human observers follow another person’s eye gaze to objects and locations of interest to the other, thereby
establishing joint attention, a major step toward developing a theory of the other’s mind. Previous functional
MRI (fMRI) studies agree that a patch of cortex around the posterior superior temporal sulcus is specifically
implicated in eye gaze-following. This gaze-following patch is located in the same region as the posterior
elements of the face patch system, also extracting information on the eyes. Using fMRI, we show that the
gaze-following patch is distinct from the face patch system, supporting a role beyond the elementary
\processing of facial information accommodated by the face patch system. Y,

Introduction
Eye gaze, head, shoulder, and trunk orientation are
important examples of body cues that offer compelling

Received October 21, 2016; accepted February 20, 2017; First published
March 09, 2017.
Authors report no conflict of interest.

March/April 2017, 4(2) e0317-16.2017 1-10

information on the object and location of interest to the
other, drawing the observer’s attention to the same object
and location, thereby establishing “joint attention,” a first

Author Contributions: KM, HR, PWD, and PT designed research; KM and
PWD performed research; KM and HR analyzed data; KM, HR, and PT wrote
the paper.
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and major step toward developing a theory of the other’s
mind (Baron-Cohen, 1994, 1995; Emery, 2000; Langton
and Bruce, 2000; Shimojo et al., 2003). In humans, eye
gaze is arguably the most important social cue guiding the
observer’s attention (Emery, 2000). A precise localization
of the relevant machinery has recently been provided by a
number of functional MRI (fMRI) studies. This work has
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 et al., 1998; Allison et al., 2000; Hoffman and
Haxby, 2000; Pelphrey et al., 2003, 2004; Materna et al.,
2008a; Laube et al., 2011). A cortical area involved in ma-
caque monkeys’ head gaze-following, the monkey GFP, has
recently been described in a comparable cortical region that
may eventually turn out to be homologous with the human
GFP in the pSTS (Marciniak et al., 2014).

The extraction of eye gaze orientation requires knowl-
edge of the orientation of the eyes relative to the face and
ultimately also knowledge about the orientation of the
other’s face relative to the observer and the world. This
need to care about particular aspects of faces might
suggest that eye gaze-following may build on information
provided by the parts of cortex known to be devoted to
the processing of faces, including their constitutive ele-
ments such as the eyes. Actually, this influence of the
eyes is suggested by a number of studies that have
demonstrated that, for instance, information on identity
and emotional expression, provided by the eye region,
influences not only perception but also the activity in
distinct face patches (Fox and Damjanovic, 2006; Chan
and Downing, 2011).

In fact, the human GFP, lighting up in gaze-perception
tasks, is located in close vicinity to face-selective areas in
the ventral visual cortex. 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 frontal cortex, namely the occip-
ital face area (OFA), the fusiform face area (FFA), the STS
face area (STS-FA), and the inferior frontal gyrus face area
(IFG-FA; Kanwisher et al., 1997; Haxby et al., 2000; Tsao
et al., 2008). These areas are interconnected and seem to

This work was supported by the Werner Reichardt Centre for Integrative
Neuroscience (CIN) at the Eberhard Karls University of Tubingen. The CIN is an
Excellence Cluster funded by the Deutsche Forschungsgemeinschaft (DFG)
within the framework of the Excellence Initiative (EXC 307). Further support
was granted by the German Research Foundation (DFG) project TH 425/12-2.

*KM and HR contributed equally to this work.

Correspondence should be addressed to either of the following: Peter Thier,
Department of Cognitive Neurology, Hertie Institute for Clinical Brain Re-
search, Hoppe-Seyler-Str. 3, 72076 Tlbingen, Germany. E-mail: thier@uni-
tuebingen.de; or Hamidreza Ramezanpour, Department of Cognitive
Neurology, Hertie Institute for Clinical Brain Research, Hoppe-Seyler-Str. 3,
72076 Tubingen, Germany. E-mail: hamidreza.ramezanpour@gmail.com.

DOL:http://dx.doi.org/10.1523/ENEURO.0317-16.2017

Copyright © 2017  Marquardt et al.
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be devoted to particular aspects of faces. For instance,
the FFA emphasizes the encoding of constant aspects of
the face underlying identity decisions (Grill-Spector et al.,
2004). On the other hand, the STS-FA, the face-selective
area closest to the known location of the GFP, has been
shown to contribute to encoding changeable aspects of
faces such as facial expression and face orientation, the
latter an aspect obviously important for gaze-following
(Puce et al., 1998; Wicker et al., 1998). Could it be that the
STS-FA is actually part of the machinery for gaze-
following, rather than being confined to providing infor-
mation on face orientation? In this case, we would
expect at least partial overlap between the GFP and the
STS-FA. In view of the interindividual variability in the
location of the GFP and also the STS-FA, the question
whether the two overlap requires testing the same sub-
jects in gaze-following and face-perception tasks. Using
well-controlled fMRI paradigms in the same set of sub-
jects, we show that the two systems are actually well
segregated, a finding that clearly indicates that the GFP
accommodates a functionality not found in the face-
selective areas, although most probably building on per-
tinent information contributed by the latter.

Material and Methods

Subjects and instrumentation

Eleven adult male and nine adult female subjects, age
range 21-46 years (mean 26, SEM 5.5 years) participated in
the current study. All participants were right-handed and
healthy and had normal or corrected-to-normal vision. Sub-
jects were provided with transparent and comprehensible
information about the study goals and the procedures in-
volved and gave their written consent. Participants ran a
training behavioral session before an imaging session to
minimize errors inside the MRI scanner caused by potential
misunderstanding of task rules or a lack of practice. The
study was approved by the Ethics Review Board of Tubin-
gen Medical School and was conducted in accordance with
the principles of the 1964 Declaration of Helsinki.

In the training session, subjects’ eye movements were
recorded deploying a commercial Eye Tracker (Chronos
Vision C-ETD). During the imaging session, subjects’
heads were stabilized by foam rubber to minimize residual
head movements. The visual stimuli (32° X 24° visual
angle) were presented on a translucent screen using an
LCD projector (NEC GT 950, 1024 x 768 pixels) viewed
by the subjects via a two-mirror system with 60-cm dis-
tance between the translucent screen and the subjects’
eyes. During the imaging procedure, a certified, MRI-
compatible Eye Tracker (SMI iView X MRI-LR) was used to
record the subjects’ eye movements. The recorded eye
movements were evaluated offline after the experiments.

Visual stimuli and experimental tasks

The participants had to perform three tasks. The first
task required the observer to extract the portrait’s eye-
gaze direction and make a saccade toward one of a set of
five spatial targets that the portrayed demonstrator
looked at (gaze-following task). The second task also
required an indicative saccade to targets singled out by

21
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Baseline Fixation

5seconds

Spatial Target

1seconds
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Go Signal

3 seconds

Fig. 1. Sequence of visual stimuli in the active task. At the beginning of each block of trials, a written instruction (either gaze-following
or color-matching) was presented on the screen for 5 s. Each trial started with a baseline fixation picture with direct gaze (lasting for
5 s), immediately followed by one of five possible portraits (target portraits), present for 4 s, with the demonstrator’s gaze directed
at a specific target and exhibiting a distinct iris color. Subjects were not allowed to make an eye movement until the disappearance
of the fixation target. Afterward, alternately 10 fixations (each 5-s duration) and 10 trial pictures (each 4-s duration) were presented.

The demonstrator has agreed for her portrait to be published.

information provided by the same demonstrator portraits;
however, in contrast to the first task, a different rule
applied. Rather than following the demonstrator’s gaze,
the observer was required to make a saccade to the target
that had the same color as the portrayed demonstrator’s
iris (color-matching task). Note that the visual information
provided in the two tasks was the same, i.e., in both tasks
the iris color varied from trial to trial, adopting the distinc-
tive color of one of the five targets, arranged on a hori-
zontal line met by the demonstrator’s gaze axis. Using the
same visual stimuli for the gaze-following task and the
control task and requiring the same behavioral responses,
any differences in the associated blood oxygenation lev-
el-dependent (BOLD) imaging responses would have to
be caused by differences between the cognitive opera-
tions induced by the two sets of cues. Finally, participants
were subjected to a third experiment that required fixation
on a small dot while passively viewing images of faces
and nonface stimuli, centered on the fixation dot, not
requiring any behavioral response (passive face percep-
tion task).

The portraits used in the gaze-following/color-matching
tasks (collectively referred to as the “active tasks”) were
photographs of a female in front of a white background. She
was looking either straight into the camera (baseline fixation
picture) or to one of five dot targets arranged on a horizontal
board, 25° below the straight-ahead axis in the fronto-
orthogonal plane, with a visual angle of 12.5° between tar-
gets. The digital photographs were processed using Adobe
Photoshop CS5 to replace the original background with a
black-and-white random dot pattern and color the portrait’s
iris and the five targets with five different colors (dark blue,
light blue, green, light brown, and dark brown).

The tasks were run in separate blocks. Each block started
with a written task instruction on the projection screen (either
gaze-following or color-matching) present for 5 s. The whole
block lasted for 95 s and contained 10 trials. Each trial
started with a baseline fixation picture with direct gaze (last-
ing for 5 s), immediately followed by one of five possible
portraits (target portraits), present for 4 s, with the demon-
strator's gaze directed at a specific target and exhibiting a
distinct iris color. Within one block, these 10 trials were
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sorted randomly. The whole experiment contained four ses-
sions, each involving two blocks of gaze-following and two
of color-matching, one after another.

During the presentation of the baseline fixation picture,
the subjects were asked to fixate on a small dot with 0.3°
visual angle radius presented between the demonstrator’s
eyes oriented straight ahead. This fixation dot was also
present in the target portraits for the first 1 s and then
turned off. The disappearance of the fixation point served
as the “GO” signal for the participants to perform their
saccade to the target singled out by the prevailing rule
(gaze-following vs. color-matching). The subjects had to
stay with their eye-gaze on the chosen target until the
baseline fixation picture, now serving as “GO” signal,
appeared again (see Fig. 1 and Fig. 2). Implementing this
“GO” signal seemed to be necessary to allow us to reveal
differences in BOLD signals between gaze-following and
color-matching. Otherwise, possibly dominating BOLD
signals associated with undelayed saccades might have
concealed the differential BOLD activity associated with
the preceding processes.

The stimuli deployed in the passive face perception
task (in short, “passive task”) were photographs of human
faces (females and males), hands, and bodies plus man-
made objects of daily life as well as food, each subtending
a 12° visual angle. Facial stimuli were taken from the
Radboud Face Database (Langner et al., 2010), showing
females and males with averted gazes. Adobe Photoshop
CS5 was used to create scrambled versions of all photo-
graphs and replace the backgrounds with the same
black-and-white random dot background used in the
gaze-following paradigm. Stimuli were presented in four
sessions, each containing 10 blocks of 16 photographs.
The sequence of blocks was the same in each session,
but photographs were randomly distributed within a
block. Each block lasted 38 s and started with the pre-
sentation of a fixation dot in front of a black-and-white
random dot background for 5 s, followed by 16 photo-
graphs (presentation time, 1 s each) with black screens
present for 0.2 s in between. During presentation, sub-
jects were asked to maintain fixation on a small dot in the
middle of the screen while viewing the photographs.
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Fig. 2. lllustration of the first experiment’s stimulus. The eyes of the person are directed to the dark-blue target (gaze cue), but the
person’s iris color corresponds to the light-brown target (color cue). According to the introduced condition at the beginning of the
block, the subject would have to make a saccade toward the dark-blue target (gaze-following condition) or toward the light-brown
target (color-matching condition). The demonstrator has agreed for her portrait to be published.

MRI imaging and preprocessing

A 3 Tesla MR-Scanner (Siemens Magnetom Trio Tim
syngo MR B17) was used to scan subjects’ brains. We
used a T2"-weighted echo-planar sequence (TE, 35 ms,
TR, 3000 ms; flip angle, 90°) covering the whole brain (44
transverse slices; matrix 64 X 64; slice thickness, 2.5 mm;
in-plane resolution, 3 x 3) for image acquisition during the
experiments. We used a T1-weighted, magnetization-
prepared, rapid-acquisition gradient-echo sequence (MP-
RAGE with TE, 2.92 ms; TR, 2300 ms; Tl, 1100; flip angle,
8% 176 X 256 X 256 voxel; voxel size, 1.0 X 1.0 x 1.0
mm) for the structural, anatomic scans. A total of 945
images were taken from each subject.

The preprocessing and analysis of the images was
done with the statistical parametric mapping program
package SPM8 (Wellcome Department of Cognitive Neu-
rology, London, UK, http://www.fil.ion.ucl.ac.uk/spm)
running on Matlab 2013. Images of each subject were
reoriented by setting the origin to the anterior commissure
and correcting for slice time (number of slices, 44; TR, 3 s;
TA, 2.93; slice order, interleaved descending; reference
slice, 22). Functional scans were spatially realigned (reg-
istered to first and mean images resliced). The anatomic
scan was coregistered to the mean volume of the func-
tional images and was normalized to the Montreal Neu-
rologic Institute space (Friston et al., 1995). Functional
images were normalized to the anatomic scan and then
smoothed using a 7-mm full-width half-maximum Gauss-
ian filter. Time series in each voxel were high pass—filtered
with a cutoff frequency of 1/128 Hz.

MRI data analysis

To estimate the BOLD activation patterns associated
with the experimental tasks, we assumed a standard
hemodynamic response function, reflecting the task vari-
ables according to a general linear madel (GLM). In the
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active task, the onset of the portrait defined time 0 of the
ensuing event trace. We distinguished three different
event types: fixation, gaze-following, and color-matching.
In the passive task, the appearance of the first image in
each block determined time 0 of an event trace spreading
across the whole block.

The estimated head movements of the subjects during
the sessions were considered as regressors of no interest
in the GLM in addition to covariates of interest (experi-
mental conditions: fixation, gaze-following, color-
matching, faces, and nonfaces). For the active tasks, the
following contrasts were calculated for each subject: re-
sponse to gaze-following and color-matching versus
baseline fixation and response to gaze-following versus
color-matching and vice versa. For the passive task, con-
trasts between responses to faces and all nonface stimuli
including the scrambled faces were calculated. t-statistics
were used to identify significant changes (p < 0.0001 for
the active task and a more conservative threshold of p <
0.001 for the passive task, taking into account its lower
statistical power) in the BOLD signal at the level of indi-
vidual subjects. To test whether results obtained for indi-
vidual subjects are valid at the population level, we
conducted a second-level analysis, deploying a random-
effects model, comparing the average activation for a
given voxel with the variability of that activation over the
examined population (Friston et al., 1999). The average
activation for a given voxel was taken as significant if the
probability p provided by t-statistics fell below 0.0001
(uncorrected) for that voxel and in at least six neighboring
ones. To optimally visualize and measure the cortical
representations, statistical t-maps were projected onto
inflated and flattened reconstructions of cortical surface
gray matter using Caret (http://brainvis.wustl.edu/wiki/
index.php/caret).
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Fig. 3. Behavioral data for gaze-following (dark gray) and color-matching (light gray) showing no significant difference in either mean
accuracy or mean reaction time (time between the go signal and the start of the eye movement (n = 20 sessions, 160 correct trials).

Error bars represent SE.

Results

Behavioral findings

In the active experiment, participants were instructed to
identify the target either by following the portrait’s eye-
gaze (gaze-following) or, alternatively, to identify it based
on a color match with the iris of the portrayed demonstra-
tor and execute a saccade to the target. In the first case,
eye color, and in the second case, eye gaze direction, had
to be discounted. The two variants of the active task did
not differ with respect to the visual information available
or the oculomotor behavior prompted but with regard to
the cognitive strategy required to solve the task. One
might argue that the two different strategies to be pursued
might have been associated with different levels of diffi-
culty and, consecutively, also different subjective task
loads. This did not seem to be the case, as task perfor-
mance was very similar. Participants performed the task
in the scanner with high accuracy well above chance level
(20%) in the gaze-following condition (correct responses:

mean, 87%; SEM, 11%) as well as in the color-matching
condition (correct responses: mean, 88%; SEM, 11%).
Kolmogorov-Smirnov test showed that reaction times and
correct responses showed a normal distribution. A paired
t-test showed no significant difference in the number of
correct responses (p = 0.61) or reaction times (p = 0.32)
between the two conditions (gaze-following reaction time:
mean, 711 ms; SEM, 366 ms; color-matching reaction
time: mean, 736 ms; SEM, 341 ms; Fig. 3).

BOLD responses to gaze-following and color-
matching

To identify brain areas activated during gaze-following,
we looked at the contrast of gaze-following versus base-
line fixation in a second-level analysis of the group data.
This comparison delineated several brain areas in both
hemispheres that had a significantly higher BOLD signal
(p < 0.0001, in a cluster of six connected voxels each; see
Fig. 4), among them dorsolateral prefrontal cortex, pre-

tvalue

Fig. 4. MRI group data showing the BOLD response for the contrast gaze-following versus baseline fixation.
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Fig. 5. MRI group data showing the BOLD response for the contrast color-matching versus baseline fixation.

motor cortex, supplementary motor area, cuneus, precu-
neus, fusiform gyrus, posterior middle temporal gyrus,
inferior temporal gyrus, middle occipital gyrus, clustrom,
middle frontal gyrus, inferior parietal lobule, superior pa-
rietal lobule, supramarginal gyrus, precentral gyrus, cin-
gulate gyrus, superior frontal gyrus, lingual gyrus, superior
occipital gyrus, parahippocampal gyrus, and cerebellum.
This pattern was very similar to the one obtained when
calculating the color-matching versus baseline fixation
contrast (Fig. 5). The close, qualitative match between the
patterns associated with the two tasks is not unexpected,
given that both require the extraction of specific cues
from faces to localize distinct objects to shift one’s atten-
tion to them.

To identify cortical regions specifically or more strongly
activated by the need to exploit gaze direction, we calcu-
lated the BOLD contrast between gaze-following and
color-matching. A significant contrast (statistical criteria
as before) was found in a patch of cortex bilaterally in the
posterior part of the middle and inferior temporal gyrus,
specifically with the peak contrast at Talaraich coordi-
nates right (50, —64, 2) and left (-54, —-67, 6; see Fig. 6).

This location of activity is similar to gaze-following— and
gaze-processing-related activity found in previous fMRI
studies (Hoffman and Haxby, 2000; Hooker et al., 2003;
Pelphrey et al., 2005b; Materna et al., 2008a). We refer to
the activated patch as the gaze-following patch (GFP) and
the cortical region in which it is located as the pSTS.

BOLD responses to the passive vision of faces

We identified cortex activated by the passive vision of
static faces by delineating regions for which the contrast
faces versus nonface objects (biological as well as non-
biological objects and scrambled faces were pooled) was
significant in the second-level analysis (p < 0.001, uncor-
rected, six connected voxels). In accordance with previ-
ous studies (Ishai et al., 2005; Gobbini and Haxby, 2006;
Fox et al., 2009), we found significant BOLD contrasts in
the mid-fusiform gyrus bilaterally (these voxels are the
FFA), the right inferior occipital gyrus (these voxels form
the OFA), the posterior superior temporal sulcus bilaterally
(these voxels correspond to the STS-FA), and the right
inferior frontal gyrus (these voxels make up the IFG-FA).
The highest BOLD contrast to faces was identified in the

Fig. 6. MRI group data showing the BOLD response for the contrast gaze-following versus color-matching. Activation maximum in

right hemisphere in Talaraich coordinates (50, —64, 2).
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Fig. 7. Spatial organization of face-selective areas and the gaze-following patch.

functionally defined STS-FA, located at Talaraich coordi-
nates right (51, —-42, 12) and left (-67, —48, 8). After
identifying the face-selective regions in the second-level
analysis, the BOLD time series underwent spatial smooth-
ing with an 8-mm FWHM Gaussian blur, and the clusters
of face-selective regions were extracted as a mask
mapped on the cortical surfaces to assess their spatial
relationship to the GFP later on.

The pSTS gaze-following patch and the face patch
are segregated

The fact that the GFP and the STS-FA, exhibiting the
strongest BOLD contrast, were found in the same poste-
rior part of the STS suggested that the two might overlap
or, eventually, be even fully congruent. To investigate this
possibility, we projected the two GFP and the face
patches, including the one in the pSTS region, onto an
inflated 3D representation of cortical surfaces using the
PALS-B12 atlas of human cerebral cortex (Van Essen,
2005). This rendering did not exhibit any indication of
overlap between the gaze-following patch and any of the
face-selective regions. Actually, the boundaries of the
GFP and the ones of the nearest STS-FA were separated
by a gap of 4 mm (Fig. 7). We next defined the GFP and
the STS-FA as our regions of interest (spheres with the
diameter of 5 mm centered on the coordinates of the peak
activities in these two areas in each individual subject to
compare the response levels as captured by the contrast
values for passive perception of static faces and gaze-
following. As shown in Fig. 8, the average contrast values
in the GFP for the passive face perception task did not
differ significantly from zero (t test, p = 0.20), meaning
that there was no selectivity for faces. Likewise, the mean
contrast values in the STS-FA during gaze-following did
not differ significantly from zero (t test, p = 0.49), corre-
spondingly expressing a lack of selectivity to gaze-
following. Hence, we may conclude that the GFP and the
STS-FA are neighboring, yet nonoverlapping, areas with
different functions. In six of 20 subjects, we could not
delineate a significantly activated GFP and STS-FA at the
level of the individual. Hence, these six subjects had to be
excluded from a comparison of gaze-following-related
activity with activity in individual delineated STS-FA and
vice versa; i.e., face-selectivity test in the GFP. We also
resorted to a conjunction analysis as an alternative to a
random-effect analysis (Heller et al., 2007). This approach
allows the assessment of how many subjects exhibit se-
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lective activations in each voxel and therefore shows the
extent of overlap between gaze-following-related activity
and activity evoked by static faces within and across
subjects. This analysis did not show any overlap in indi-
vidual subjects, passing the significance threshold of p <
0.001 (uncorrected).

Discussion

With two separate fMRI experiments, performed on the
same subjects, we tried to map the cortical areas under-
lying gaze-following and the establishment of joint atten-
tion and/or the passive perception of static faces. The two
experiments were run on the same subjects to find out
whether the cortical structures involved overlap. In the
first experiment, consisting of two tasks, subjects were
asked to either follow the eye gaze direction of portrayed
demonstrators toward distinct spatial targets or, alterna-
tively, to shift attention to the target whose color corre-
sponded to that of the demonstrator’s iris. In accordance
with previous work (Materna et al., 2008a), we found that
a GFP lighted up bilaterally in the posterior part of the
middle temporal gyrus when the BOLD signal evoked by
eye gaze-following was contrasted with the BOLD signal
evoked in the color-matching condition. Assuming that
this contrast is able to eliminate activity due to visual

I Gaze Following vs. Color Matching
I Face vs. Non-face
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Fig. 8. Selectivity of the individually defined STS-FA to gaze-
following in contrast to the selectivity of the GFP to static face
perception. Error bars indicate 90% confidence intervals. In the
right STS-FA (Talaraich coordinates of the peak: 51, -42, 12), the
mean contrast value for gaze-following is not significantly differ-
ent from zero, in accordance with the assumption of a lack of
gaze-following selectivity (t-test, p = 0.49). On the other hand,
the contrast value for face perception in the right GFP (Talaraich
coordinates of the peak: 50, —64, 2) is not significantly different
from zero, meaning no face-selectivity (t-test, p = 0.20).
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stimulation or the indicative saccades required in both
tasks, we may conclude that the neuronal machinery in
the gaze-following patch in the pSTS might be responsi-
ble for the calculations needed to shift the observer's
attention based on eye gaze. Unlike the shifts of attention
evoked by our color-matching paradigm, gaze-following
is reflexive (Friesen and Kingstone, 1998). However, this
does not mean that it would not be subject to cognitive
control. Indeed, careful psychophysical experiments on
monkey head gaze-following (Marciniak et al., 2015),
probably homologous to human gaze-following, clearly
show that with the exception of a small early reflex com-
ponent, a substantial part of the gaze-following response
can be suppressed. Hence, we can be confident that the
BOLD contrast used to identify the GFP reflects differ-
ences in gaze-following-related processing and its
cognitive control. Our paradigm vetoed an immediate
behavioral response to the gaze cue as subjects had to
delay the response until the occurrence of the “GO” sig-
nal. Hence, one might be concerned that the GFP activity
we observed in this experiment might differ from the
normal pattern evoked by spontaneous gaze-following.
However, the spatial coordinates of the GFP identified
here are in accordance with our previous findings on
activations evoked by spontaneous gaze-following (Ma-
terna et al., 2008a).

In the second experiment, we used a classical static
face localizer to map the face-selective regions potentially
involved in extracting information on face and eye gaze
orientation to clarify the anatomic relationship between
the GFP and the members of this face patch system. In
fact, we did not observe any overlap between the GFP
and any of the face patches, in particular not with a patch
in the posterior STS (STS-FA), which in view of its local-
ization as described by previous work (Kanwisher et al.,
1997; Haxby et al., 2000) might have been expected to
overlap with the GFP. One might argue that a lack of
overlap between the two is not surprising, given that the
GFP is orchestrating shifts of attention guided by the
eyes, i.e., just one of many elements that make up faces
and possibly not that influential in the STS-FA. However,
the following consideration speaks against the validity of
this criticism. As already shown by Wollaston in the 19th
century (Wollaston, 1824), estimates of eye gaze depend
on concurrent information on the orientation of the face.
And this latter information is available in the GFP. This
was shown by Laube et al. (2011) who could establish that
the influence of head or face orientation on perceived eye
direction, first described by Wollaston, finds its correlate
in changes of the BOLD signal in the GFP. On the other
hand, previous fMRI work on face perception has sug-
gested that one of the hallmarks of the STS-FA is a stark
interest in the changing aspects of faces which, like
changes in eye and face orientation, are important for
gaze-following (Hoffman and Haxby, 2000; Lee et al.,
2010). Hence, the fact that the GFP and the STS-FA are
distinct, although both handling information on oriented
faces and most probably also oriented eyes, clearly indi-
cates different functional roles. On the other hand, the
anatomic vicinity may suggest an exchange of pertinent
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information between the two. However, if the GFP han-
dles information on averted faces, why does it not light up
in the passive viewing experiment? The answer is that its
activation is most probably contingent on the presence of
an object serving as goal for the gaze and observer’s
intention to follow gaze.

We found the maximum BOLD response to faces in the
STS-FA rather than in the FFA or OFA as many other
studies (Engell and Haxby, 2007). The reason is that, in
our passive task to elicit maximal responses in the STS-
FA, the set of face stimuli used was confined to pictures
of emotionally neutral faces with averted eyes with the
head straight, known to be less suitable for the FFA or
OFA (Hoffman and Haxby, 2000; Narumoto et al., 2001).
On the other hand, in most of the studies yielding stronger
responses in the FFA or OFA, the emphasis was on faces
exhibiting direct eye gaze, stimuli that seem to favor
identity-processing.

In Pitcher et al. (2011), a face-selective area in the right
pSTS was reported that responded three times more
strongly to dynamic faces than to static faces. Hence, one
may speculate that the current study using static stimuli
underestimated the true size of the STS-FA and therefore
failed to reveal an overlap between the GFP and the
STS-FA. We cannot exclude the possibility that more
powerful face stimuli might have expanded the activated
areas with the consequence of some overlap to emerge.
However, given the fact that the mean Talaraich coordi-
nates of the pSTS patch center as given by Pitcher et al.
(2011), (54, -38, 4), and the coordinates of the GFP in our
study, (50, —64, 2), are separated by 26 mm Euclidean
distance clearly supports the conclusion of largely non-
congruent patches, at least when a static face localizer is
used to map face-selective areas.

Nonhuman primates follow head gaze to establish joint
attention. This behavior emerges very early during the
development of the individual (Tomasello and Carpenter,
2005; Tomasello et al., 2007). According to Marciniak
et al. (2015), it is characterized by key features that make
human eye gaze-following reflexlike, namely swiftness
and incomplete cognitive control. As described earlier,
monkey head gaze-following activates a patch of cortex
(the monkey GFP) whose location bilaterally in the poste-
rior STS is reminiscent of the location of the human GFP.
Also, the monkey GFP is anatomically distinct, not show-
ing overlap with any of the face patches that can be
activated by the passive vision of faces (Tsao et al., 2003,
2006). As a matter of fact, the spatial relationship of the
monkey GFP with respect to the posterior face patch (PL)
and the middle face patches (ML, MF) is reminiscent of
the spatial relationship of the human GFP to the most
posterior face-selective area (OFA) and the two more
anterior ones (FFA, STS-FA). This lends further support to
the notion of a close correspondence of the respective
architectures. The major difference seems to be the ability
of the human architecture to integrate social cues, pro-
viding directional information, other than head cues such
as eye direction or the direction of fingers (Materna et al.,
2008b; Laube et al., 2011). In other words, both species
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