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Abstract

The evolutionary survival of a species is dependent on individual organisms quickly detecting
environmental threats and rapidly initiating defensive behavioral reactions. This graduation
project investigated the perception of stimuli with different degrees of biological relevance,
i.e. fearful faces (signalling an immediate threat), neutral faces (not signalling a threat), and
houses (providing no information about either the presence or absence of environmental
threats). Brain structures involved in the perception of these stimuli were investigated with
functional magnetic resonance imaging (fivIRl). In addition to healthy subjects, facial affect
processing was examined in schizophrenia patients. Because it is believed that schizophrenia
patients are impaired in facial affect recognition, it was investigated whether or not they
would show differential brain activation (compared to healthy subjects) during the perception
of fearful faces, neutral faces and houses. Subjects were presented with images of visual
noise, from which a stimulus (fearful face, neutral face or house) gradually emerged. The
moment of stimulus recognition was indicated with a button press. Brain activation during the
task was measured with functional resonance imaging (fMRI).
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Chapter 1: Introduction

1.1 Introduction

Emotion is one of those concepts that are hard to define, even though everyone knows what
they mean. In everyday life, we experience emotion as the mood we are in and the feelings we
have, and we observe emotion in others through body language and facial expressions. Our
behavior is constantly guided by emotion, whether we like it or not. In addition, emotion is
fundamentally involved in our daily social interaction.

On a basic level, emotion can be regarded as an important tool for evolutionary
survival, driving behavior in such a way that an individual's chances of reproduction are
increased. Fear, in this context, serves to increase the chances of survival by promoting
behavior that minimizes exposure to danger. In addition, chances of survival are increased if
an individual is capable of quickly detecting environmental threats and rapidly initiating
defensive behavioral reactions. Stimuli that indicate such threats are therefore defined as
biologically relevant information.

Both animal research and research with human subjects have indicated that the brain is
capable of processing biologically relevant information faster and more robust than
biologically irrelevant information. The amygdala, a brain structure in the temporal lobe, is
believed to be involved in the perception of biologically relevant stimuli and the production of
immediate defensive reactions to the threats these stimuli may indicate. This graduation
project investigates the role of the amygdala in the perception of such stimuli, in both healthy
subjects and patients with schizophrenia.
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1.2. Outline of this thesis

This thesis consists of eight chapters, supplemented by three appendices. The chapters are
divided over four parts. The current (first) part and chapter includes the introduction to the
subject of this thesis and provides an overview of the contents of the thesis.

The second part, consisting of chapters 2, 3 and 4. contains the theoretical introduction
to this graduation project. First, chapter 2 gives a short introduction into the theory of
functional magnetic resonance imaging (fMRI), the neuroimaging technique that was used in
this study to measure brain activation. Chapter 2 is followed by an overview of research on
emotion and the amygdala in chapter 3. Then, in chapter 4, a description of research on facial
affect processing in schizophrenia is given.

The third part of the thesis, consisting of chapters 5, 6, 7 and 8, describes the actual
experiment. It starts with the hypotheses of the project in chapter 5, followed by the methods
and materials in chapter 6. Chapter 7 describes the results of the experiment. Our
interpretation of these results and the discussion are given in chapter 8.

Finally, the last part contains three appendices, which provide more detail on the
methods and materials. Appendix A describes the selection procedure of the fearful and
neutral face pictures that were used in the experiment. In appendix B, a description is given of
how we turned these pictures into stimuli suitable for the experiment, and appendix C
describes a technique to improve the temporal resolution of the paradigm, known as jittering.
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Chapter 2: fMRI

2.1. Introduction

Research in psychology and neuroscience has taken a giant leap forward since the
introduction of neuroimaging techniques, which enable researchers to study the brain in a
relatively non-invasive way. There are two types of neuroimaging: structural and functional
neuroimaging. Structural neuroimaging techniques provide images of the structure of brain
tissue and include computerized (axial) tomography (CT of CAT) and (structural) magnetic
resonance imaging (MRI). Functional neuroimaging techniques, in contrast, provide
information about brain activity, and are thus suitable for studying the function of different
brain areas. Functional neuroimaging techniques include positron emission tomography
(PET), electroencephalography (EEG), and functional magnetic resonance imaging (fMRI),
the neuroimaging technique used in this study.

Every functional neuroimaging technique has its own spatial and temporal resolution.
EEG, for example, which measures neuronal activity with electrodes on the scalp, has a high
temporal resolution (in the order of milliseconds), but a low spatial resolution (not higher than
several centimeters). Both the relatively new technique fIvtRJ and the earlier available PET
measure changes in local cerebral blood flow (CBF), which is an indirect measure of neural
activity (see below). The temporal resolution of PET and fMRI is lower than the temporal
resolution of EEG, but the spatial resolution of both techniques is much higher than that of
EEG. Both the spatial resolution and temporal resolution of fMRI are higher than those of
PET. In addition, fivIRI (unlike PET) does not need radioactive tracers and is thus less
invasive than PET.

It is beyond the scope of this thesis to give a detailed account of the theory of fMRI.
For detailed reading material on fMRI, the reader is referred to Buxton (2002). Section 2.2
explains how neural activity is measured with fMRI, whereas section 2.3 describes the basic
physics of MRI and what an MRI signal is.

2.2. fMRI

fMRI measures brain activity indirectly, by measuring changes in local cerebral blood flow
(CBF). Since the brain influences all organs of the body, it can never be 'turned off'. For this
reason, the body tries to ensure that the brain always receives enough oxygen and glucose.
For example. if blood pressure falls, blood flow is decreased in all bodily tissues except the
brain, to keep the brain functioning at a normal level. At normal blood pressure levels, if a
certain brain area is highly active and consumes more oxygen, cerebral blood flow in that area
increases as well. However, for reasons unknown, the increase in blood flow is several times
higher than the increase in oxygen consumption. Thus, if a certain brain area is active, the
blood oxygen level in that area increases.
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A change in blood oxygen level can be measured with MRI because of the magnetic
properties of hemoglobin (Hb). Hemoglobin, when bound to oxygen (oxyhemoglobin, or
HbO), has different magnetic characteristics from when it is not bound to oxygen
(deoxyhemoglobin, or dHb). The fMRI signal of HbO is stronger than that of dHb, causing an
increase in the MR signal if the ratio HbO/dHb increases. In other words, if a certain brain
area is active, the local increase in blood flow (which causes an increase in HbO and a
decrease in dHb) causes a slight increase in the MR signal. The MR signal in functional MRI
is therefore called the Blood Oxygen Level Dependent (BOLD) signal. A signal increase due
to a specific event is referred to as a BOLD response. By measuring the BOLD signal,
changes in brain activity in different regions of the brain can be investigated, providing a
powerful tool to study cognitive processes.

2.3. The physics of MRI

2.3.1. Magnetic properties of atomic nuclei
Magnetic Resonance Imaging (MRI) makes use of the difference in magnetic characteristics
between substances. The differences between substances arise from the fact that each
substance consists of a different combination of atoms, which themselves are different
combinations of protons, neutrons and electrons. All protons and neutrons have an intrinsic
angular momentum called spin. This angular momentum always has the same magnitude (all
protons and neutrons spin at the same speed); only the axis of spin can change. In the nucleus
of an atom, protons and neutrons combine in pairs with oppositely oriented spins, so that a
nucleus with an even number of protons and neutrons does not have net spin. A nucleus with
an odd number of protons and neutrons (e.g. Hydrogen (H), which is the primary focus of
MRI) does have a net spin. Such a nucleus is a magnetic dipole, with the magnetic axis as the
axis of spin.

When a dipole nucleus is placed in a magnetic field, the field exerts a force on the axis
of spin, causing the axis of spin to revolve around the axis of the magnetic field (see figure
2.1). This is similar to a spinning top that starts revolving around the axis of gravity, if its axis
of spin is not exactly aligned with the direction of gravity. The speed at which the spin axis
revolves around the axis of the magnetic field (the revolution speed) is called the frequency of
magnetic resonance, and it is proportional to the strength of the magnetic field. However, the
magnetic resonance frequency is different for the nuclei of different molecules. This
difference in magnetic resonance frequency causes contrasts between different types of tissue
in the MR image (see below), making it possible to construct an image of the brain.
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Figure 2.1: A magnetic dipole in a magnetic field B0. The field exerts a force on the axis of spin, causing the
axis of spin to revolve around the axis of the magnetic field with speed v0. Adapted from Buxton (2002).

2.3.2. The Mill signal
In an MRI experiment, a sample is placed in a strong magnetic field (B0), usually with a
magnitude of 1.5 or 3 Tesla (as a comparison: the magnetic field of the earth is approximately
0.00005 Tesla). As explained in paragraph 2.3.1, the axes of spin of all atomic dipoles revolve
around the axis of B0. However, there is a slight tendency for the axis of spin to align with the
direction of B0. This results in a small net magnetization of the sample, called M0 (M0 is
aligned with B0, see figure 2.2).

An MRI experiment consists of several cycles of transmitting a signal and receiving a
resonance signal. In the transmit phase of the experiment, an oscillating magnetic field (B1)
perpendicular to B0 is created (see figure 2.2). B1 is only applied for a relatively short time (a
few milliseconds) and is therefore also referred to as a pulse. The oscillation frequency of B1
is equal to the magnetic resonance frequency of the sample, causing the nuclei in the sample
to resonate. In other words, the net magnetization is tipped over in the direction of B1, and the
new net magnetization M revolves around B0 at an angle a (see figure 2.3). a is called the
flip angle and depends on the state of the substance, the duration of the pulse and the strength
of the pulse. The revolving net magnetization M is a changing magnetic field, which can be
measured in the receive phase of the experiment. This is the MRI signal.

After the pulse is turned off, the net magnetization M slowly returns to the direction of
B0. Thus, after the pulse, the signal slowly decays. Since each substance has its own
characteristic magnetic resonance frequency, the speed of decay is different for each
substance. Therefore, if the MR signal is measured at a given time after the end of the pulse,
the signal of one type of tissue (e.g. grey matter) may be weak, whereas that of an other (e.g.
cerebrospinal fluid) may be strong. This difference in MRI signal strength is used to obtain
contrasts between types of tissue in an MR image. Different images can be obtained
depending on the pulse strength, duration, the frequency of the pulse, the time between pulses
(repetition time, or TR), and the time between sending the pulse and measuring the signal.
These parameters can be summarized as the pulse sequence of the MRI experiment. Many
different pulse sequences are possible, yielding a wealth of applications for magnetic
resonance imaging.
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Figure 2.2: Although all atomic dipoles revolve around the axis of B0, there is a slight tendency for the axis of
spin to align with the direction of B0. This results in a small net magnetization of the sample, called M0. Adapted
from Buxton (2002).
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Figure 2.3: When an oscillating magnetic field B1 perpendicular to B0 is applied, the net magnetization is tipped
over in the direction of B1, and the new net magnetization M revolves around B0 at an angle a. Adapted from
Buxton (2002).
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Chapter 3: The Amygdala

3.1. History of amygdala and emotion research

3.1.1. Introspection versus behaviorism
At the beginning of the 20th century, psychological experiences were studied through
introspection. It was believed that complex conscious experiences such as emotions could be
fully explained by careful examination of these experiences in one's own mind. However, the
unreliability of these subjective observations eventually caused researchers to abandon the
introspection method, because many "experimental" results could not be replicated.

As a reaction to introspectionism, the psychological movement known as behaviorism
began to grow in popularity. Behaviorism holds that mental events can only be studied
through objectively observable behavior. Behaviorists banned the introspective study of
conscious experiences and focused on stimulus-response patterns as constructs for
psychological theories. They were inspired by the experiments of Pavlov (1927/1960), who
described a learning process now known as classical conditioning.

In his famous experiments, Pavlov simultaneously presented dogs with an
unconditioned stimulus (food) and an initially neutral stimulus (a ringing bell). After several
paired presentations, the unconditioned response to food (salivation) became conditioned to
the sound of the ringing bell (which is therefore called the conditioned stimulus). In other
words. salivation occurred after presentation of the sound alone, without presentation of food.
This learning process could also be reversed: extinction of conditioning occurred if the
conditioned stimulus was repeatedly presented without the unconditioned stimulus (i.e., after
several presentations of the sound without food, salivation no longer occurred on presentation
of the sound). The whole process of conditioning can be described completely in terms of
objectively observable behavior to presented stimuli, and became one of the hallmarks of
behaviorism.

3.1.2. Studying emotion
In the introspection movement, emotions were regarded as complex conscious experiences or
feelings that constituted an essential part of the mind. In contrast, behaviorists were only
interested in emotions as motivational factors that drove an individual's behavior. They
studied emotion only if it was possible to do so with objective observation. Fear, for example,
was studied with conditioning experiments in which an aversive stimulus (e.g. an electric
shock) was used as the unconditioned stimulus (UCS). The unconditioned response (UR) of
an animal in this case consists of fear behavior, such as increased blood pressure, increased
heart rate and a freezing response. If the animal is repeatedly presented with a tone (the
conditioned stimulus, or CS) just before the electric shock, the animal will after some time
respond to the tone with a fear response, even in the absence of shock. This type of
conditioning is called fear conditioning. A similar type of conditioning, known as avoidance
conditioning, is also used to study fear. In avoidance conditioning, an animal learns to avoid a
certain behavior, when this behavior results in an unpleasant experience (e.g. an electric
shock). Fear conditioning and avoidance conditioning have been used extensively by
researchers in the second half of the 20th century to study the neuro-anatomy of fear (see
below).
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3.1.3. History of amygdata research
In 1937 and 1938, Heinrich KlUver and Paul Bucy reported the behavior of a Rhesus monkey
after bilateral temporal lobectomy (Klüver & Bucy 1937; 1938). They reported that the
monkey seemed to suffer from some kind of visual agnosia, which they termed "psychic
blindness": it seemed to have lost the ability to recognize objects by vision, although there
were no sensory or motor deficits. The monkey would pick up any object, and inspect it orally
(i.e., by putting it into its mouth, licking, chewing or biting it gently), regardless of whether
the object was edible or not. Even when presented with a live snake or rat it would try to
examine the animal orally, like any other object, without showing any fear. In fact, the
monkey displayed no emotional or social behavior at all: it did not interact with other
monkeys in any way, not even when attacked or mounted by another monkey. This pattern of
behavior became known as the Kluver-Bucy syndrome.

The Kluver-Bucy syndrome was further investigated by Lawrence Weiskranz in the
1950s, who specifically addressed the question of which brain structure was responsible for
the lack of emotion, or tameness, of animals with lesions to the temporal lobe (Weiskranz
1956). He reported that monkeys with lesions to the amygdala displayed the same fearless
behavior as the monkey of Klüver & Bucy. In addition, the amygdala-lesioned monkeys were
significantly slower in the acquisition of, and significantly faster in the extinction of
avoidance conditioning.

The results of KiUver & Bucy (KlUver & Bucy 1937; 1938) and Weiskranz (1956)
started a whole line of research on fear conditioning and the involvement of the amygdala in
fear. Section 3.2 will summarize the results of animal research on the amygdala, followed by
research on the human amygdala in section 3.3. Finally, section 3.4 will describe evidence of
subconscious processing in the amygdala, in addition to conscious processing.

20

—



3.2. Recent animal research: the amygdala and fear conditioning

Recent animal research indicates that the learning process of fear conditioning takes place in
the amygdala. Fear conditioning has been shown to alter neural responses to the conditioned
stimulus in the amygdala (Rogan et al. 1997) and electrical stimulation of the amygdala can
produce changes in heart rate, blood pressure and behavior very similar to those observed in a
state of fear (Davis 1992). However, the exact type of amygdala responses depends on the
state of the animal and the location of stimulation within the amygdala.

The amygdala consists of approximately 12 regions, of which the lateral (LA), basal
(B), accessory basal (AB) and central (CE) nuclei are of most relevance to fear conditioning
(for reviews, see LeDoux 1995; Maren & Fanselow 1996; LeDoux 2000; Maren 2001;
LeDoux 2003). These regions and their connections are shown in figure 3.1 (LeDoux 2000).
The lateral amygdaloid nucleus is thought to be the sensory interface of the amygdala
(LeDoux et a!. 1990). It receives input from sensory processing areas of both the thalamus
and the cortex', and projects to B, AB and the central nucleus of the amygdala (LeDoux 1990;
LeDoux et al. 1990; LeDoux 1995). Lesions to LA interfere with the acquisition and
expression of fear conditioning (LeDoux et al. 1990; Campeau & Davis 1995 a; Goosens &
Maren 2001). In other words, if an animal is lesioned in LA before training, fear conditioning
does not take place or is greatly reduced. If the animal is lesioned after fear conditioning, the
learned relationship between the conditioned and unconditioned stimuli seems to be forgotten.

The B and AB nuclei receive input from both the LA and the hippocampus. The
hippocampus is a brain structure involved in the formation of memories. During fear
conditioning, the hippocampus seems to store memories of the environmental conditions
under which fear conditioning has taken place: after the experiment, animals react with fear
responses not only to the CS, but also to the environment in which the CS and the UCS were
paired. This is called contextual fear conditioning and involves both the B and AB nuclei and
the hippocampus (LeDoux 2000). Not surprisingly, lesions to B and AB interfere with
contextual fear conditioning (Maren & Fanselow 1996).

Projections from LA, B and AB converge on the central nucleus (CE). The central
nucleus, in turn, projects into a variety of hypothalamic and brainstem areas that are involved
in the expression of several different fear responses (Davis 1992). For example, the CE
projects into the lateral hypothalamus, an area responsible for regulation of sympathetic
activation. Activation of this area by the amygdala may be responsible for the increased heart
rate and elevated blood pressure observed in a state of fear. Similarly, the increased startle
reflex and the freezing response may be caused by amygdala-mediated activation in the
nucleus reticularis pontis caudalis (NRPC, which is involved in reflexive behavior), and
regions in the central grey of the brainstem (which cause a cessation of behavior),
respectively. The CE is therefore thought to be the general output system of the amygdala.
Like the LA, lesions to CE interfere with both acquisition and expression of fear conditioning
(LeDoux et al. 1990; Campeau & Davis 1995a; Goosens & Maren 2001). Figure 3.2
summarizes the roles of the different regions of the rat amygdala in fear conditioning.

'Most research on fear conditioning has focused on the auditory modality. The amygdala receives sensory input
from the medial geniculate body of the thalamus and the primary auditory cortex. However, several tracing
studies (for example, (Linke et al. 1999) suggest that the amygdala receives input from visual processing areas
(and possibly other modalities) as well. Furthermore, recent lesion studies have shown that damage to the
amygdala interferes with both auditory and visual fear conditioning (Campeau & Davis 1 995a; I 995b).
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Figure 3.1: The amygdala of the rat, with the different subregions that are involved in fear conditioning: Lateral

(LA), Basal (B), Accessory Basal (AB), and Central (CE) nuclei. The arrows indicate connections between these
regions. Inputs (IN) arrive from the thalamus and cortex, and outputs (OUT) project to several brainstem and
hypothalamic areas. Adapted from LeDoux (2000).
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Figure 3.2: Two stimulus information pathways within the amygdala for fear conditioning. A simple auditory
stimulus enters the amygdala through the lateral nucleus, whereas complex contextual information is retrieved
from the hippocampus. Adapted from LeDoux (2000).
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3.3. The human amygdala

The human amygdala is depicted in figure 3.3. As with animals, human patients suffering
damage to the amygdala are impaired in fear conditioning (Bechara et al. 1995; LaBar et al.
1995). Furthermore, neuroimaging studies have shown that the amygdala is activated during
both the acquisition and expression of conditioned fear (LaBar et al. 1998; Knight et al.
2005). The amygdala is active even when the conditioned stimulus (during acquisition) is
presented for such a short duration that it is not consciously perceived, or, in other words,
when fear conditioning occurs subconsciously (Morris et al. 2001). In addition, if subjects are
told a shock will be administered only when a certain stimulus is presented, there is activation
in the amygdala during presentation of that stimulus, even when no shock is administered at
all (Phelps et a!. 2001). Taken together, these results indicate that the amygdala is involved in
fear conditioning in humans as well. The human amygdala may even be specifically involved
in the perception of negative facial expressions, which will be explained in this section.

Fear conditioning, both in humans and animals, occurs throughout an individual's life.
It enables the individual to avoid danger, because stimuli that coincide with an unpleasant or
painful event are associated with that event, and are therefore avoided. For example, if a
curious child gets bitten when it tries to pet a dog, the child will probably fear the dog and
avoid it in the future, thus increasing its chance of survival.

In the course of evolution, the brain may have developed specialized (i.e. enhanced) fear
conditioning to biologically relevant stimuli. In other words, stimuli that are more likely to
signal a threat (e.g. fearful or angry facial expressions) may be conditioned easier than stimuli
that are not likely to signal a threat (e.g. neutral or happy facial expressions). Indeed, several
behavioral studies have found evidence for differential fear conditioning of biologically
relevant and irrelevant stimuli (Esteves et al. 1 994b; Regan & Howard 1995). For biologically
relevant stimuli such as fearful or angry faces, the conditioned association between the CS
and the UCS is much stronger than for biologically irrelevant stimuli, to the degree that
relevant stimuli can even be conditioned subconsciously, whereas irrelevant stimuli can not
(Esteves et al. 1994a; Esteves et al. 1994b; Wong et a!. 1994; Regan & Howard 1995). This
will be discussed further in section 3.4.

For humans, negative facial expressions (e.g. anger and fear) are biologically quite
relevant. It would not be surprising, then, if the amygdala were involved in the perception of
these stimuli. Indeed, a number of both neuroimaging and lesion studies indicate that the
amygdala is involved in the processing of negative facial affect. Using PET, Morris and
colleagues found significantly higher activation in the amygdala to fearful as opposed to
happy faces (Morris et a!. 1996; Morris et al. 1998). This activation was related to the
intensity of the emotion: the neural response increased with increased fearfulness, and
decreased with increased happiness. Activation of the amygdala during perception of fearful
faces has also been found with fMRI, although the response to fearful faces habituated rapidly
(Breiter et al. 1996; Reinders et a!. 2005).

In addition, patients with damage to the amygdala are impaired in the recognition of
negative facial expressions, particularly fear and anger (Adolphs et al. 1994; Calder et al.
1996; Young et a!. 1996; Adolphs et a!. 1999; Sato et al. 2002; Adolphs & Tranel 2003). This
impairment caused patients to mistake fear and anger for happiness (Sato et a!. 2002), to
mistake a difference in expression for a difference in identity (Young et a!. 1996), or to judge
the intensity of negative emotions much lower than controls (Adolphs et al. 1994). Taken
together, these studies provide further evidence that the amygdala is specifically involved in
the perception of negative facial affect.
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Figure 3.3: The human amygdala. The picture on the left is a coronal slice of an fMRI scan, with the amygdala
encircled in red. The picture on the riglfl is a medial saggittal view of the left hemisphere, in which the amygdala
is indicated by the blue arrow.
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3.4. Different pathways to the amygdala

As stated before, the amygdala receives inputs from the sensory cortex and the thalamus.
Although inputs from both these areas are capable of mediating fear conditioning in rats, the
inputs from the sensory cortex are slower and do not seem to be crucial to fear conditioning
(see LeDoux 2000; 2003). This has led LeDoux and colleagues to propose that sensory
information mediates fear conditioning through two distinct pathways: the direct thalamic (i.e.
subcortical) pathway and the thalamo-cortical (i.e. cortical) pathway.

The subcortical pathway is shorter and faster, but also more capacity-limited, because it
contains fewer neurons (Bordi & LeDoux 1994a; 1994b). It probably provides coarse
stimulus information (Vuilleumier et a!. 2003) that is suitable for generating fast, life saving
responses to simple stimuli that may signal a threat. The cortical pathway, in contrast,
provides detailed information which is also suitable for processing complex stimulus patterns,
but the cortical pathway is slower than the subcortical pathway (LeDoux 2000; 2003).

Research on the human amygdala supports the idea of a subcortical processing
pathway providing crude sensory information about biologically relevant stimuli. Morris et al
(2001) presented pictures of fearful and happy faces to a patient with damage to the primary
visual (i.e. striate) cortex. Although these pictures were presented in the patient's cortically
blind field and the patient denied perceiving the faces, significant amygdala activation was
found during presentation of fearful faces. In a second experiment, after conditioning to one
fearful face (the CS) but not another (the control condition), a greater amygdala response was
found during (blind field) presentation of the conditioned fearful face compared to the
presentation of the unconditioned fearful face. Given the patient's lesion, information
mediating the amygdala responses must have accessed the amygdala through a pathway
bypassing the striate cortex. In an additional analysis, the amygdala responses to the fearful
faces from the first experiment and to the conditioned face from the second experiment (but
not to the other face stimuli from either experiment) were found to covary with neural activity
in the posterior thalamus and superior colliculus, supporting the theory of a direct thalamic
pathway mediating amygdala activity (Morris et al. 2001). Since the patient denied perception
of faces in his blind field, the subcortical pathway must have processed the information
subconsciously.

Studies with healthy subjects have offered similar conclusions. Using backward
masking procedures to prevent conscious perception of the stimuli, Whalen et a!. (1998) have
found amygdala activation in healthy subjects during presentation of fearful faces. In a similar
paradigm, Morris and colleagues (1998) measured neural activity in subjects who were
presented with two backward masked angry faces, one of which was previously used as the
conditioned stimulus in fear conditioning. The conditioned masked face elicited a response in
the right amygdala while the unconditioned face did not. None of the masked faces were
perceived consciously, indicating subconscious processing by way of the subcortical
amygdala pathway. This was confirmed by a follow-up study, which showed increased
connections between the right amygdala, pulvinar, and superior colliculus during presentation
of subconsciously processed conditioned faces, but not during presentation of consciously
processed conditioned faces (Morris et al. 1999).

The subcortical (subconscious) pathway may be specialized for biologically relevant
stimuli. This theory is supported by the fact that, in the study of Whalen et al. (1998), unseen
happy faces did not elicit increased amygdala responses. Furthermore, in a series of
subconscious fear conditioning experiments (using backward masked stimuli) Esteves and
colleagues (1994b) showed that a conditioned angry face elicited an increased skin
conductance response (a measure of autonomic arousal frequently used in fear conditioning
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paradigms), whereas a conditioned happy face did not. In other words, if backward masking is
used to prevent conscious perception of the stimuli, fear conditioning occurred only when the
conditioned stimulus was an angry face. This supports the idea that the subcortical amygdala
pathway is specialized for biologically relevant stimuli, providing fast processing of stimuli
signaling potential threats.
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Chapter 4: Schizophrenia

4.1. Introduction

In chapter 3, it was explained that the amygdala is a brain structure specialized for processing
biologically relevant information, including emotional facial expressions. Schizophrenia is a
complex, disabling brain disease that may affect facial affect processing in addition to many
other aspects of the mind, as will be explained in the current chapter. The first section gives
an introduction to schizophrenia, followed by a discussion on facial affect processing and the
role of the amygdala in schizophrenia, in sections 4.2 and 4.3.

Schizophrenia is a brain disease characterized by symptoms such as disorganized
thinking, hallucinations and delusions. So far, the exact cause of schizophrenia is unknown,
although some genetic factors appear to be involved, since family members of a schizophrenia
patient are more likely to develop schizophrenia than other individuals. Usually, the onset of
the disease is in early adulthood between 15 and 30 years of age.

The onset of schizophrenia may be gradual or acute. In most patients, the course of the
disease is characterized by one or more acute psychotic episodes. During psychosis, a patient
experiences disorganized thoughts and loses contact with reality. Thoughts become confused
and conversation and sentences don't make sense. The patient may suffer from hallucinations:
he or she perceives things that are not actually there. Many patients report hearing voices that
comment on their activities or give them commands. In addition, patients often hold strong
but false beliefs known as delusions. For example, a patient may be convinced that he or she
is being monitored by a government agency through the television antenna. A psychotic
episode is usually followed by an intermittent episode of relatively few and stable symptoms.

The psychotic symptoms mentioned above, although most common and well-known,
are not the only symptoms of schizophrenia. Other symptoms2 include catatonia (complex
involuntary movements, such as unusual postures, automatic repetition of actions,
mannerisms, etc.), emotional disturbances (such as flattening of affect, loss of feeling or
heightened feeling, and loss of motivation), cognitive deficits (e.g. impaired attention, lack of
initiative, and intellectual decline), and impaired social functioning. Schizophrenia is a
complex disorder, with different patients exhibiting different symptoms.

The symptoms of schizophrenia are usually classified into positive and negative
symptoms. Positive symptoms are phenomena that are present in patients but absent in
healthy individuals, such as hallucinations, delusions, disorganized thinking and catatonia.
Negative symptoms, in contrast, are phenomena that are present in healthy individuals but
absent in patients. Negative symptoms are mainly emotional disturbances and include for
example apathy, flattening of affect and loss of feeling. In addition, sometimes a third
category, cognitive impairment, is used to classify symptoms such as impaired memory and
executive function (impaired attention and lack of initiative).

2 Not all phenomena observed in schizophrenia are symptoms (i.e. subjective experiences that the patient can
feel and therefore complain about); some are signs (phenomena that are observed by others, but not mentioned
by the patient himself). For simplicity, however, in this text the term 'symptoms' is used for both symptoms and
signs.
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4.2. Schizophrenia and facial affect processing

The emotional disturbances in schizophrenia have led many researchers to investigate affect
recognition in schizophrenia patients. To date, a large body of literature has accumulated that
indicates that patients with schizophrenia are impaired in facial affect recognition (for
reviews, see Mandal Ct al. 1998; Edwards et al. 2002). However, the exact nature of this
deficit is wrought with controversy. Firstly. it is unclear whether the facial affect recognition
deficit is related to the negative symptoms of schizophrenia. Secondly, there is an ongoing
debate on whether impaired facial affect recognition is part of a generalized performance
deficit in schizophrenia, or whether schizophrenia patients have a differential (i.e. specific)
deficit in facial emotion recognition.

The first issue concerns the relationship between negative symptoms and disturbed
facial affect recognition. Two studies have found poorer performance in emotion
discrimination to correlate with severity of negative symptoms in schizophrenia (Schneider Ct
al. 1995; Sachs et a!. 2004). It has been suggested that impaired emotion recognition is the
cause of affective flattening in schizophrenia patients (Shaw et al. 1999). However, the results
of other studies do not support this notion. Although patients exhibit flattened affect, their
subjective experience of affect may be comparable to that of controls (Blanchard & Panzarella
1998). In other words, there may not always be convergence between the outward expression
of emotion and the patient's subjective emotional experience. In addition, four recent studies
that addressed the issue of a relationship between negative symptoms and impaired facial
affect recognition directly have not found any correlation between them (Lewis & Garver
1995; Addington & Addington 1998; Shaw et al. 1999; Silver & Shlomo 2001). Moreover,
emotion perception was found to correlate with attention (Addington & Addington 1998) and
with early perceptional processing (Kee et al. 1998), suggesting that impaired facial affect
recognition may be related to cognitive impairment in schizophrenia. Finally, Kohier and
colleagues (2000) report that facial emotion recognition correlates with cognitive abilities as
well as positive and negative symptoms. Therefore, the role of the facial emotion perception
deficit in the symptomatology of schizophrenia is as yet unknown.

The second issue of debate concerns the generalized versus specific deficit in facial
affect processing. Although there is consensus that patients with schizophrenia are impaired
in facial affect perception (Mandal et al. 1998; Edwards et al. 2002), it is unclear whether this
deficit is specific for facial affect. Kerr and Neale (1993) argue that, while many studies have
found an emotion perception deficit, only a few have used an adequate control task suited for
a differential deficit design. When such a control task is used, most studies report a
generalized deficit that encompasses not only facial affect perception. but face recognition as
well (Kerr & Neale 1993; Mueser et a!. 1996; Kohler et a!. 2000; Sachs et al. 2004). An
exception is a study by Penn and colleagues (Penn et al. 2000), who did find a specific deficit
in emotion perception relative to face perception, but only in acutely ill schizophrenia
patients. Since the chronic patients in their study did not exhibit a differential deficit, they
proposed that active symptoms may have an important role in specifically disrupting emotion
perception in schizophrenia.

Regardless of whether the emotion perception deficit is specific and whether or not it
is related to negative symptoms, this deficit does affect the lives of schizophrenia patients.
Several studies have shown that impaired facial emotion recognition is related to social
functioning in schizophrenia (Mueser et al. 1996; Penn et al. 1996; Ihnen et al. 1998; Hooker
& Park 2002). Therefore, it is important to further investigate the nature of this deficit and the
neural pathology that underlies it.
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4.3. Schizophrenia and the amygdala

Since the symptomatology of schizophrenia is so diverse, it is probably not caused by an
abnormality or dysfunction of a single brain area. Anatomical neuroimaging studies have
found that cerebral volume is reduced in patients with schizophrenia, whereas ventricular
volume is greater than that of normal controls (Wright et a!. 2000). Furthermore, many studies
have found structural abnormalities in the prefrontal and temporal lobes (e.g. Sanfihipo et a!.
2000; Sigmundsson eta!. 2001; Wible et al. 2001).

Given the impairment in facial affect recognition in schizophrenia patients, it is
interesting to investigate the role of the amygdala in schizophrenia. Neuroimaging studies
investigating the structure of the amygdala in schizophrenia patients have produced
inconsistent results. Although many studies have found that amygdala volume is bilaterally
reduced in schizophrenia patients (Wright et a!. 2000; Steel et al. 2002; Kucharska-Pietura et
al. 2003; Exner et al. 2004). some studies have reported different findings. Gur et a!. (2000)
report decreased amygdala volume in men but increased amygdala volume in women.
Moreover, Narr and colleagues (2001) report a volume increase in the right amygdala, while
Hulshoff Pol et al. (2001) found a grey matter density reduction only in the left amygdala.

At this point, few functional neuroimaging studies have been published that
investigated the role of the amygdala in facial affect processing in schizophrenia. However,
the few studies published do indicate amygdala involvement. That is, activation in the
amygdala of schizophrenia patients is lower than that of healthy controls during perception of
emotional faces, even if behavioral performance on a facial emotion discrimination task is at a
normal level (Phillips et a!. 1999; Gur et a!. 2002; Takahashi et al. 2004). Thus, impaired
facial affect recognition in schizophrenia may at least in part be due to failure to activate the
amygdala.

In addition, two behavioral studies have shown that schizophrenia patients are
impaired in aversive avoidance conditioning (Kosmidis et al. 1999; Hofer et a!. 2001). In the
study of Hofer et a!., one type of stimulus (a green light) was followed by an aversive event
(an air puff to the cornea), while another type of stimulus (a red light) was not. After several
paired presentations of the green light with the air puff, healthy subjects developed an
automatic conditioned response (i.e. reflexive eyelid closure) to the green light, but patients
with schizophrenia did not. The study of Kosmidis et a!. used a similar paradigm in which the
aversive event, the sound of a buzzer, could be avoided by pressing a button. Schizophrenia
patients needed significantly more trials to learn to avoid the sound than healthy controls.
These studies indicate that patients with schizophrenia are impaired in avoidance
conditioning. Since avoidance conditioning is believed to take place in the arnygdala (see
chapter 3), the avoidance conditioning deficit observed in schizophrenia may be caused by
amygdala dysfunction. Taken together, these studies indicate that amygdala dysfunction may
be involved in the emotion perception deficit in schizophrenia.
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PART III

THE EXPERIMENT
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Chapter 5: The Paradigm

5.1. Introduction

As discussed in chapter 3, the amygdala may be part of a threat detection circuit specialized
for processing biologically relevant information. This circuit was further investigated in a
recent fMRI study, in which Reinders et al. (2005) studied the robustness of perception using
degraded stimulus information in a stimulus detection task. They presented healthy subjects
with a grayscale image of visual noise from which a stimulus slowly emerged (a fearful face,
a neutral face or a house). Subjects were to indicate the moment of recognition (i.e., the
moment at which the stimulus "popped out" from the noise) with a button press (one button
regardless of stimulus type). Activation in the amygdala during the pop-out of the face stimuli
was found, with more activation for fearful faces than for neutral faces. Moreover, fearful
faces were perceived earlier (i.e. with more noise still present in the image) than neutral faces,
and neutral faces were perceived earlier than houses. In a follow-up analysis, amygdala
activation was also found before the moment of pop-out, further supporting the idea that the
amygdala processes possibly threatful visual information through a subcortical pathway even
before it enters conscious awareness.

In the present study, we used the paradigm of Reinders et al. (2005) to study the threat
detection circuit and facial affect processing role of the amygdala in both healthy volunteers
and patients with schizophrenia. The paradigm was improved (1) by measuring and using
simple reaction time to obtain a better estimate of the moment of pop-out, and (2) by using
color images instead of grayscale images, to create more realistic stimuli.

We constructed an experiment in which healthy subjects were presented with a color
image of visual noise from which a stimulus slowly emerged. Each trial consisted of a
sequence of 100 pictures presented in rapid succession, in which the amount of stimulus
information increased with each picture. Three stimulus types with different degrees of
biological relevance were used: fearful faces (high relevance), neutral faces (intermediate
relevance) and houses (low relevance). Subjects indicated the moment of stimulus recognition
(referred to in the rest of the text as the moment of pop-out) with a button press.

To examine which brain structures were involved in processing the different types of
stimuli, brain activation was continually measured with fMRI during both the detection and
perception of the stimuli. The two stimulus types (faces and houses) have been found to
activate different specific areas of the brain (for review, see Grill-Spector 2003). The ventral
visual pathway (which extends from the occipital lobe into the ventral and lateral temporal
lobe) has been reported to be involved in specialized processing of certain stimulus types,
such as houses, faces or other objects. Houses have been reported to activate an area in the
parahippocampal gyrus known as the parahippocampal place area (PPA, see Epstein &
Kanwisher 1998; Epstein et al. 1999), while faces have been reported to activate an area in the
fusiform gyrus, the so-called fusiform face area (FFA, see Kanwisher et al. 1997; Kanwisher
et a!. 1999). Brain activation in one of these specific brain areas would therefore indicate
processing of the stimulus type associated with that brain area.
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5.2. Hypotheses

5.2.1 Healthy subjects
We hypothesized that the amygdala is part of a fast, subconscious threat detection circuit
specialized in processing biologically relevant information, to enable an individual to detect
environmental threats quickly and initiate immediate behavioral reactions. Since a fearful face
is a biologically relevant stimulus (i.e., it signals a possible threat), it was hypothesized to be
processed by the fast, subconscious amygdala pathway. Therefore, we hypothesized that
healthy subjects would detect a fearful face earlier (i.e., with more noise) than a neutral face
or a house. We also expected that faces, both fearful and neutral, would be detected earlier
than houses because faces, regardless of expression, are biologically more relevant than
houses. Concerning the localization of brain activation, we hypothesized that during the
moment of stimulus detection and/or during full perception of the stimuli, face stimuli would
cause activation in the fusiform gyms and/or the amygdala, and that house stimuli would
activate the parahippocampal gyrus.

We also hypothesized that fearful faces would cause more activation in the amygdala
than neutral faces, because fearful faces are biologically more relevant than neutral faces.
Finally, since the hypothesized subconscious amygdala pathway includes the thalamus as a
relay station for visual and other sensory information, we expected activation in the lateral
geniculate nucleus of the thalamus during all trials of all conditions (i.e., all times in the
experiment during which a stimulus (noise, house or face) was perceived).

5.2.2 Patients with schizophrenia
The second aim of the experiment was to examine facial affect processing of patients with
schizophrenia. We hypothesized that, due to a deficit in facial affect processing, schizophrenia
patients would not detect fearful faces significantly earlier than neutral faces.

As with the healthy controls, we expected brain activation in the parahippocampal
gyms (i.e. the PPA) due to the perception of houses, and brain activation in the fusiform gyms
(i.e. the FFA) due to the perception of faces. We also expected brain activation in the lateral
geniculate nucleus of the thalamus for all conditions in the experiment. However, due to the
proposed involvement of the amygdala in the facial affect processing deficit observed in
schizophrenia patients (see chapter 4), we expected that the face-dependent brain activation
patterns of the amygdala in schizophrenia patients would deviate from those in healthy
controls.
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Chapter 6: Methods and Materials

6.1. Subjects

A total of 30 subjects (including pilot studies) participated in the experiment. The experiment
was approved by the local ethics committee, and all participants gave their written informed
consent to participate in the experiment. Two of the participants were schizophrenia patients,
the other 28 participants were healthy controls. The control group consisted of 14 males and
14 females, between 18 and 37 years old, with a mean age of 25.

The patients participated with the consent of their attending psychiatrist. The first
patient was male, 36 years old, and had been diagnosed with schizophrenia 8 years prior to
the experiment. Three days before the experiment, the severity of positive and negative
symptoms was assessed with the Positive and Negative Syndrome Scale3 (PANSS). The
patient scored an average value of 2.29 on the positive scale and an average value of 1 on the
negative scale. The second patient was male, 30 years old, and had been diagnosed with
schizophrenia one year prior to the experiment. His PANSS scores (also taken three days
before the experiment) were 1.43 on the positive scale and 1.57 on the negative scale. Both
patients were on anti-psychotic medication (aripiprazol 15 mg for both patients). In addition,
patient number 2 also used an anti-depressant (citalopram 20 mg).

6.2. Stimuli

6.2.1 Stimulus selection
Front view color images of neutral and fearful faces were drawn from the Karolinska Directed
Emotional Faces set (Lundqvist et al. 1998). The selection was made on the basis of extensive
rating of the neutral and fearful expression of all front view pictures in the set (described in
detail in appendix A), which resulted in 20 neutral faces (10 male, 10 female), and 20 fearful
faces (10 male, 10 female). Ten color house pictures were used, which were pictures of
standard European houses of light color. The pictures were adjusted to remove any
information other then the house itself (see also Reinders et al. 2005).

The Positive and Negative Syndrome Scale (PANSS) for schizophrenia was developed in 1986 to create a
standardized instrument for classif'ing positive and negative symptoms in schizophrenia. The PANSS test
consists of a semi-structured interview in which a total of 30 psychopathological symptoms (including 7
positive, 7 negative and 16 general psychopathological symptoms) are scored on a scale from I (not present) to 7
(extremely severe).
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6.2.2 Stimulus development
For each of the 50 stimuli (20 neutral faces, 20 fearful faces and 10 houses), 110 pictures with
increasing stimulus information were created, so that the first picture consisted of 100 %
noise and the last picture consisted of 100% stimulus information. The pictures were created
using frequency domain methods (see also Rainer et al. 2001; Reinders et a!. 2005), which
involves applying the discrete Fourier transform to the pictures to manipulate them in the
frequency domain (described in appendix B). Both the amplitude spectra and the phase
spectra of the images were manipulated in the frequency domain. To ensure that all images
had the same brightness and contrast, the same averaged amplitude spectrum was used for all
images. The different noise levels in the pictures were obtained by linear interpolation of the
original phase spectrum of the pictures and a completely random phase spectrum (see
appendix B).

The amount of stimulus information (i.e., the phase coherence, or the fraction of the
original phase spectrum) was increased according to the following exponential function (see
also appendix B):

— P
fraction of original phase = / p e[0,N—1]

(e' - —1)

where N is the number of pictures to be created, in this case 110. This function was chosen to
ensure that the moment of pop-out is approximately halfway in the stimulus sequence, for an
optimal timing of the BOLD response (explained in the next section). For the actual
experiment, a subset of only 100 pictures of the 110 pictures originally created was used for
each stimulus sequence. In this way, the moment of pop-out was jittered slightly, improving
the temporal resolution of the fMRJ signal and making the timing of the experiment less
predictable (see appendix C for more details).

The stimuli were presented with a screen resolution of 1024x768 pixels. The images
were resized in such a way that they were presented within visual focus of 5 degrees (see also
section B.4.1 in appendix B, and Rainer et a!. 2001). Finally, the edges of the pictures were
smoothed into the background, by presenting a frame of 60 pixel width as a foreground to the
images (see figures B.7, B.8 and B.10 in appendix B, and Rainer et a!. 2001). The frame
contained both transparent pixels and pixels with the same (grey) color as the background.
The number of grey pixels increased linearly over the 60 pixels from the inside to the outside
of the frame, resulting in a smooth transition from picture to background. This minimizes any
neural activation due to the contrast between the outer edges of the images and the
background. The color of the background was equal to the average color of the first and 110th
pictures of all stimuli, to further minimize the contrast between images and background.
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6.3. Experimental procedure

6.3.1 Time course of the experiment
Before the experiment, each subject received verbal instructions of the task, and performed a
practice task (with pictures not used in the pop-out task) until (s)he understood the
instructions. The subject was then placed into the scanner for the actual fMRJ-experiment.
First, pictures of neutral faces, fearful faces, and houses were shown to the subject in order to
localize the specific brain activation areas for these stimulus categories in the subject's brain4.

After the localizer pictures, the subject performed the pop-out task, where the stimulus
(a face or a house) emerged from visual noise, and the subject was to press a button at the
moment of stimulus recognition (i.e., the moment of pop-out). Finally, when the subject was
out of the scanner, a reaction time task (with conditions similar to those of the pop-out task)
was performed by the subject, for a more accurate assessment of the moment of pop-out (see
section 6.3.3). The subjects were debriefed both verbally and by filling in a questionnaire,
about their well-being in the scanner, their concentration during the task, and how well they
thought they had done on the task.

6.3.2 The pop-out task
The stimuli were presented using Presentation (http://nbs.neuro-bs.comlpresentation). The
pop-out task consisted of five sessions of ten trials each, with a short break between sessions.
The total of 50 stimuli were pseudo-randomly distributed over the sessions, in such a way that
there were two houses, four neutral faces and four fearful faces in each session. The stimuli
within each session were presented in random order, with a blank grey screen presented
between trials.

Each trial consisted of a sequence of 100 pictures in which the stimulus (a fearful face,
a neutral face or a house) gradually emerged from visual noise. Every picture in the sequence
was presented for 200 ms, so the sequence took 20 seconds to complete. The moment of pop-
out was expected to be approximately halfway in the sequence, with conscious stimulus
perception giving rise to a BOLD response in the brain from the moment of the button press
to the end of the stimulus sequence (see also section 6.5.2). Timing the perception of the
stimulus in this manner allows the BOLD response to subside after the end of the stimulus
sequence, approaching its baseline level during presentation of the blank screen between two
trials (10 seconds) and the first half of the next stimulus sequence, before the next pop-out
(approximately 10 seconds, making a total of approximately 20 seconds between two BOLD
responses).

During each stimulus sequence, the subject had to perform two tasks. While the image
gradually changed from noise to original image, a fixation dot was presented in the centre of
the screen. The fixation dot was either blue or red and changed color randomly every few
seconds (between 2 and 4 seconds). The subjects were to press a button with the index finger
of their dominant hand every time the dot changed color. In this manner, the attention of the
subject was kept in the centre of the screen, and the motor activation in the brain due to the
button presses was kept constant throughout the stimulus sequence. At the same time, the

The face pictures that were used for this localizer task were pictures of the same faces as those used for the pop-out task,
but with interchanged neutral and fearful expressions. That is, if in the pop-out task the picture of face X was a neutral face,
then the picture of face X in the localizer task was a fearful face, and vice versa. In this way, activation found in the pop-out
task cannot be due to novelty of the stimulus, while at the same time the subjects are not biased by the localizer stimuli, since
they haven't seen the actual pictures of the pop-out task.
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subjects had to press a button with the middle finger of their dominant hand when they
recognized the stimulus (i.e., at the moment of pop-out). This button press was simply to
indicate the moment of pop-out, not the specific type of stimulus (subjects were to press the
same button regardless of stimulus type).

6.3.3 The reaction-time task
During the pop-out task, the actual moment of pop-out is slightly earlier than the time of the
button-press, because of the time needed for response preparation (the reaction time). To
estimate the reaction times in the scanner, subjects had to perform a separate reaction time
task after the fl4RIexperiment. The task was similar to the task in the scanner, with the
exception that the stimulus did not appear gradually, as in the pop-out task, but suddenly.

The task contained 15 trials, consisting of five houses, five neutral faces and five
fearful faces presented in random order. In each trial, a noise picture was shown for a few
seconds (a random number of seconds between 5 and 9), followed by a stimulus (house.
neutral face or fearful face). As in the pop-out task, a fixation dot was presented in the centre
of the screen, which continuously changed color (from red to blue and back) after a random
number of seconds between 2 and 4. Subjects were to press a button with their index finger
when the dot changed color. Concurrently, they were to press a button with their middle
finger as soon as the stimulus appeared. As in the pop-out task, there was only one button for
all three stimuli: the subjects were to indicate the recognition of the stimulus regardless of
stimulus type.

6.4. fMRI parameters

The neural activation during the task was measured using functional magnetic resonance
imaging (fIvIRI). Magnetic resonance was performed on a 3 Tesla MRI scanner (Philips). An
echo planar imaging (EPI), T2* weighted pulse sequence was used to acquire the scans (TR =
1.24 s, TE = 25 ms, flip angle 74 degrees). For each subject 5 sessions were obtained, with
each session consisting of 255 scans (23 axial slices (interleaved), slice thickness 3 mm, no
gap). The first 5 scans of each session were discarded to allow for Ti equilibration effects.

The scanner settings were based on the subcortical fear perception pathway (see
LeDoux 1995) and the ventral object perception pathway, to include the parahippocampal
place area (PPA, see Epstein & Kanwisher 1998; Epstein Ct al. 1999) and the fusiform face
area (FFA, see Kanwisher et al. 1997; Kanwisher et al. 1999).The brain areas scanned
included the thalami, amygdalae, visual cortices (including the primary visual cortex and the
dorsal extrastriate cortex), parahippocampal gyri and fusiform gyri of both hemispheres.
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6.5. Statistical analysis

6.5.1. Behavioral data
The data from the simple reaction time task were analyzed first. For each subject, the mean
and standard deviation of the reaction times were computed. Outliers, defined as values that
differed from the mean by more than two standard deviations, were excluded from further
analysis for the subject under consideration. The new mean reaction time (i.e., the mean
reaction time of the data set without the outliers) was used as an indication for the reaction
time during the actual fMRI experiment, i.e. the time between conscious perception of the
stimulus and the actual button press. This reaction time was subtracted from all response
times of the pop-out task to obtain a better estimation of the moment of conscious pop-out.

The response times of the pop-out task needed to be adjusted for the jittering that was
introduced by manipulating the amount of stimulus information of the first picture in the
sequence (see appendix C). For each stimulus, a series of 110 pictures had originally been
created, with the first picture containing 100% noise and the 110th picture containing 100%
stimulus information. A subset containing 100 of the 110 pictures was used in the actual
experiment, varying from the set of pictures I through 100 to the set of pictures 10 through
109 (see appendix C). In other words, each trial started with picture number n (n E [1,101) of
the original set of 110 pictures, and the pictures 1 through (n —1) were omitted. Therefore, we
added 0.2• (n —1) seconds to the response time of each trial (since each picture was presented
for 0.2 seconds). In this way, the response times were adjusted for uttering (i.e., all trials were
matched for the amount of stimulus information in each consecutive picture).

The response times of the pop-out task were then analyzed using SPSS 11.5
(www.spss.com). Absolute z-scores of all response times were computed to detect outliers
(defined as values that differed from the mean by more than 1.96 standard deviations, in other
words values with an absolute z-score greater than 1.96). By this definition, data from two
subjects were marked as outliers and therefore excluded from further data analysis. The data
from the remaining 28 subjects (2 patients and 26 controls) were analyzed with a repeated
measures ANOVA, with the response times for fearful faces, neutral faces and houses
(corrected for reaction time and uttering) as within-subject variables. Degrees of freedom
were corrected for violation of the sphericity assumption using Greenhouse-Geisser estimates
of sphericity, and significance levels were adjusted with Bonferroni-tests for multiple
comparisons.

6.5.2. fMRI data
At the time of writing, the fivIRl data of three controls and two patients had been analyzed
with single subject analyses. For each control subject, data from all five sessions were
analyzed, while for the patients, due to a software problem in the first session, only four of the
five sessions were suitable for fMRI data analysis.

Statistical parametric mapping (SPM2, www.fil. ion.ucl.ac.uklspmlspm2.html) was
used for both data pre-processing and statistical analysis. First, the data were checked for
artefacts using tsdiffana (www.mrc-cbu.cam.ac .ukllmaging/Commonldiagnostics.shtml).
Then, the fMRI images were realigned to the mean, which corrects for within-subject head
movement during the experiment. The scans were spatially normalized (i.e. transformed) into
the standard stereo-taxic Montreal neurological institute (MN!) space (Friston et al. 1995)
using 7x8x7 non-linear basis functions and heavy regularization. Finally, noise was
suppressed by spatially smoothing the images with an isotropic Gaussian kernel of 7 mm.
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In SPM2, the statistical analysis consisted of multiple linear regression analysis of
task-related, voxel-specific differences in blood oxygenation level dependent (BOLD)

responses. For each subject, a general linear model (GLM) was constructed with seven

regressors reflecting the different events and conditions of the pop-out task. These regressors
were subdivided into 3 groups: (1) full perception, (2) pop-out, and (3) visual stimulation.

(I) Three regressors were used to model full (i.e. conscious) perception of the stimuli

from the three experimental conditions (fearful faces, neutral faces and houses). These
regressors modeled an elevated BOLD response with a prolonged hemodynamic response
function (HRF) from the moment of the button press until the end of the stimulus sequence
(see figure 6.1, part (c)). The duration of these regressors was variable, i.e. depending on the

time of the pop-out button press.
(2) Brain activation due to the pop-out event was modeled by a simple canonical

hemodynamic response function, (HRF) producing three additional regressors, one for each
condition (see figure 6.1, part (b)). These pop-out regressors were time-locked to the moment

of pop-out (i.e. the time of the button press minus simple reaction time).
(3) The seventh regressor modeled variance due to visual perception in general and

repeated button presses during the trial, resulting in a regressor modeled by an prolonged
HRF that started at the beginning of the trial (i.e. the first picture of the sequence) and ended
at the end of the trial (i.e. the last picture of the sequence). This regressor is depicted in figure

6.1, part (d). In sum, the GLM consisted of seven regressors: six condition-dependent
regressors that modeled brain activation due to full perception of the stimuli and pop-out
effects, and one regressor for each trial that modeled brain activation due to button presses

and visual stimulation.
Brain activation (as measured by the BOLD response) due to the perception of faces

(fearful and neutral faces taken together) was compared to brain activation due to the
perception of houses, for both full perception of the stimuli and the moment of pop-out. In
addition, brain activation due to fearful faces was compared to brain activation due to neutral
faces. Based on our hypotheses (see chapter 5), seven different contrast images were
constructed to test for differences in brain activation patterns due to the condition-dependent
pop-out and the condition-dependent full perception. The contrast definitions are shown in

table 6.1.
The single subject contrast images were investigated for a priori hypothesis-based

brain regions, i.e. the fusiform gyrus, the parahippocampal gyrus, the amygdala and the lateral
geniculate nucleus of the thalamus (see section 5.2). Contrast images were viewed at the
statistical level of p < 0.00 1 uncorrected for multiple comparisons. Correction for multiple
comparisons was performed within the volume of interest (a sphere with a radius of 9 mm for

the fusiform gyms and parahippocampal area, and a sphere with a radius of 7mm for the
amygdala, based on the approximate size of these regions as indicated by Talairach &
Toumoux (1988)). For the remaining brain areas, for which we had no a priori hypotheses,
multiple comparison correction was performed for the entire brain volume analyzed.
Therefore, unless indicated differently, all statistical values reported are significant at the p <

0.05 corrected level.

Event: Conditions:

Full perception houses> faces faces> houses fearful faces> neutral faces

Pop-out houses> faces faces> houses fearful faces> neutral faces

Visual stimulation all conditions (fearful faces, neutral faces and houses)

Table 6.1: Seven contrast images were constructed for the different events and hypotheses of the experiment

(see text). "houses> faces" = testing for a larger BOLD response in reaction to houses as compared to faces.
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(a)

(b)

(C)

Figure 6.1: The general linear model (GLM) was estimated with three types of regressors. Part (a) of the figure
shows the time course of one stimulus sequence. During presentation of the sequence, the amount of stimulus
information (i.e. the phase coherence) increases from 0% to 100%. The moment of conscious pop-out and the
time of the pop-out button press (which is some time after the moment of pop-out due to the subject's reaction
time) are indicated by the two arrows. Condition-dependent brain activation due to the pop-out is modeled with a
standard canonical hemodynainic response function (HRF), depicted in part (b). Condition-dependent brain
activation during full perception of the stimulus, depicted in part (c), is modeled by a prolonged HRF of variable
duration, starting at the pop-out button press and ending at the end of the stimulus sequence. Finally, the
regressor shown in part (d) is a prolonged HRF starting at the first and ending at the last picture in the sequence,
which models brain activation due to visual stimulation or button presses. Adapted from Reinders et al. (2004).
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Chapter 7: Results

7.1. Behavioral data

For healthy controls, the moment of pop-out for fearful faces was on average after 9.40 ± 0.22
s (mean + s.e.m.) from the start of the trial. Neutral faces were perceived on average after 9.60
± 0.19 s, and houses were perceived on average after 9.33 ± 0.17 s). The pop-out times for
fearful faces, neutral faces and houses are depicted in the left panel of figure 7.1.

The moment of pop-out for healthy subjects was significantly dependent on stimulus
type, F(1.475, 36.869) = 5.299, p < 0.05. Fearful faces were detected significantly earlier than
neutral faces (çi <0.05), although the difference was small (200 ms). Houses were detected
earlier than neutral faces (p < 0.01). There was no significant difference in response times
between fearful faces and houses.

The moment of pop-out for schizophrenia patients was on average 10.21 ± 0.26 s
(mean + s.e.m.) for fearful faces, 10.42 ± 0.11 s (mean + s.e.m.) for neutral faces, and 10.30 ±
0.19 s (mean + s.e.m.) for houses. These pop-out times are shown in the right panel of figure
7.1. No significant differences were found for the patients.

Figure 7.1: The average moment of pop-out (in seconds) for controls (left panel) and patients (right panel).
Healthy controls perceived both fearful faces and houses significantly earlier than neutral faces, but there was no
significant difference between the pop-out times for fearful faces and houses. Differences between patients and
healthy controls, as well as between pop-out times within patients, did not reach significance.
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7.2. fMRI data

7.2.1. Healthy controls

Full perception
Results of the fivIRI data for healthy controls are summarized in table 7.1 (see page 50). The
statistical parametric map (spm) testing for a larger BOLD response for the full perception of
houses as compared to the full perception of faces revealed significant brain activation of the
parahippocampal gyms in all three control subjects (see figure 7.2). For subjects one and
three, this brain activation was bilateral, whereas for the second subject, the parahippocampal
gyrus was activated only in the left hemisphere.

Upon testing for a larger BOLD response for the full perception of faces as compared
to houses, brain activation in the fusiform gyrus and amygdala was found in all three subjects
(see table 7.1 and figures 7.3 and 7.4). Both the amygdala and the fusiform gyrus were
activated bilaterally in two subjects and unilaterally in one subject (the left amygdala and the
right fusiform gyms).

The spm testing for a larger BOLD response for the full perception of fearful faces as
compared to neutral faces revealed significant brain activation in the left amygdala of only
one of the three subjects (see figure 7.5). For the second subject, no amygdala activation was
found for this condition, and in the third subject a trend was found in the left amygdala (p =
0.133).

Finally, upon testing for a significant BOLD response during visual stimulation, or in
other words, from the beginning to the end of each trial, no significant brain activation in the
lateral geniculate nucleus of the thalamus could be determined.

Pop-out
Significant pop-out dependent brain activation for houses as compared to faces was found in
the parahippocampal gyrus for all three subjects (see table 7.1 and figure 7.6). Subjects one
and three showed unilateral brain activation (subject one in the left hemisphere, subject three
in the right hemisphere), while the second subject showed bilateral brain activation in the
parahippocampal gyms.

A significantly larger BOLD response for the pop-out of faces as compared to houses
was found in the bilateral fusiform gyrus and bilateral amygdala for the second subject and in
the left fusiform gyrus (but not in the amygdala) of the first subject (see figures 7.7 and 7.8).
The third subject only showed a trend in the right fusiform gyms (p = 0.1) and no brain
activation in the amygdala.

The spm testing for a larger BOLD response for fearful faces as compared to neutral
faces revealed significant brain activation in the left amygdala of subjects two and three (see
figure 7.9).
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7.2.2 Patients with schizophrenia
Results of the fMRI data for schizophrenia patients are summarized in table 7.2 (see page 51).
The contrast image of a larger BOLD response for the full perception of houses as compared
to the full perception of faces revealed significant brain activation in the right
parahippocampal gyms for patient 1, and in the bilateral parahippocampal gyms of patient 2
(see figure 7.10). Upon testing for a larger BOLD response for the full perception of faces as
compared to the full perception of houses, significant brain activation of the bilateral fusiform
gyrus was found in both patients (see figure 7.11), while no brain activation was found in the
amygdala of either patient for this condition (unlike healthy controls).

For the pop-out event, patient 1 showed significant brain activation only for the pop-
out of houses as compared to the pop-out of faces, in the right parahippocampal gyms (see
figure 7.12). For patient 2, significant brain activation was found in the bilateral
parahippocampal gyms for the pop-out of houses as compared to the pop-out of faces (see
figure 7.12). For the pop-out of faces as compared to the pop-out of houses, we found
significant brain activation in the right fusiform gyrus (see figure 7.13). Upon testing for pop-
out dependent brain activation for fearful faces as compared to pop-out dependent brain
activation for neutral faces, significant brain activation of the bilateral amygdala was found
(see figure 7.14). Finally, equal to the controls, upon testing for a significant BOLD response
during visual stimulation no significant brain activation in the lateral geniculate nucleus of the
thalamus was revealed.
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Figure 7.2: Brain activation in the parahippocampal gyrus due to the full perception of houses as compared to
the full perception of faces, for subject I (left panel), subject 2 (middle panel) and subject 3 (right panel). Brain
activation is shown on coronal slices with y = -50, -44 and -51, respectively. i values for each picture are

indicated by the color bars.

Figure 7.3: Brain activation in the fusiform gyrus due to the full perception of faces as compared to the full

perception of houses, for subject I (left and middle left panel), subject 2 (middle right panel) and subject 3 (right

panel). Brain activation is shown on coronal slices with y = -57, -46, -68 and -49, respectively. Brain activation
for subject I in the left hemisphere is slightly posterior to brain activation in the right hemisphere, resulting in

two coronal slices with different y-coordinates for subject I. Ivalues for each picture are indicated by the color

bars.
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Figure 7.4: Brain activation in the amygdala due to the full perception of faces as compared to the full
perception of houses, for subject I (left panel), subject 2 (middle panel) and subject 3 (right panel). Brain
activation is shown on coronal slices with y = -8, -13, -8, respectively. t values for each picture are indicated by
the color bars.

Figure 7.5: Brain activation in the amygdala due to the full perception of fearful faces as compared to the full
perception of neutral faces, for subject I. Brain activation is shown on a coronal slice with y = -10. i values are
indicated by the color bar.
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Figure 7.6: Brain activation in the parahippocampal gyrus due to the detection (pop-out) of houses as compared
to the detection of faces, for subject I (left panel), subject 2 (middle panel) and subject 3 (right panel). Brain
activation is shown on coronal slices with y = -36, -46 and -52, respectively. t values for each picture are
indicated by the color bars.

Figure 7.7: Brain activation in the fusiform gyrus due to the detection (pop-out) of faces as compared to the
detection of houses, for subject I (left panel) and subject 2 (right panel). Brain activation is shown on coronal
slices with y = -58 and -49 respectively. : values for each picture are indicated by the color bars.
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Figure 7.8: Brain activation in the amygdala due to the detection (pop-out) of faces as compared to the detection
of houses for subject 2. Brain activation is shown on a coronal slice withy = -18. z values are indicated by the
color bar.

Figure 7.9: Brain activation in the amygdala due to the detection (pop-out) of fearful faces as compared to the
detection of neutral faces for subject 2 and subject 3. Brain activation is shown on two coronal slices with y = 0.
t values for each picture are indicated by the color bars.
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Figure 7.10: Brain activation in the parahippocampal gyrus due to the full perception of houses as compared to
the full perception of faces, for patient I (left panel) and patient 2 (right panel). Brain activation is shown on
coronal slices with y = -56, and -52, respectively. I values for each picture are indicated by the color bars.

Figure 7.11: Brain activation in the fusiform gyrus due to the full perception of faces as compared to the full
perception of houses, for patient I (left panel) and patient 2 (right panel). Brain activation is shown on coronal
slices with y = -64 and -55, respectively. t values for each picture are indicated by the color bars.

52



Figure 7.12: Brain activation in the parahippocampal gyrus due to the detection (pop-out) of houses as
compared to the detection of faces, for patient 1 (left panel) and patient 2 (right panel). Brain activation is shown
on coronal slices with y = -58 and -40, respectively. r values for each picture are indicated by the color bars.

Figure 7.13: Brain activation in the fusiform gyrus due to the detection (pop-out) of faces as compared to the
detection of houses for patient 2. Brain activation is shown on a coronal slice with y = -52. t values are indicated
by the color bar.
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Figure 7.14: Brain activation in the amygdala due to the detection (pop-out) of fearful faces as compared to the
detection of neutral faces for patient 2. Brain activation is shown on a coronal slice with y = -10. t values are
indicated by the color bar.
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Chapter 8: Discussion

8.1. Introduction

In this study, we investigated the perception of stimuli with different degrees of biological
relevance, i.e. fearful faces (high), neutral faces (intermediate) and houses (low), in both
schizophrenia patients and healthy controls. Subjects were presented with a sequence of
images presented in rapid succession, in which the stimulus (a fearful face, a neutral face or a
house) gradually appeared from visual noise. All stimuli were color images matched or
luminance, contrast, brightness and spatial frequency information. The moment of stimulus
recognition (i.e., the moment at which the stimulus "pops out" of the noise) was indicated
with a button press. During the entire stimulus sequence, a fixation dot that changed color
every few seconds was presented in the centre of the screen. Subjects were instructed to focus
on the fixation dot during the pop-out task and press a button every time the dot changed
color, in order to keep the subjects' attention in the centre of the screen.

The times of the pop-out button presses were adjusted for reaction time (see chapter
6), to obtain a more accurate estimate of the moment of pop-out. We examined condition-
dependent brain activation patterns during both the moment of pop-out (i.e. the response time
adjusted for reaction time) and full perception (i.e. the time from the pop-out button press
until the end of the stimulus sequence).

8.2. The amygdala as part of a robust threat-detection circuit

8.2.1 Behavioral data
In accordance with our hypothesis, the behavioral data show that fearful faces are perceived
earlier than neutral faces. Fearful faces were perceived 200 ms earlier than neutral faces,
which is in agreement with the results of Reinders et al. (2005), who found a difference in
response times of 240 ms between fearful faces and neutral faces. This finding supports the
notion of a fast, subcortical amygdala pathway in which information concerning the
environment is relayed through the thalamus directly to the amygdala (Morris et al. 1999),
thus providing the possibility to initiate rapid behavioral responses to environmental threats
(Knight Ct al. 2005).

However, contrary to our hypothesis, houses were perceived earlier than faces. While
the difference between the detection times of fearful faces and houses was not significant,
houses were perceived significantly earlier (270 ms) than neutral faces. This finding
contradicts earlier findings of Reinders et al (2005), who found that faces were perceived
significantly earlier (240 ms) than houses. Since we used the same paradigm as the study of
Reinders et al., except for the fact that we used different face stimuli and color images instead
of grayscale images, the difference in results is probably due to differences between the
stimuli used in the two studies. Two possible scenarios may explain the present findings.
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First, the change from grayscale to color images may have benefited house recognition

more than face recognition. House stimuli activate the parahippocampal gyrus (i.e. the
parahippocampal place area, or PPA) that is believed to be involved in visual processing of
scenes and spatial layout, but not objects (Epstein & Kanwisher 1998; Epstein et al. 1999).
Houses may therefore not be experienced as objects, but as landmarks that help define the
spatial layout of a scene (Epstein & Kanwisher 1998; Epstein et al. 1999). Color images of
scenes are recognized faster than grayscale images (Gegenfurtner & Rieger 2000; Steeves et
al. 2004). Thus, since houses and faces are processed in distinctly different ways, it is possible
that recognition of houses benefits more from color images than recognition of faces.

Alternatively, it is possible that both house and face stimuli are generally recognized
faster in color images than in grayscale images, but that the face stimuli used for the current
study were harder to recognize than those from the study of Reinders et al. (2005), thus
neutralizing the beneficial color effect for our face stimuli. Usually, when stimuli are
degraded. face recognition is better in color images than in grayscale images (Yip & Sinha
2002). This indicates that faces, as well as houses, can be recognized with more noise in color
images than in grayscale images. Therefore, it is more likely that our findings are caused by a
difference in the face stimuli, e.g. less artificial, more life-like and including hair.

Whatever the cause, the results indicate that there are more factors influencing the
robustness of stimulus recognition than just the amount of stimulus information in the image.
Although faces may be emotionally more salient (because they are biologically more relevant)
than houses, houses may be more salient in another dimension, for example shape (i.e., sharp
corners may cause more salient contrasts with the background than an oval shape, and this
difference may be more pronounced in color images than in grayscale images). This means
that the hypothesis that biologically relevant information can be detected more robustly than
biologically irrelevant information can only be tested with stimuli that are matched for
salience in other dimensions, such as simple shape. However, it would be preferable to use a
control stimulus that activates a specific area of the brain distinct from the fusiform face area
(like the parahippocampal gyms for houses), because stimulus-specific brain activation gives
an objective control measure for stimulus recognition (apart from the button press, which is
not stimulus-specific). This is an interesting challenge for future research.

8.2.2 fMRI data
Although more data need to be analyzed to reach a more solid conclusion, the fMRI data
analyzed so far do seem to support our hypotheses. The data show stimulus-dependent brain
activation patterns consistent with previous studies. For both the moment of pop-out and full
perception, house stimuli caused brain activation in the parahippocampal gyms (Epstein &
Kanwisher 1998; Epstein et a!. 1999). Face-specific brain activation during both the pop-out
and full perception was found in the fusiform gyms (Kanwisher et al. 1997; Kanwisher et al.

1999) and the amygdala (Breiter et al. 1996; Morris et al. 1998; Reinders et al. 2005).
Furthermore, brain activation in the amygdala was found for both the pop-out and full
perception comparisons of fearful faces to neutral faces (Moms et al. 1996; Morris et al.
1998; Reinders et a!. 2005).

We did not find significant brain activation in the lateral geniculate nucleus of the
thalamus during the trials. This might be explained by the fact that this nucleus is quite small
and does not easily yield significant results. Alternatively, it may very well be that this
nucleus is activated at all times when an individual perceives the environment, which implies
that it was activated during the entire experiment, including the breaks between trials. Further
analysis of the data may resolve this question. Nevertheless, the behavioral and IMRI data do

support the hypothesized subcortical amygdala pathway. Fearful faces caused stronger
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activation in the amygdala and were recognized with more noise than neutral faces, indicating
that the amygdala is capable of robust processing of biologically relevant stimuli such as
fearful faces (Morris et a!. 1996; Morris et al. 1998). In sum, since all but one of the brain
areas for which we had a priori hypotheses were activated by the stimuli in the way we
expected, we conclude that the data analyzed are in support of our hypotheses. We expect that
a group analysis of the data of the remaining subjects will counterbalance individual
differences in support of our hypotheses.

8.3. The amygdala in schizophrenia

The first point of attention when looking at the behavioral data of the schizophrenia patients is
that patients were generally slower to respond, even after the response times had been
corrected for reaction time. This may point to impaired attention or impaired executive
function that is more pronounced in tasks requiring sustained attention (for more than several
seconds, such as the pop-out task). Executive function and attention are associated with the
prefrontal lobes (Andrewes 2001), and patients with schizophrenia have been found to have
structural abnormalities in the prefrontal lobe (Sanfilipo et al. 2000; Sigmundsson et al. 2001:
Wible et a!. 2001). A recent study investigating selective attention and executive function in
schizophrenia showed that schizophrenia patients were initially able to attend to auditory
stimuli but failed to sustain selective attention (Mathalon et al. 2004), which may account for
the present findings.

Apart from the slower responses, the behavioral data of the schizophrenia patients
show a trend comparable with the pattern of pop-out times as that of healthy controls,
although little data are available to reach solid conclusions. Given that patients with
schizophrenia are capable of perceiving fearful faces earlier than neutral faces, like healthy
controls, it seems that the function of the subcortical amygdala pathway seems to be normal.
However, the fMRI data does not support this conclusion. Patient 1 did not show any
amygdala activation for any condition, while patient 2 did have brain activation in the
amygdala, but only during the pop-out of fearful faces when compared to the pop-out of
neutral faces. In other words, the behavioral data seem to be in accordance with normal
amygdala functioning while the fivIRI data might indicate deviant functioning of the
amygdala.

When looking at the individual differences between the two patients, the discrepancy
seems to be resolved. The first patient, who did not show any amygdala activation, perceived
fearful faces on average after 10,47 seconds, neutral faces on average after 10,53 seconds, and
houses on average after 10,49 seconds. In other words, this patient did not perceive fearful
faces earlier than neutral faces, and did not activate the amygdala. In contrast, the second
patient perceived fearful faces on average after 9,96 seconds, neutral faces on average after
10,3 1 seconds, and houses on average after 10,11 seconds. This patient did show bilateral
amygdala activation during the pop-out of fearful faces as compared to the pop-out of neutral
faces, as well as faster detection of fearful faces than neutral faces.

These findings indicate that schizophrenia patients may be differentially impaired in
their amygdala function. This may explain the inconsistent findings of neuroimaging studies
investigating the role of the amygdala in schizophrenia (Our et al. 2000; Wright et al. 2000;
Huishoff Pol et al. 2001; Narr et al. 2001; Steel Ct al. 2002; Kucharska-Pietura et al. 2003;
Exner et al. 2004, see also section 4.3). In addition, in a review of both structural and
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functional neuroimaging studies investigating temporal lobe structures (including the
amygdala) in schizophrenia, Zakzanis and colleagues suggest that there may be differential
impairment of temporal function for different subtypes of schizophrenia (Zakzanis et al.
2000).

Since the amygdala has been associated with facial affect processing, it is likely that
the same theory holds for facial affect recognition in schizophrenia. For example. chronicity
of illness has been found to be correlated to impaired facial affect recognition (Mueser et al.
1996), and paranoid schizophrenia patients are reported to perform better on facial affect
recognition tasks than nonparanoid schizophrenia patients (Lewis & Garver 1995).
Unfortunately, we did not test the performance of the participating patients on a facial affect
recognition task. To resolve the issue of the role of the amygdala in facial affect recognition
in schizophrenia, patients should also be tested for their performance on facial affect
recognition. If the facial affect recognition deficit in schizophrenia patients is related to
impaired functioning of the amygdala. there may be considerable individual differences for
facial affect recognition as well.

In conclusion, the deficit of facial affect recognition observed in patients with
schizophrenia may be related to abnormal functioning of the amygdala, but there may be
considerable differences between individuals exhibiting different characteristics of the
disease. Data from more patients are needed to test this hypothesis.

8.4. Conclusion

Evidence was found in both the behavioral data and the fMRI data for the hypothesized fast
subcortical amygdala pathway that provides the amygdala with coarse information of the
environment in order to rapidly detect environmental threats. In addition, the behavioral data
indicated that the amygdala may process biologically relevant information more robustly than
biologically irrelevant information, through a subcortical pathway that enables immediate
behavioral reactions to environmental threats.

From the data of the schizophrenia patients, we conclude that there may be a
relationship between facial affect recognition and deviant functioning of the amygdala.
However, since one of the patients seemed to exhibit deviant amygdala function while the
other did not, or at least not severely, it seems likely that there are considerable differences in
facial affect recognition and amygdala function between individuals exhibiting different
characteristics of the disease. These issues provide interesting objectives for further research.
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Appendix A: Stimulus Selection

A.!. Introduction

For the fMRI experiment, pictures of houses, neutral faces and fearful faces were needed. The
house pictures were taken from European houses of light color (see also Reinders et al.
2005), whereas the face pictures were drawn from the Karolinska Directed Emotional Faces
set (Lundqvist et al. 1998).

Many studies on facial affect recognition use stimuli from the pictures of facial affect
(Ekman & Friesen 1976), for example (Adolphs et al. 1994; Young et al. 1996; Morris et al.
1998; Whalen et al. 1998; Morris et al. 1999; Reinders et al. 2005). The pictures of this set
have been validated by extensive research (Ekman et al. 1972; Ekman & Friesen 1975), and
have been the standard set of pictures for research on facial affect ever since. However, there
are some drawbacks to using these pictures. Firstly, the pictures are grayscale, while color
images would be more realistic. Secondly, because the set of Ekman and Friesen is the
standard, these pictures have been used for an overwhelming amount of studies. At some
point, even though the pictures have been validated extensively, it becomes questionable
whether the conclusions of all of those studies can be generalized to theories on facial affect,
since they all used the same data set.

For these two reasons, we chose not to use the set of Ekman and Friesen. An
alternative set of facial affect pictures was the KDEF set, which is also used by Vuilleumier
and colleagues (Vuilleumier et al. 2003). This set contains color pictures of 70 individuals (35
male, 35 female), each displaying seven different emotions. The expressions were
photographed from five different angles: full left profile, half left profile, front view, half
right profile and full right profile. Each emotion was displayed and photographed twice,
resulting in two series of five pictures of each expression. In total, the set contains 4900
pictures.

Although these pictures have been used for other studies (Vuilleumier et al. 2003), no
validation (i.e., rating) study of these pictures has been published as yet. Therefore, we rated
the front view pictures of neutral, fearful and happy faces of the set, in order to select the best
pictures for our experiment. The happy faces were rated as a reserve, although eventually they
were not used in the fMRI experiment. For the experiment, 40 (20 neutral, 20 fearful) front
view face pictures were needed, approximately half male, half female.

In order to select the best face pictures from the set, two rating sessions were held, in
which subjects had to rate the expressions of the neutral, fearful and happy faces. In the first
session, the two front view pictures of each face were presented to the subjects
simultaneously, and the subjects were to choose which of them displayed the expression best.
The pictures that were rated highest in this session were used for the second session, where
only one face picture was presented at a time. In the second session, the subjects were to rate
the intensity and genuineness of the displayed emotion.
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A.2. Session 1

A.2.1. Stimulus presentation procedure
The procedure was carried out in one session, with a group of 25 subjects (10 male, 15
female) between 21 and 55 years of age. Subjects were not allowed to deliberate during the
session. The subjects were shown a slideshow of the face pictures, with on each slide the two
front view pictures of one face displaying the same emotion. An example is shown in figure
A. 1. The faces were presented in three blocks: one for neutral faces, one for fearful faces and
one for happy faces (in that order). Neutral faces were presented first, so that subjects could
use these as a reference when rating the intensity of the emotional faces.

Happy faces were presented last because they were considered to be the easiest (based
on pilot rating sessions) and would suffer the least from fatigue. For each block, subjects were
given a form on which they could note their answers. Instructions were both printed on the
forms and given verbally before each block.

The order of the faces within blocks was randomized for each block. Each slide was
presented for approximately 30 seconds, or until all subjects indicated they had finished. For
each slide, subjects had to indicate which of the two face pictures depicted the emotion (or
lack of emotion, in the case of neutral faces) best, by marking their choice on the form and
writing down why they thought the chosen face was better (see figure A.2).

A2.2. Analysis and results
For each pair of the faces of each emotion, the subjects' answers on the forms were scored on
a scale from one to five, where "A++" (see figure A.2) was scored as one and B++" was
scored as five. The mean and standard deviation of these scores were then computed in order
to select the better of the two pictures of each face. Since the standard deviations of all scores
were within a normal range, only the average scores were used to select the better of the two
faces. For faces with an average score lower than 3, face A was chosen, and for faces with an
average score higher than 3, face B was chosen. If the score was 3.0, the face that had fewer
negative andlor more positive remarks was chosen.
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Figure A.1: An example of the stimuli used in session 1. Subjects had to indicate which one of the two faces (A,
B or both/neither) depicted the emotion (in this case a neutral face) best.
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Figure A.2: The forms used in session I (in Dutch), for neutral (top panel), fearful (middle panel) and happy
faces (bottom panel).
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A.3. Session 2

A.3. 1. Stimulus presentation procedure
The resulting faces of the first session were used for the second session. Again, the procedure
was carried out in one session, this time with a group of 28 subjects (12 male, 17 female)
between 21 and 55 years old. Subjects were not allowed to deliberate during the session. As in
the first session, the subjects were shown a slideshow, but this time each slide depicted only
the face that was chosen in the first session. The faces were again presented in three blocks, in
the same order as was used in session I (neutral faces, fearful faces, happy faces). The order
of the slides within blocks was randomized for each block. Each slide was presented until all
subjects indicated they had finished.

For neutral faces, subjects were to mark on their form the amount (none, slightly or a
lot) of happiness, surprise, fear, anger, disgust, sadness and boredom they saw in each face
(see the top panel of figure A.3). They were instructed to write down any (other) characteristic
of the face that influenced their opinion of the face (compared to their mental image of a
normal, average, neutral face). For fearful and happy faces, subjects were to rate both the
intensity of the emotion and the degree to which they thought the emotion was genuine (see
the bottom panel of figure A.3). In addition, like with the neutral faces, they were instructed
to write down any (other) characteristic of the face that influenced their opinion of the face
(compared to their mental image of a fearful/happy face).
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A.3.2. Analysis and results: neutral faces
The neutrality of the faces was determined by computing average scores on the amount of
rated emotion and the remarks. In relation to whether of not the face was a "good" neutral
face, each remark was assigned a value. The values assigned were -2 (negative), -1 (slightly
negative), 0 (neutral), 1 (slightly positive) or 2 (positive). That is, a remark such as "arrogant
face" was scored as -2 (negative), whereas a remark such as "good neutral face" was scored as
2 (positive). Remarks concerning the appearance and general impression of the face were also
scored as either negative or positive, because the required face pictures were to be as
inconspicuous as possible, in the sense that they had to match the subjects' mental image of a
normal, neutral face. Remarks that did not concern either emotion or appearance of the face
(e.g. "bright picture") were scored as 0 (neutral).

The values that were obtained from the remarks were averaged, yielding a more or less
quantitative measure of the total number of positive and negative remarks. For both the
female and male face pictures, two rankings were made: one based on the average amount of
rated emotion in each face, and one based on the average scores on the remarks (see table
A.1). These two rankings were then visually inspected to determine the weight factors for
computing the average, final score for each face Q/3 the amount of emotion and 2/3 remarks).
The final rankings are also shown in figure A.3. Of the ten best male neutral faces, two were
overexposed and therefore replaced by the 11th and 12th pictures in the final ranking (pictures
10 and 1). The score of the 10th female and the 12th male neutral face were comparable (0.779
vs. 0.778, where lower is better), which therefore validates the removal of the two pictures.
The selection of the 20 best neutral faces is shown in figure A.4.

A.3.3. Analysis and results: fearful and happy faces
The selection of the faces was based on 1) the intensity of the expression, 2) the genuineness
of the expression, and 3) further remarks. For each face, the average intensity and genuineness
of the emotions were computed and rescaled to values between zero and one. Remarks were
scored in the same way as those of neutral faces.

Rankings of the faces based on intensity, genuineness and remarks were compared to
determine the weight factors for computing the average, final scores (¼ intensity, V2

genuineness and ¼ remarks). These rankings, as well as the final ranking, are depicted in
table A.2 (fearful faces) and table A.3 (happy faces). Since the final score of the tenth male
fearful face was equal to the score of the 10th female fearful face, the ten best fearful face
pictures of each sex were selected. These pictures are shown in figure A.5.
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Table A.l: Results of the rating session for all female (left panel) and male (right panel) neutral faces. The first
column shows the face numbers, followed by the rating scores in the second column. The third, fourth and fifth
columns shows the face numbers from the first column sorted by their total score, the scores on the intensity of
rated emotion and the scores on the remarks, respectively. The total scores shown in the second column were
obtained by averaging the scores on the intensity of rated emotion and remarks. The weight factors for this
average (½ the amount of emotion and 2/3 remarks) were determined by inspecting the rankings shown in column
four and five, resulting in the final ranking shown in the third column. The selection of the 10 best faces of each
panel is shown in blue.
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Table A.2: Results of the rating session for all female (left panel) and male (right panel) fearful faces. The first
column shows the face numbers, followed by the rating scores in the second column. Columns three through six
show the face numbers from the first column sorted by their total score and the scores on the intensity of fear,
the genuineness of fear, and remarks, respectively. The total scores shown in the second column were obtained
by averaging the scores on intensity, genuineness and remarks. The weight factors for this average (¼ intensity,
'/2 genuineness and ¼ remarks) were determined by inspecting the rankings shown in column four, five and six,
resulting in the final ranking shown in the third column. The selection of the 10 best faces of each panel is shown
in blue.

69

1

Female
Fearful Faces

IFaces sorted by
heir score on:

J3l 0.32410711 34i



Table A.3: Results of the rating session for all female (left panel) and male (right panel) happy faces. The first
column shows the face numbers, followed by the rating scores in the second column. Columns three through six
show the face numbers from the first column sorted by their total score and the scores on the intensity of
happiness, the genuineness of happiness, and remarks, respectively. The total scores shown in the second
column were obtained by averaging the scores on intensity, genuineness and remarks. The weight factors for this
average ('/4 intensity, '/2 genuineness and '/4 remarks) were determined by inspecting the rankings shown in
column four, five and six, resulting in the final ranking shown in the third column. The selection of the 10 best
faces of each panel is shown in blue.
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Figure A.4: The final selection of neutral faces. Female faces are shown in the top panel, male faces are shown
in the bottom panel. For each sex, faces are sorted by their total score (from left to right and from top to bottom,
so that the face in upper left corner is the face with the highest score).
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Figure A.5: The final selection of fearful faces. Female faces are shown in the top panel, male faces are shown
in the bottom panel. For each sex, faces are sorted by their total score (from left to right and from top to bottom,
so that the face in upper left corner is the face with the highest score).
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Appendix B: Stimulus Development

B.!. Introduction

In any experiment, there are many independent variables that influence the quantities that are
measured. Therefore, if we want to measure the effect of a single variable X on the quantity
Y, the variable X has to be quantitatively controlled, while all other variables are kept
constant. For the fMRI-experiment, visual stimuli were presented to the subjects. In this case
the independent variable X was the amount of stimulus information in the images that were
presented to the subjects. The amount of stimulus information in an image had to be
quantitatively controlled, whereas all other aspects of the image, such as brightness and
contrast, had to be held constant. For this reason, the stimuli were created using the discrete
Fourier transform. The discrete Fourier transform is a mathematical tool providing the
possibility to manipulate properties of images that would otherwise be very hard to
manipulate, such as the amount of stimulus information in the image.

In the next section, a general theoretical outline of the discrete Fourier transform and
its properties is given. The discrete Fourier transform is used mostly for digital signal
processing, such as the processing of sound signals. A signal is nothing but a quantity that
changes with time. Digital simply means that the signal is described in discrete steps of time,
in contrast to a real-time signal, which is a continuous function.

In the third section, the Fourier theory concentrates on the specific case of digital
images and how the Fourier transform can be used to manipulate these images. This section
explains that an image is just like a digital signal, except that the "quantity" in this case (the
color intensity in the picture) depends on the position in the picture, not time.

Finally, the last section describes the process of the actual stimulus development,
which includes manipulating images in the frequency domain with the Fourier transform.
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B.2. Fourier theory

Fourier theory incorporates that any periodic function or signal can be represented by a
summation of a series of sine and cosine terms of different frequencies. This means that a
periodic function can be described in two different domains: the time domain and the
frequency domain. In the time domain, a periodic function, say y = f(r), is a description of
how the values of y (e.g. the intensity of a signal) depend on the values of t (e.g. time). In
the frequency domain, the same function is described by a summation of sinusoidal waves of
different frequencies. The Fourier transform is used to transform the signal from the time
domain to the frequency domain, or, in other words, it describes the sinusoidal waves in the
frequency domain that, together, constitute the original signal in the time domain.

B.2.1. The discrete Fourier transform
The Fourier transform has been defined for both continuous and discrete signals. Continuous
signals and Fourier transforms are not suitable for computer calculations, because they consist
of an infinite number of values. The discrete Fourier transform is a special case of the
continuous Fourier transform, in which both the signal and its Fourier transform function have
been sampled and truncated so that they can be described by a finite number of samples. In
other words, in the discrete case both the signal and its Fourier transform consist of a finite
number, say N, of equally spaced sample values. A detailed account of the relationship
between the continuous and discrete Fourier transforms is given by Brigham (1974).

The discrete Fourier transform is given by:

N—I —,2jrnk

(1) S(k) = s[nJ e N

in which n denotes time (in discrete steps), and s[n] is the signal in the time domain. S(k) is

the Fourier transform function, in which k denotes frequency. N is the number of samples
that completely describes s[nJ.

The inverse discrete Fourier transform transforms S(k) back from the frequency
domain to the time domain and yields the original signal s[n]:

V—I ,2,rnk

(2) s[n] =

In this way, s[n] is defined as a series of sinusoidal waves of different frequencies (this will
be considered in more detail in a later section). A signal can be manipulated in both the time
and frequency domain, using the Fourier transform (and the inverse transform) to switch
between the domains.
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B.2.2. The amplitude and phase spectra of a signal
Even though the signal s[n] may be real, its Fourier transform S(k) is usually complex. If so,
S(k) is basically a vector of N complex numbers z: S(k) = [z0 , , ,. . .,ZN_Il.

Any complex number z can be decomposed into a real part, x, and an imaginary part,
y, in such a way that z = x + iy. Real numbers are a subset of the complex numbers, namely
the subset of numbers for which the imaginary part is zero, thus z = x. Another special kind
of complex number is the conjugate of z, f. The conjugate of a complex number z = x + iy

is defined as = x — iy. Thus, f has the same real part as z, but the imaginary part is
multiplied by -1.

In a so-called Argand diagram, which is shown in figure B.I, the complex number z
is plotted in a real-imaginary plane at position (x,y). The real part of z, x, is measured at
the real axis, whereas the imaginary part of z, y. is measured at the imaginary axis.

The coordinates (x, y) of z are called Cartesian coordinates of z. From figure B. 1, it
can be seen that z can also be defined by its polar coordinates, the radius

I
z

I
and angle 0.

The distance of z to the origin,
I
z , is called the amplitude of z, and is given by

zI=.,1x2 +y2 =Z•Z. The argument of z, arg(:), is called thephase of Z, and is given by
the angle 9. The complex number z is then defined as z = z J •e'° (for definition, see
equation (3))

The same holds for the complex Fourier transform S(k). The vector S(k) can be
decomposed into a vector of the real parts of S(k), Sr (k), and a vector of the imaginary parts

of S(k), S,(k). S(k) can then be defined as
I
S(k)

I

.esO(k) The vector
I

S(k) is called the

amplitude spectrum of S(k), and is given by I S(k)I= JSr(k)2 +S1(k)2 . The vector 9(k) is
called the phase spectrum of S(k).

Figure B.1: an Argand diagram of complex numbers z = z
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B.2.3. The Fourier transform as a series of sinusoidal waves
From the definition of the discrete Fourier transform, it may not be apparent at first glance
that the Fourier transform is a superposition of sinusoidal waves of different frequencies. This
may be clarified by figure B.2. Figure B.2 depicts a special case of the Argand diagram, in

which z liesontheunitcircle. Inthiscase, zI=.fx2+y2 =l,thus and

z = e'9. The conjugate of z = e'°, z = e'°, is also shown in the figure. Figure B.2
shows the relationship between complex exponentials and sine and cosine functions, the so-
called Euler formula:

(3) e'° =cos9+isin9

From these mathematical definitions it is shown that a complex exponential is basically a
sinusoidal wave. Since the Fourier transform is a summation of complex exponentials, it is
basically a summation of sinusoidal waves.
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B.2.4 Properties of the discrete Fourier transform
The discrete Fourier transform has several properties that are useful for shortening
computation time. This section describes two of these properties, which were used in the
process of stimulus development: periodicity and symmetry.

Periodicity
Both the signal s[n] and its discrete Fourier transform function S(k) are periodic functions,
with V sample values in one period. To show this, take k = p, in which p is an arbitrary
integer. Equation (1) then becomes:

—l —i2xnp

(4) S(p) = s[n] e N

n =

Then let k = p + N. Equation (I) becomes:

v—i —12,rn(p+N)

(5) S(p+N) =s[n].e N

N-I -i2i
=>s[n].e N e2"

\ —I —i2xnp

=s[n].e N
U

=S(p)

Thus, S(k) is periodic with N samples per period. The same reasoning can be applied to the
definition of s[n], proving that s[n], as well as S(k), is a periodic function with N samples
in one period. This means that both a signal and its Fourier transform are completely
described by the N samples in one period, as stated earlier. This can be used to our
advantage. If we have a periodic signal u[n], we can compute the Fourier transform of u[n]
over one period of u[n] and simply discard the rest of the signal. On the other hand, if we
have a digital signal v[n] that is defined by a finite number of samples, N, but that is not
periodic, we can simply pretend that it is periodic (with N samples in one period) and
compute its discrete Fourier transform. In other words, any digital signal that is defined by a
finite number of samples can be seen as one period of a periodic signal, of which the discrete
Fourier transform can be computed. This is exactly what is done in the stimulus development,
and it is explained in more detail in the third section.
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Symmetry
As indicated earlier, the Fourier transform is generally complex, consisting of a real part
Sr(k) and an imaginary part S,(k): S(k) = Sr(k)+S,(k) (see also equation (3). The signal

s[n] may also be complex, S[fl]=Sr[fl}+•S,[fl}• The Fourier transform of s[n] then becomes:

—i2ik

= (sr[n]+l•s,[n])•e
0

= (Sr[fl1+ I .s[n})(cos-—isin 2lznk)

= (Sr[fl1COS/k+ s,[n]sin ) + 1(Si[flICOSSr[fl]Sjfl)
fl—fl

= Sr(k)+I•Si(k)

With equation (6), Sr(k) and S,(k) are defined as:

(7) Sr(k) =

(8) S,(k) =
'I = 0

If the signal is real, s,[n] = 0, yielding s[n] = Sr[fl]. Substituting this in equations (7) and

(8) yields:

(9) Sr(k)=
n=0

(10) S,(k) = _jSr[fl]51fl2•!L

Since cos(t) is an even function (cos(t) = cos(—t)), the real part of S(k), Sr(k), is an even

function as well: Sr (k) = S, (—k). The imaginary part of S(k), S, (k), is an odd function

(S, (k) = —5, (—k)), since sin(t) = —sin(—t). In other words, for a real signal s[n], the Fourier

transform S(k) is equal to its complex conjugate: S(k) = S (k). This means that the
amplitude spectrum I S(k)

I
is an even function as well. The amplitude spectrum, as specified

in the previous section, is defined as
I S(k)I= J(k)2 ÷S,(k)2 . If Sr(k) = Sr(k) and

S,(k) = —S, (—k) then

(11) IS(_k)I=jSr(_k)2 +S,(—k)2 =sjSr(k)2 +S,(k)2 =IS(k)I

Thus, for a real signal s[n], the amplitude spectrum is symmetric. This is a useful property
that can be used to shorten computation time considerably.
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B.3. The discrete Fourier transform of digital images

The discrete Fourier transform can be applied to digital images as well. In this section, it is
explained how we can transform an image into the frequency domain using the discrete
Fourier transform, by viewing the image as a two-dimensional periodic digital signal. As
stated before, a digital signal is generally a quantity that changes with discrete steps of time.
However, time does not necessarily have to be the independent variable. In the case of a
picture, the independent variable is the position in space (think of yourself standing on a giant
picture: the color of the ground under your feet depends on where you stand). Therefore, the
time domain is in this case referred to as image space and the frequency domain is referred to
as Fourier space.

B.3.1. Grayscale and color images
A digital grayscale image that is w pixels wide and h pixels high consists of a matrix of
w x h grey-intensity values. That is, a digital grayscale image is nothing but a matrix of
numbers, where the number at position (x,y) in the matrix denotes the brightness of the pixel
at position (x,y) in the picture. Usually, the numbers in the matrix vary from zero, which is
black, to 255, which is white, but many image processing programs can use other scales as
well. Thus, the "color" of a pixel in a grayscale image is denoted by the value of one number.

In contrast, the color of a pixel in a color image is denoted by the values of three
independent numbers, one for each color Red, Green and Blue (i.e. the RGB values). A color
image, therefore, consists of three matrices of color intensity values. The numbers in the
red" matrix denote the amount of red in the image pixels, those of the "blue" matrix denote
the amount of blue, and those of "green" the amount of green in the image pixels. Since these
three matrices consist of intensity values in the same way as the matrix of a grayscale image,
a color image can be treated as three separate grayscale images. Therefore, although the text
in the next section concerns the matrix of a grayscale image, it applies to color images as
well.

B.3.2. A digital image as a two-dimensional signal
For each pixel at position (x,y) in a grayscale image, we can look up its intensity value in the
pixel matrix at position (x,y). In this way, the matrix can be seen as a function f(x,y) of
twovariables, x and y,where x,y€N, and picture
as a tile in an endlessly repeating pattern, the function f(x,y) is periodic, with a period the
size of the picture. Thus, an image can be seen as a periodic two-dimensional signal, to which
the discrete Fourier transform can be applied. Since the image is two-dimensional, applying
the discrete Fourier transform results in a two-dimensional matrix of complex numbers,
instead of a vector, as is the case with a one-dimensional Fourier transform. The number of
frequencies in the Fourier matrix (one period of the Fourier transform) is equal to the number
of pixels, or sample values, of the image (one period of the signal).

Each element in the Fourier matrix represents a sinusoidal wave of a certain
frequency. Therefore, the element at position (x,y) in the matrix will be defined as the
Fourier coefficient of frequency (x,y). Each Fourier coefficient F(x, y), as in the one-
dimensional Fourier transform, has the following characteristics:
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1. The amplitude of F(x,y), I F(x.y) 1= JFr(X,Y)2 +

2. The phase of F(x,y), arg(F(x,y))

B.3.3. The amplitude spectrum of a digital image
The amplitude spectrum of an image is the matrix of amplitude values of all frequencies in the
Fourier matrix. The amplitude of a certain frequency is the amount to which that frequency
contributes to the image. In other words, if there is a periodic structure with a certain
frequency in the original image, the amplitude of that frequency will be high. To illustrate
this, the images in figure B.3 have a constant phase spectrum, so that the appearance of the
pictures only depends on the amplitude spectrum. The amplitude spectra of both images are
zero, except for the value of one frequency (and the DC-value for the brightness of the
images, which is explained later). For the picture on the left, the non-zero frequency is (3,0),
resulting in a periodical structure that repeats itself 3 times over the image. Conversely, on the
right side of figure B.3, the non-zero frequency is (5,0). Note that the only difference between
the two pictures is the frequency of the periodic structure, and that this difference is caused by
a non-zero amplitude value of two different frequencies in the amplitude spectrum. The
amplitudes of both non-zero frequencies are equal. So, a periodic structure with frequency f
causes a peak at frequency f in the amplitude spectrum.

A special case is the amplitude of the zero-frequency component, F(0,0). This
amplitude value is called the DC-value. If there are no periodic structures in the image, or, in
other words, if all pixels in the image have the same value, then all frequency components are
zero, except for the DC-value. Dividing the DC-value by the number of pixels in the image
gives the average intensity, i.e., brightness, of the image. Therefore, the DC-value can be
considered to be the total value of brightness in the image. Both images in figure B.3 have the
same DC-value.

Figure B.3: two images with zero phase spectrum. The image on the left has a non-zero amplitude at frequency
= (3,0), the image on the right has a non-zero amplitude at frequency = (5,0). All other values of both amplitude
spectra (except for the DC-value, for brightness) are zero.
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B.3.4. Approximating the amplitude spectrum of natural images
In general, the low frequency components make up the overall shape of a signal, while the
high frequency components are needed to sharpen edges and provide fine detail. This is true
for natural images as well: most of the information in natural images is contained in the low
frequency components. The amplitude spectrum of a natural image can be approximated by:

(12) A=c•fa (i>o)

in which A is the amplitude spectrum, C is a scale factor and f the frequency (van der
Schaaf & van Hateren 1995). The value of a depends on the ratio of high and low
frequencies in the image: if there are more periodical structures of low frequency than of high
frequency, a will be higher. The value of C determines the scale of the amplitude spectrum,
and can therefore be considered to be a measure of contrast in the image. If we take the
natural logarithm of A, equation (12) becomes:

(13) lnA = ln(f)+lnC = —a.lnf+lnC

The values of a and C can be computed by making a least square fit trough the log-log plot
of the amplitude and frequency of the image Fourier matrix. That is, if we make a least square
fit throughaplot with y=lnA andx=lnf,thevaluesof a and C aregivenby:

(14) y=—a•x+lnC

&
C = e"°

where y(O) is the intercept of the fit with the x -axis, and — is the slope of the fit.
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B.3.5. The phase spectrum and its interaction with the amplitude spectrum
The phase spectrum of the image is the matrix with the phase values of all frequencies in the
Fourier matrix. In general, the phase spectrum of an image contributes mainly to the spatial
structure information, such as edges or corners. For example, if in Fourier space the phase
spectrum of a house is replaced by the phase spectrum of a face, the image will show a face in
image space. However, the final appearance of an image is the result of a complex interaction
between the amplitude spectrum and the phase spectrum.

In figure B.4, two images with a completely random phase spectrum are shown. Both
pictures do not really depict anything: a random phase spectrum (without coherence or order),
results in visual noise (a picture without coherence). If there is coherence in the phase
spectrum, the pixels in image space would have coherence as well, resulting in spatial
structures in the image.

However, the two pictures do have different appearances, because their amplitude
spectra are different. The picture on the left has a flat amplitude spectrum: all frequencies
(except the zero-frequency for brightness) have the same amplitude. The picture on the right
has an amplitude spectrum of a natural image, that was created using equation (12). Thus, a
random phase spectrum combined with a natural amplitude spectrum results in visual noise
with a cloud-like appearance.

In general, the spatial structural information constructing a natural image is largely due
to coherence of the phase spectrum, whereas the amplitude spectrum further influences the
contrasts of the spatial structures.
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Figure B.4: two images with a random phase spectrum. The image on the left has a flat amplitude spectrum (all
frequencies have the same amplitude except for the DC-value), while the image on the right has a natural
amplitude spectrum that was created using equation (12).



B.4. Stimulus Development

For the experiment described in this thesis, 50 images were used: 10 house images, 20 fearful
face images and 20 neutral face images. For each of these images, a stimulus sequence of 110
pictures with increasing stimulus information had to be created. Since the activity in the brain
should only be due to the stimulus information (house or face), the pictures to be created had
to meet the following requirements:

1. All stimuli should be of the same size, presented at the same position in the center
of the screen, and small enough to be attentively processed by a subject while
keeping his/her eyes focused on the screen;

2. There should be no other stimulus information (such as sharp contrast, edges, etc.)
on the screen other than that of the face or house;

3. The amount of stimulus information should be quantitatively controlled, and the
increase of stimulus information should be equal for all pictures;

4. All other aspects of the stimuli that are not directly inherent to the stimuli
themselves, such as brightness and contrast, should be held constant.

The pictures were processed in such a way that they met these requirements, which is
described in the next subsections.

B.4. 1. Preprocessing
First, the images were preprocessed so that the faces and houses were of the same size and
would be presented within the visual focus of 5° (Rainer et a!. 2001). To do this, the number
of pixels that were within the visual focus of 5°, given the screen resolution and the distance
of the eyes to the screen, was calculated. Then the pictures of the faces were scaled in such a
way that the entire face, as measured from the hairline to the chin, was 1) equal for each face
image and 2) exactly within the 5° visual focus pixel limit, in the centre of the screen.
Resizing the faces based on the height of the face ensured that the entire face was within
visual focus of 5°, because face width was always smaller than face height. After resizing, all
faces were 420 pixels high and between 198 and 261 pixels wide. Houses were rescaled to the
same dimensions as the faces, and all pictures were cropped to the same size. For all the
pictures, the background was deleted, after which the average color of all faces and houses
was computed. This color was then used as the background color for all pictures. The
resultant pictures were then further processed using the Fourier transform.

Using Matlab 6.5 (http://www.mathworks.comlproducts/matlab/), a two-dimensional
fast Fourier transform of the images was computed, resulting in 3 Fourier matrices for each
image, one for each color Red, Green and Blue. These three Fourier matrices were treated
separately until reconstruction of the final image. For each Fourier matrix, the amplitude and
phase spectra were computed, which were then manipulated to meet the requirements
described at the beginning of the section.

B.4.2. Creating an average amplitude spectrum
As stated before, the amplitude spectrum of a natural image can be approximated by equation
(12). For each color of each of the images, the values of a and C were obtained, as
described in the previous section. These values were then averaged, resulting in an average a
and C for each color. The values of our averaged a were 1.59, 1.52 and 1.41 for Red, Green
and Blue respectively. These values are consistent with (Rainer et a!. 2001; Reinders et a!.
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2005). With the average a and C, an approximated average amplitude spectrum was created,
by applying equation (12).

In section 2.4.2 it was indicated that the amplitude spectrum is symmetric if the signal
is real. Since an image is a two-dimensional signal with only real values, the amplitude
spectrum of the image is symmetric in both dimensions. Therefore, only the upper left
quadrant of the amplitude spectrum needed to be constructed in this way, and the complete
amplitude spectrum was obtained by copying the upper left quadrant symmetrically to the
other three quadrants. This averaged amplitude spectrum was used for all images, so that the
brightness and contrast were the same for all stimuli.

B.4.3. Controlling the amount of stimulus information: the phase spectrum
The phase spectra of the images were used to control the amount of stimulus information in
the picture. First, a random phase spectrum was created, which, combined with the averaged
amplitude spectrum, gives rise to an image with a cloud-like appearance, thus providing a
form of visual noise while still preserving the characteristics common to natural images. For
each of the 110 pictures to be created, the final phase spectrum was obtained by averaging the
randomized phase spectrum and the phase spectrum of the original image, such that the first
picture had a 100% randomized phase spectrum (i.e. 100% noise) and the last picture had the
phase spectrum of the original image (i.e. 100% stimulus information). The amount of
stimulus information (i.e. the phase coherence, or the fraction of the original phase spectrum)
was increased according to the following exponential function:

(e°'°°33" — 1)
fraction of original phase = 0°°331)

1)

Figure B.5: the increasing phase coherence within a stimulus sequence.
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where N is the number of pictures to be created, in this case 110. This function is plotted in
figure B.5.

By changing the exponential increase, the approximate moment of pop-out, relative to
the duration of the stimulus sequence, can be modified. The value of 0,0033 was determined
by pilot experiments, in such a way that the moment of pop-out would be approximately
halfway in the sequence, for an optimal timing of the BOLD response.
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B.4.4. Reconstructing the images
Using the matrices of the manipulated amplitude and phase spectra, the Fourier matrix of each
color was constructed. The pictures were reconstructed by applying an inverse Fourier
transform on the resultant matrices. In image space, the brightness (the DC-value) of the
images was further optimized by shifting all pixel values of all images by the same amount,
which was set by visual inspection. Finally, values outside the standard [0, 255] range were
clipped to fit this range. That is, values below 0 were set to 0, while values exceeding 255
were set to 255. An example of the set of 110 pictures of one stimulus is shown in figure B.6.

8.4.3. Creating a smooth transition from picture to background
Since the images were smaller than the screen resolution with which they were presented, the
edges of the images would cause a sharp contrast with the background. Furthermore,
manipulating the images in Fourier space introduced small artifacts in the corners (resulting in
white corner-tips, see figure B.6), which could possibly be distracting. For those reasons, the
edges of the pictures were smoothed into the background, by presenting a frame of 60 pixel
width as a foreground to the images (see also Rainer et al. 2001).

The frame contained both transparent pixels and pixels with the same (grey) color as the
background. The number of grey pixels increased linearly over the 60 pixels from the inside
to the outside of the frame, resulting in a smooth transition from picture to background. This
minimizes any neural activation due to the contrast between the outer edges of the images and
the background. The color of the background was equal to the average color of the first and
110th pictures of all stimuli, to further minimize the contrast between images and
background. In this way, activation in the brain due to contrasts in the stimuli, other than
those from the faces or houses, was prevented.

The frame was constructed in the following way. To create a linear ramp of w pixels, a
vector W of length w of linearly increasing values was created, such that the lowest value
was 0 and the highest value was 1. Then to create the rectangle depicted in figure B.7, each
pixel at position (i, f) in the rectangle was randomly assigned either a grey or a white
transparent color, in such a way that for each row j, the percentage of grey pixels was given
by:

(16) % grey pixels in row j =(1 —W(j))•l00%
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Figure B.6: the 10 pictures of one stimulus sequence, starting with 100% noise and ending with 100% stimulus

information.
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Thus, the top row of the rectangle consists only of grey pixels and the last column consists
exclusively of transparent pixels, and for each column in between, the percentage of white

pixels was linearly increased by-s %. Given that the rectangle is sufficiently wide, this
results in an approximately linear ramp of w pixel width. The frame was constructed from
four of these rectangles, with rounded corners connecting the sides. The rounded corners were
created in the shape of the four quadrants of a circle. In other words, instead of creating the
pixels row by row, they were created in circular arcs, where the percentage of grey pixels
increased with the radius of the arc (see figure B.8).

The fixation dots that were used to keep attention focused (see chapter 6), were
constructed in the same way. In the centre of the fixation dot, all pixels are blue (or red,
respectively). The percentage of colored pixels decreases linearly as the distance from the
origin increases. In contrast, the number of transparent pixels increases with the distance from
the origin, resulting in the fixation dots in figure B.9. Finally, figure B.lO shows some
examples of the final pictures that were used in the fMRI experiment.

Figure B.9: the fixation dots.
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Figure B.8:
frame.

the upper right corner of theFigure B.7: a linear ramp of w pixel width.
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Figure B.1O: the first and last pictures (of the series of 110 pictures) of a house, a neutral face and fearful face.



Appendix C: Jittering

C.!. Introduction

In the flvIRl experiment (see chapter 6) subjects were to press a button as soon as the stimulus
"popped out" from the visual noise. Theoretically, for one (type of) stimulus (e.g. a house),
this moment of pop-out within one subject depends only on the amount of stimulus
information in the image, and will always be at the same time in the stimulus sequence. In
reality, however, the different moments of pop-out of all houses are spread out, or "jittered"
over a small interval of time: although they are very close to one another, they are never all at
the exact same time. This variation in the moment of pop-out due to intrinsic variation in
subjects is called natural or uncontrolled jittering of the moment of pop-out.

In addition to natural jiuering, the moment of pop-out can also be jittered artificially,
by manipulating the timing of the amount of stimulus information at which the stimulus is
recognized. Controlled uttering has several advantages. Firstly, since the moment of pop-out
is slightly different for all stimuli in one category, it is less predictable. Therefore, the
probability that the subjects' button presses are influenced by timing and expectancy is
decreased, which results in more reliable indications of the moment of pop-out. Secondly,
jiuering of the moment of pop-out (both controlled and uncontrolled) can increase the
temporal resolution of the fMRI signal. This will be explained in the next section.

C.2. Jittering

The stimulus recognition (the so-called pop-out) gives rise to a change in the blood
oxygenation level in certain areas of the brain, which is measured with fMRI (see chapter 2).
A schematic reproduction of this BOLD signal (Blood Oxygenation Level Dependent) is
depicted in the top panel of figure C.1. The BOLD signal is measured with every pulse of the
fMRI scanner. Thus, if the time between two pulses (the TR) is approximately 1.2 seconds,
the BOLD response is sampled every 1.2 seconds, and the temporal resolution of the
measured signal is 1/1.2 = 0.83 samples per second. This is shown in the bottom panel of
figure C. 1. However, the temporal resolution can be increased, by 'littering" the moment of
pop-out.

If the moment of pop-out of one stimulus is slightly earlier in the sequence than that of
another, the BOLD response is shifted somewhat to the left relative to the scanner pulses. In
other words, relative to the BOLD response, the scanner pulses (i.e., the samples of the signal)
are shifted to the right. This is shown in the top and middle panel of figure C.2. If we take the
average of these two BOLD responses, we get the signal depicted in the bottom panel of
figure C.2. The temporal resolution of this average BOLD signal is twice as high, because the
two signals were sampled asynchronously. Thus, given that there are multiple stimuli for each
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experimental condition, the temporal resolution of the BOLD signal can be increased
considerably, byjittering the moment of pop-out relative to the scanner pulses. This was done
for our fMRI experiment, by using stimuli with slightly different moments of pop-out.

For each of the total of 50 stimuli, a series 110 pictures were created, such that the first
picture was 100% noise, and the last was 100% stimulus information. The set of 50 stimuli
was divided into five different stimulus categories, each of which consisted of 10 stimuli
(houses, female neutral faces, male neutral faces, female fearful faces and male fearful faces).
Each stimulus sequence within a specific category consisted of a different subset of 100
pictures of the 110 pictures that were originally created. For example, of the total of 10
houses, the picture sequence of one house started at picture number 1 and ended at picture
number 100, that of another started at picture number 2 and ended at picture 101, and so on,
and the sequence of the 1 0th house started at picture number 10 and ended at picture number
109. This is shown in the top panel of figure C.3.
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Figure C.1: The (sampled) BOLD response. The top panel depicts the BOLD response, whereas the bottom
panel shows the BOLD response as sampled by IMRI with a TR of 1200 ms.
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Figure C.2: Three sampled BOLD signals. The top and middle panel show two BOLD responses sampled with
the same TR, but the 2 BOLD response is shifted slightly to the left, compared to the BOLD response in the top
panel. The bottom panel shows the BOLD signal when the first two signals are averaged. Note that the effective
sampling frequency has doubled, although the TR is still the same.
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Figure C.3: The ten subsets (100 pictures out of the original 110) in the category houses and their moments of
pop-out. With a TR of approximately 1,2 seconds and a picture presentation time of 0,2 seconds, there is a
scanner pulse every six pictures. The top panel shows the different subsets, where for each consecutive set, the
starting picture is shifted one picture (= 0,2 seconds) to the right. The theoretical moment of pop-out at the 50th

picture of the series of 110 pictures. The bottom panel shows that with these different starting pictures, the
moment of pop-out (which depends on the amount of stimulus information), is shifted 0,2 seconds to the left.
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Theoretically, the amount of stimulus information at the moment of pop-out could be equal
for all stimuli in one category (e.g., at the 50th picture in the series of 110 pictures). Given the
different starting pictures, the 50th picture in the series of 110 pictures will be at different
positions within the subsets of 100 pictures. The moment of pop-out, measured from the
starting point of the sequence, will be different for each stimulus within one category. That is,
the pop-out is between the 41st and the 50th picture in the sequence of 100 pictures, as we can
see in the bottom panel of figure C.3.

In terms of time, the 10 moments of pop-out in one category of stimuli will be in the
range of 8,2 to 10 seconds in the total sequence of 20 seconds, with each moment of pop-out
0,2 seconds apart. This means that the timing of the signal samples differs (with 0,2 seconds)
for each stimulus sequence. Note that, since there are six intervals of 0,2 seconds in one TR of
1,2 seconds, the last four sampling shifts are redundant. For the first six, the samples of the
BOLD response are shifted 0,2 seconds to the right, resulting in six different sampled signals
of the same BOLD response. If all ten signals are averaged, the result is a sampled signal of
the BOLD response with a sampling rate that is six times as high as the TR of 1,2 seconds
(see figure C.4). In other words, the temporal resolution is 6 x 0,83 5 samples per second,
six times as high as the original temporal resolution. In sum, artificial jittering, in addition to
natural j ittering, can increase the temporal resolution of the fMRI signal considerably.
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Figure C.4: The BOLD signal as sampled by fMRI, with a sampling rate that is six times as high as the TR.
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