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1

Introduction

The human brain

A major challenge in the field of neuroscience is to understand the biological basis
of emotion, cognition, and, ultimately, consciousness. Exploring the science of
the mind involves studying the brain. The brain is part of the nervous system,
which is a communication network that allows an organism to interact with its
environment. The environment includes both the external environment (the world
outside the body) and the internal environment (the contents of the body) (Willes,
1993).

The human nervous system can be subdivided into a peripheral and a cen-
tral part. The peripheral nervous system controls voluntary muscle movement
(somatic part) and involuntary muscle movement (autonomic part). The central
nervous system (CNS) contains the spinal cord and the brain. The CNS is a mech-
anism that ensures the coordination of the actions in a part of the body with the
actions in all other parts of the body. The CNS integrates internal and external
environmental information to enable human behavior (Kalat, 1999a; Willes, 1993).

The brain consists of billions of neurons. Neurons transmit information from
one location, e.g. brain area, to another location in the shape of electrochemical
impulses. These impulses, the so-called action potentials, are transmitted by the
neuron via dendrites (taking care of the information input) and axons (taking care
of the information output). Axons are usually covered with a myelin sheath to
quicken the information transmission (Kalat, 1999b). An action potential may in-
volve one single neuron; however, more often clusters of neurons fire. Information
from firing clusters is propagated through neuronal networks to establish a brain
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function. Neurons in the brain need to function both locally (interactions between
neighboring neurons) and globally (interactions among distant brain areas) to
make human behavior possible.

Neuronal activity can be investigated using direct measurement, indirect mea-
surement or a combination of both (Horwitz and Poeppel, 2002; Momjian et al.,
2003). Direct measurement involves single cell recordings that are performed only
chiefly in animal experiments. In humans, this is only possible during neuro-
surgery. Therefore, non-invasive procedures, i.e. indirect methods, are employed
in man. These indirect methods comprise electromagnetic source imaging and
measurements of metabolic changes. Electroencephalography (EEG) and magne-
toencephalography (MEG) measure the electromagnetic signal caused by neuronal
firing, whereas positron emission tomography (PET) and functional magnetic res-
onance imaging (fMRI) measure physiologic or metabolic changes that are due to
neuronal activity in the brain. To summarize, a broad spectrum of techniques is
available to measure human brain activity (Horwitz et al., 2000).

Measuring brain activity

Many branches of scientific expertise are involved in monitoring the living human
brain, such as medicine, pharmacology, mathematics and physics. The integration
of these branches enables the study of the human brain in both normal and
pathological conditions. The effects on behavior and mental functioning after
external modification of the brain, such as brain lesions, transcranial magnetic
stimulation (TMS), intracortical stimulation with electrodes, or administration of
medication or drugs, can be studied. In addition, brain activation can be evoked in
experimental settings by systematically manipulating the stimulus environment.
The localized effects of such interventions on human activity can be examined. In
other words, the brain and its dynamic interaction with the environment can be
explored.

Direct single cell recording measurements are usually performed in primates.
However, during human neurosurgery, single cell recording can also offer infor-
mation on human single neuronal activity (Kreiman et al., 2000a,b; Fried et al.,
2002). Single cell data provide detailed information on the moment of neuronal
firing, that is temporal resolution, and on the location of the neuron, that is
spatial resolution. The indirect measurement methods EEG and MEG are brain
monitoring techniques which measure the electrical activity of the brain (Wheless
et al., 2004; Kiebel and Friston, 2004). The stimulus dependent electromagnetic
fields induced by neuronal firing are measured by electrodes attached to the scalp
(EEG) or by magnetic detection coils (MEG). Applying techniques like EEG and
MEG results in high temporal resolution, i.e. on a 10-100 ms scale, but poor spatial
resolution, i.e. larger than 1 cm.
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Measuring brain activity

In this thesis, the indirect measurement methods PET and fMRI are used to
monitor brain function. These techniques involve recordings of metabolic changes
that are caused by neuronal activity. Changes in brain activity give rise to changes
in energy consumption. This increased energy consumption is supported by an
increase in glucose metabolism, which requires an increase in glucose and oxygen
uptake (Shulman, 2001). The brain facilitates this by vasodilatation, resulting in a
higher perfusion. This higher cerebral blood flow correlates with synaptic activity
(Attwell and Laughlin, 2001; Sheth et al., 2004). The adjustment of the cerebral
blood flow (CBF) to changes in neuronal activity occurs within a few seconds.
Interestingly, the change in CBF is larger than the change in metabolism. Both PET
and fMRI measure these CBF changes (Jueptner and Weiller, 1995).

In PET, regional cerebral blood flow (rCBF) is assessed directly by measuring the
regional uptake of the radioactive H 15

2 O, which is defined by the regional perfu-
sion. FMRI on the other hand is based on the deoxyhemoglobin signal. FMRI takes
advantage of the different magnetic properties of oxygenated and deoxygenated
hemoglobin. The signal changes in fMRI are due to the mismatch between oxygen
extraction and CBF. In other words, the oxyhemoglobin concentration correlates
with CBF (Turner and Jezzard, 1994; Turner, 1994; Jueptner and Weiller, 1995).
FMRI measures changes in these blood oxygenation levels, the so-called blood
oxygenation level dependent (BOLD) response (Howseman and Bowtell, 1999;
Bandettini et al., 2000; Matthews and Jezzard, 2004). The most common fMRI data
acquisition method is echo-planar imaging (EPI), which allows for the collection of
whole brain data within seconds (Mansfield, 1977).

FMRI allows for multiple studies to be performed on the same subject, because
the subject is not exposed to ionizing radiation. However, PET suffers less from
motion artifacts, and is therefore useful for studies which include patients with
anxiety related disorders (Boshuisen et al., 2002; Reinders et al., 2003) or brain stem
studies (Holstege et al., 2003). BOLD fMRI and PET with newer scanners, the so-
called ‘brain PET’ scanners, have a similar spatial resolution. However, temporal
resolution differs from a few seconds (limited by the hemodynamic response) for
fMRI to around one to two minutes for standard water activation (H 15

2 O) PET
measurements. Direct quantitative rCBF comparison between PET and fMRI of
conjoint activations shows no differences in rCBF change (Ramsey et al., 1996;
Feng et al., 2004). Other comparison studies show higher statistical values for fMRI
(Kinahan and Noll, 1999; Joliot et al., 1999), a higher detection sensitivity at the
deep nuclei level for PET (Joliot et al., 1999) and a negative influence of draining
veins for fMRI (Kinahan and Noll, 1999).
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Functional neuroimaging

Functional neuroimaging aims to define the relationship between brain function
and brain anatomy, in other words, mapping function into anatomical space (Fris-
ton, 1997a). Analyzing functional neuroimaging data incorporates finding a signal
embedded in noise (Petersson et al., 1999b). Therefore, imaging conditions must
be optimized for separating signal from noise to ensure a high signal-to-noise-ratio
(SNR). This entails a number of steps; the optimal design and execution of each of
these steps is essential to obtain a highly sensitive method producing results which
are very reliable. Generally, the steps comprise experimental design and execution,
data analysis (including pre- and post-processing), and data interpretation which
is followed by the presentation of the data.

Experimental design

The different conditions under consideration are expected to change the blood
flow in the brain in different ways. A priori hypotheses, which pin-point a limited
specific set of brain areas, or cognitive mechanisms of interest need to be specified.
Specific experimental stimuli and design settings can be considered to optimize
statistical inference possibilities. Normally, functional imaging experiments com-
prise a simple subtraction design, which approaches the difference between two
tasks. Simple subtraction analysis assumes that two, e.g. cognitive, components
are completely separated (Friston et al., 1997), and can therefore be addressed
separately in two tasks. Simple subtraction analysis can be extended to cognitive
conjunction analysis by combining a series of subtractions to test whether task
pairs sustain joint activations (Price and Friston, 1997). Furthermore, a factorial
design can be considered, which incorporates two or more factors in one experi-
ment, to investigate regionally specific main effects, interaction effects, differences
and conjunctions (Friston et al., 1996b; Price et al., 1997). A parametric design
incorporates a systematic variation of regional physiology depending on the degree
of task variation (Friston et al., 1997; Büchel et al., 1998).

Data analysis

During data acquisition, the different brain states are measured successively. After
the data acquisition, the data need to be reconstructed, which is usually of little
concern to the researcher. However, this step is of considerable importance for
the quality and SNR of the reconstructed data (Howseman and Bowtell, 1999;
Bandettini et al., 2000; Reinders et al., 2002a,b; Mesina et al., 2003a,b).

After data acquisition, the brain states of the various conditions can be com-
pared to identify brain areas which have responded differently on each condition.
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Functional neuroimaging

Analyzing functional imaging data usually depends on the comparison, or sub-
traction, of the effects that are caused by different experimental conditions.
A commonly used data analysis program is ‘statistical parametric mapping’ (SPM)
(Penny et al., 2001). After data acquisition and reconstruction, the scans have
to be aligned. The realignment procedure corrects for head movement between
scans of one subject (Friston et al., 1995a, 1996c). To be able to compare different
subjects, all the scans are spatially normalized (Ashburner and Friston, 1995, 1999).
The concept of spatial normalization is to map images of different subjects into
the same standard coordinate space. This allows for comparing and averaging
brain activations (or anatomy) of several subjects within or across studies. In
this manner, the activation patterns (or structural anatomy) found in differently
shaped brains can be compared. As a final step in pre-processing, data are spatially
smoothed using an (an)isotropic Gaussian kernel (Ashburner and Friston, 1995;
Petersson et al., 1999b). This procedure compensates for residual variability in
anatomical localization between subjects after spatial normalization. Further-
more, spatial smoothing allows for the application of the Gaussian random field
theory (Worsley et al., 1992; Worsley, 1994; Poline et al., 1995), which addresses the
problem of multiple comparisons to obtain corrected statistical inferences.

In the process of statistical data analysis the data are fitted to a model. More
specifically, the brain data need to be described by a mathematical model to be
able to draw conclusions from the data. Within SPM, this mathematical model
is always linear, that is the general linear model (GLM) (Friston et al., 1995b),
and constructed from the variables, i.e. the conditions, and other measured
parameters, i.e. the covariates. This way, SPM explains variance in the brain
activation data (Friston et al., 1996a). Using this GLM, condition-specific effects
can be assessed by assigning specific contrast weights to the parameter estimates.
In addition, the data can be explored for contaminating effects, for example due to
movement artifacts, medication effects, cardiovascular arousal or reported subjec-
tive feelings. The optimal model is the model which incorporates all experimental
effects. Increasing the number of parameters in the statistical model decreases
the error variance, which is variance in the data that cannot be explained by the
GLM. However, it lowers the degrees of freedom for the statistical tests. To retain
SPM’s optimal statistical power, the covariates of interest can be condensed using
a principal component analysis (PCA), which saves degrees of freedom for the
statistical model. Obtaining the optimal balance between explained variance and
degrees of freedom is known as model selection. Although hardly mentioned in
scientific publications, the statistical model applied and its quality in assessing the
experimental effects are of great importance (Razavi et al., 2003).

SPM constructs spatially extended statistical maps to test a hypothesis on
regionally specific effects in imaging data against a null hypothesis. This null
hypothesis states that there is no difference in blood flow patterns between the
conditions tested (Friston et al., 1991; Worsley et al., 1992). More specifically,
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measured differences in task-related cerebral blood flow changes can be tested by
performing a student t test on the parameter, as estimated within the GLM, for
each voxel of the brain. This way, SPM performs multiple statistical tests, namely
for all voxels in the brain. Therefore, a correction for these multiple comparisons
has to be applied. Possible procedures for multiple testing correction are Gaussian
random field theory (Worsley et al., 1996), Bonferroni correction and controlling
the false discovery rate (FDR) (Nichols and Hayasaka, 2003).

Statistical parametric maps (SPMs) are usually inspected at a threshold of
p ≤ 0.05 corrected for multiple comparisons across the whole image. However,
in the case of an a priori hypothesis, this correction is overly conservative, since
it is known that the activation is restricted to a limited volume. In this case,
SPMs can be explored at a liberal threshold of p ≤ 0.001 uncorrected for multiple
comparisons (Friston et al., 1991), from which the corrected significance level
can be obtained subsequently using a small volume for multiple testing (Friston,
1997b), the so-called small volume correction (SVC). Furthermore, the data can be
subjected to cluster analysis (Friston et al., 1994; Hayasaka et al., 2004). A cluster
is defined as a set of voxels, e.g. voxels surviving an uncorrected threshold of
p < 0.001, which are spatially connected with each other in terms of edge, face or
vertex. The cluster level statistics include clusters reaching a statistical threshold of
p < 0.05 (corrected for multiple comparisons). Besides reporting statistical values
as p values, significant effects can furthermore be reported in t values or as Z scores,
which is the conversion of t statistics to normal distribution.

After standard statistical analysis, additional post-processing steps can be taken
for data analysis. For example, the latency of the BOLD response can be calculated
in addition (Miezin et al., 2000; Calhoun et al., 2000; Henson et al., 2002; Liao et al.,
2002) to explore early responses in for example the amygdala. To investigate the
cooperation of several brain areas in action and the connections between these
cooperating brain areas, the data can be analyzed in the context of ‘functional
integration’. Most of these so-called ‘connectivity analyses’ are post-processing
steps (Petersson et al., 1999a; Sporns et al., 2000; Friston et al., 2003).

Data presentation and interpretation

Using the coordinates from the SPM output, the data can be localized anatomi-
cally by identifying the coordinates in the Talairach and Tournoux atlas (Talairach
and Tournoux, 1988). In addition, the location of activation can be compared
to and described with another brain atlas (e.g. see Mai et al., 1997). With all
images in standard space (due to spatial normalization), the results of studies can
easily be compared with reports in literature. The Talairach and Tournoux atlas
is the classical accepted coordinate system in which coordinates are presented
in the so-called ‘Talairach space’. The SPM95 and SPM96 versions included a
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Talairach template for spatial normalization. More recent SPM versions (SPM99
and SPM02) use the MNI (Montreal neurological institute) template (Evans et al.,
1993) during spatial normalization. This current standard template is based on
averaging 152 brain scans of normal subjects, i.e. the ICBM152. Statistical results
can be converted from MNI space to approximate Talairach space (see: www.mrc-
cbu.cam.ac.uk/Imaging/mnispace.html). Talairach space coordinates reported in
literature can also be converted to approach MNI space, and vice versa, creating
the opportunity to make comparisons between studies.

The described methodological steps to analyze functional imaging data serve
the effort of understanding normal and abnormal mental functioning. After the
localization of focal activations in PET or fMRI data, the results are presented in
tables or figures. On the basis of the a priori hypotheses, the raw functional imaging
data are interpreted via methods into meaningful explanations.
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2

Outline of the thesis

This thesis focuses on several aspects of functional human brain mapping in-
volving both PET and fMRI experiments. Conclusions drawn from neuroimaging
studies are always within the context of the experiment design, the data analy-
sis applied and the subsequent interpretation. Therefore, a basic requirement
of functional neuroimaging studies remains methodological refinement. More
specifically, using an optimized methodological basis will increase the statistical
inference and the validity of the conclusion.

Chapter 3 describes a comparison between an iterative reconstruction algo-
rithm and the standard filtered backprojection reconstruction algorithm, and dis-
cusses their effects on the statistical power using SPM of H 15

2 O-PET activation
studies. The significance of task-induced cerebral blood flow responses depends,
among other, on the signal-to-noise ratio (SNR) of the data. Often, PET sinograms
of H 15

2 O activation studies are reconstructed using Filtered backprojection (FBP).
Alternatively, the acquired data can be reconstructed using an iterative recon-
struction procedure. The comparison in chapter 3 between FBP and iterative
reconstruction shows that iterative reconstruction has the potential to increase the
statistical power in H 15

2 O-PET activation studies.
In H 15

2 O-PET activation studies, apparent changes in rCBF may be caused
by subject inter-scan displacements rather than by actual changes in cognitive
state. The research described in chapter 4 explores the impact of these artifacts
and assesses whether they can be removed by applying a scan-specific calculated
attenuation correction (CAC) instead of the default measured attenuation correc-
tion (MAC). The results of this study show that inter-scan displacement induced
variance can be prevented by applying a (re)aligned attenuation correction scan,
e.g. CAC.
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Chapters 5 and 6 present a symptom provocation study in patients with disso-
ciative identity disorder (DID). The results show that specific changes in localized
brain activity are consistent with the ability of these patients to function in at
least two distinct parts of their personality. In chapter 5 a rather philosophical
approach (den Boer, 2003) of DID is presented. This approach reveals different
states of self-awareness and consciousness (Putnam, 1994; Edelman and Tononi,
2000). Based on these data, the conclusion is drawn that different brain states
exist with distinguishable identities, each with different access to autobiographical
memories. This is elaborated further in chapter 6. The results presented in chapter
6 are of general interest to clinicians and research scientists in psychiatry and
are especially important for mental health care. As DID is still a controversial
diagnosis in psychiatry, this data lends further credibility to the diagnostic validity
of this mental illness. Most importantly, this data provides a better insight into
and understanding of this specific trauma-related disorder, which, in the end,may
benefit patients suffering from DID. Chapter 6 presents the neural correlates and
the behavioral aspects of this disorder. The distinguishable identities show differ-
ent subjective reactions, cardiovascular responses and cerebral activation patterns
to trauma-related memory scripts. During exposure to trauma-related memory
scripts, the pattern of changes in cerebral blood flow included, among others, a
bilateral activation in the amygdala. This is of importance, as the amygdala has
been pointed out to be involved in a broad range of psychiatric disorders (e.g. see
Liberzon et al., 2003; Rauch et al., 2003).

The amygdala has been found to play a key role in conditioned fear and in
the perception and processing of threat-related stimuli (LeDoux, 2000; Davis and
Whalen, 2001; Phan et al., 2002; Sander et al., 2003). Chapter 7 offers an investiga-
tion into the robustness of fear perception, with additional response exploration
in amygdala regions presented in chapter 8. These chapters comprise an fMRI
study in healthy volunteers. Chapter 7 presents an investigation in which the
robustness of emotionally salient (a neutral or fearful face) information processing,
as compared to the processing of non-salient (a house) information, is explored.
In this study, the experimental stimulus appeared gradually from dynamically
decreasing random visual noise. At a certain point the subjects became aware of
the stimulus, i.e., the perceptual pop-out. Information processing was found to
be more robust for emotionally salient than for emotionally non-salient stimuli. In
addition, the results indicate that salient information processing is mediated by the
amygdala. In chapter 8 an additional event-related analysis is presented to address
the question whether amygdala activation was already present prior to conscious
pop-out and occurred earlier for fearful than for neutral faces. The results indicate
the involvement of the subcortical thalamic-hippocampal-amygdala pathway for
fast subconscious threat perception. The paradigm used in this study has great
potential for application in several groups of patients to explore fear processing in
the amygdala.
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In this thesis, induced differences in brain activity are analyzed within the
concept of functional localization (Frackowiak et al., 1997). Functional localiza-
tion implies that a function can be localized in a segregated brain area. This is
often referred to as functional specialization. Most sensory brain functions are
functionally specialized, e.g. vision in the visual cortex or hearing in the auditory
cortex. More complex brain functions, for example emotion, may be localized,
but they can also be distributed over several segregated brain areas (Phan et al.,
2002), which need to interact through a connected neural network to functionally
integrate information (Friston, 1994). Emotional information processing can be
localized in the amygdala, but can also involve more complex brain functions,
like attention (Vuilleumier et al., 2001; Pessoa et al., 2002; Pessoa and Ungerleider,
2004). At the top of the hierarchy of brain functioning are cognition (Dolan,
2002) and consciousness (Tononi and Edelman, 1998; Posner and Rothbart, 1998;
Damasio, 2000), implying a broad integration of information through a connected
network of brain areas. Possibilities to approach this functional integration in
functional neuroimaging data are described in chapter 9, which includes a short
review on theoretical connectivity literature. Functional and effective connectivity
data analysis moves away from the standard ‘hot spot’ approach and addresses
functional neuroimaging data analysis in terms of functional networks (Petersson
et al., 1999; Sporns et al., 2000; Friston et al., 2003). Future perspectives in the
context of functional network data analysis methods are given at the end of this
thesis, to allow for an approach to assign a functional meaning to biological neu-
ronal networks (Tononi et al., 1999; Laughlini and Sejnowski, 2003), which embody
the human brain.
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Abstract

The significance of task-induced cerebral blood flow responses, assessed using
statistical parametric mapping, depends, among other things, on the signal-to-
noise ratio (SNR) of these responses. Generally, positron emission tomography
sinograms of H 15

2 O activation studies are reconstructed using filtered backprojec-
tion (FBP). Alternatively, the acquired data can be reconstructed using an itera-
tive reconstruction procedure. It has been demonstrated that the application of
iterative reconstruction methods improves image SNR as compared to FBP. The
aim of this study was to compare FBP with iterative reconstruction, to assess
the statistical power of H 15

2 O-PET activation studies using statistical parametric
mapping. For this case study, PET data originating from a bimanual motor task
were reconstructed using both FBP and maximum likelihood expectation maxi-
mization (ML-EM), an iterative algorithm. Both resulting data sets were statistically
analyzed using statistical parametric mapping. It was found, with this dataset, that
the statistical analysis of the iteratively reconstructed data confirm the a priori
expected physiological response. In addition, increased Z scores were obtained
in the iteratively reconstructed data. In particular, for the expected task-related
response, activation of the posterior border of the left angular gyrus, the Z score
increased from 3.00 to 3.96. Furthermore, the number of statistically significant
clusters doubled while their volume increased by more than 50 %. In conclusion,
iterative reconstruction has the potential to increase the statistical power in H 15

2 O-
PET activation studies as compared to FBP reconstruction.

Introduction

Positron emission tomography (PET) is an imaging method that provides the
opportunity to study brain function during the performance of a specific task.
Task-related neuronal activation is coupled to changes in regional cerebral blood
flow (rCBF) which can subsequently be measured. An activation study includes
the acquisition of several scans for each of the task conditions. The distribution
of counts is based on the annihilation event of the positron and electron, which
produces two photons in opposite direction and is detected in coincidence by
a detector pair. Each coincidence detector pair forms a line of response. Every
coincidence event is stored in the sinogram which is formed by all possible lines of
responses. These sinograms are reconstructed to obtain a transaxial image which,
after spatial transformation (mapping one image into another), can be statistically
analyzed.

Differential neuronal processing, due to varying task demands, is reflected in
the measurements as an increase or decrease in rCBF. The significance of these
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differences in rCBF is assessed by using multiple univariate regression analyses:
statistical mapping. Hypothesized differences in regional cerebral activity due to
task-related region-specific effects can be tested by creating statistical parametric
maps (SPMs) (Friston et al., 1991, 1995b). Such effects are tested against a null
hypothesis. The null hypothesis states that there is no activation effect due to the
task tested. A student t test is performed on each voxel of the brain using regression
parameters. Significant effects are shown as Z scores (calculated, within SPM95,
from the conversion of t statistics to normal distribution) in the SPM.

Evidently, the statistical values in these SPMs are influenced by the signal-to-
noise ratio (SNR) in the PET activation images. The sensitivity of a PET activation
study may thus increase either by influencing signal levels or by controlling noise
levels. Alternatively, data processing and analyses, especially in the field of intra-
subject realignment and inter subject stereo-taxic normalization, will also deter-
mine the power of the statistical test. However, the latter approach will not be
discussed here.

Items that can be optimized are the dose of H 15
2 O, the number of scans, and

scan time. One option to improve SNR is to obtain more signal. The amount
of injected radioactivity and the sensitivity of the PET camera influence the SNR.
Development of three dimensional PET scanners resulted in better SNR images as
compared to two dimensional PET images for equal total injected activity (Li and
Votaw, 1998).

A higher overall count rate is associated with a better SNR. However, due to
count rate limitations of the camera, increasing count rate above a certain level
is of no use or even counterproductive. For activation studies with the H 15

2 O bolus
method, an optimal injection dose and an optimal scan duration can be obtained.
The radio tracer concentration may reach the limits of the system in terms of dead
time correction and accidental coincidence count rate (Sadato et al., 1994). For

15O water activation PET measurements, Kanno et al. (1991) found an optimal
scan duration of 90-120s for obtaining the maximal SNR.

Another way to improve SNR is to optimize the number of acquisition replica-
tions for each condition without changing the overall dose applied (Cherry et al.,
1993; Sadato et al., 1994). Multiple acquisitions for each condition reduce the un-
certainty in measured brain radioactivity uptake and thus increase statistical power
of a brain region in SPM. However, increasing the number of scans implicates an
increase in total session time, which is limited by subject comfort considerations.
Special precautions have to be taken to minimize movement artifacts arising from
multiple measurements. In the data analysis, a realignment procedure is one of the
first steps in correcting for inter scan movement artifacts.

SNR improvement can also be achieved by using switched paradigms (Cherry
et al., 1995). Switched paradigms can be used to maximize the difference signal
in bolus injection activation studies by switching task execution from activation to
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control during the activation scans and vice versa during the control scans, before
the washout phase. In this manner tracer distribution is manipulated by switching
task execution when the tracer concentration in the brain reaches a maximum.
This results in images that maximize the difference signal instead of seeking to
quantitate blood flow.

SNR can also be improved by reducing the amount of noise in the PET images.
One method for reducing noise levels in image data is to use a spatial smoothing
procedure. After realignment and spatial normalization, the PET images are spa-
tially smoothed (convolution with a Gaussian kernel). Various filter parameters can
be chosen for this spatial smoothing. These filter parameters, adjusted to camera
resolution as well as to the constraints imposed by the random Gaussian field
theory and stereo-taxic normalization considerations, influence the significance
scores in the SPM analyses.

Iterative reconstruction methods are known, in general, to improve recon-
structed image quality compared to filtered back projection (FBP) reconstruction,
especially in the case of relatively poor statistics. So a lower noise level (Liow and
Strother, 1994) can also be obtained by using an iterative reconstruction, instead
of the standard FBP reconstruction. The application of iteratively reconstructed
instead of FBP-reconstructed images into the statistical analyses might thus yield
higher significance scores or an increased number of statistically significant areas
in the statistical parametric maps.

Iterative reconstruction applications in emission tomography were introduced
by Shepp and Yardi (1982). It has been shown that maximum likelihood expecta-
tion maximization (ML-EM) images generally have a better SNR as compared to
images reconstructed with FBP (Liow and Strother, 1994; Liow et al., 1997; Comtat
et al., 1998; Nuyts et al., 2001; Qi and Huesman, 2001).

The major problem with ML-EM is the absence of an objective stop criterion.
Another disadvantage is that it is computationally time consuming. To overcome
the second problem an accelerated iterative reconstruction, using ordered subsets
of projection data, can be used to reduce computation time. An iteration of ordered
subsets EM (OS-EM) is defined as a single pass through all the subsets defined. The
OS-EM algorithm provides an acceleration over EM without losing quality (Hudson
and Larkin, 1994).

The aim of this study was to compare an iterative reconstruction algorithm
with a FBP algorithm, to assess the statistical power using statistical paramet-
ric mapping of H 15

2 O-PET activation studies. Therefore a PET activation study
published previously (de Jong et al., 1999) was reanalyzed after both FBP and
OS-EM reconstruction. Although this case study may show limited potential for
generalization, it should indicate whether it is worthwhile to pursue this line of
research.
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Methods

PET data used for the comparison of different reconstruction methods originated
from a bimanual motor task (de Jong et al., 1999). In that study a distribution of
cerebral activations was described in relation to the change between two bimanual
movement patterns.

Eight normal volunteers, each having four consecutive rCBF scans, participated
in the study. Participants had to stretch and flex their fingers in alteration, paced
by a regular auditory signal, in three conditions (A, B and C). In brief, both hands
had to move in-phase in condition A, while in condition B anti-phase movements
were made. In these two baseline conditions (A and B), an additional irregular
auditory stimulus cued subjects to make an extra bimanual movement without
changing phase. In condition C, subjects had to make the same stretching and
flexing movements as in A and B, however, the secondary signal now indicated that
they had to switch between the phase and anti-phase patterns (for more detail see:
de Jong et al., 1999).

Data acquisition

The PET system used for the data acquisition was a Siemens ECAT 951/31 whole-
body positron camera, which acquires 31 planes simultaneously over an axial
length of 10.8 cm in 2D mode only. The PET scans were performed after a bolus
injection of a fixed dose of 1.85 GBq of H 15

2 O for each scan. The tasks started just
after the injection and continued during the scanning period. The scan was started
when the H 15

2 O reached the brain, 20 s after injection generally, and lasted 90 s.
Scans were made at 15-minutes intervals.

Image reconstruction

For the purposes of the present study the acquired sinograms were reconstructed
in two ways: using the standard FBP algorithm and using the OS-EM iterative
reconstruction algorithm. In both reconstruction algorithms images were atten-
uation corrected from a measured transmission scan and corrected for dead time
and accidental coincidences. The FBP reconstruction algorithm applied a Hanning
window with a cutoff of 0.5 cycle per pixel.

Different numbers of iterations (1,2,3,4 and 8) and subsets (1,2,4,8,16 and 32),
were applied. These OS-EM-reconstructed images were visually compared with
each other and with the FBP-reconstructed image. In the case of visually equivalent
images, when the product of iterations and subiterations was equal, the minimum
number of iterations was chosen because of computing efficiency. The OS-EM
images were judged by three independent observers. The image reconstructed
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with one iteration and 16 subsets (image C in figure 3.1) was unanimously selected
as the best. These reconstruction parameters were subsequently used for all image
reconstructions.

Data analysis

FBP- and OS-EM-reconstructed images were independently realigned and normal-
ized, i.e. transformed into standard stereo-taxic space using the SPM95 software
(Friston et al., 1995a; Talairach and Tournoux, 1988). Hypothesis testing was
performed by use of statistical parametric mapping (SPM95 software from the
wellcome department of cognitive neurology, London, UK). Statistical paramet-
ric mapping is the construction of spatially extended statistical processes to test
a hypothesis on regionally specific effects in imaging data (Friston et al., 1991;
Worsley et al., 1992; Friston et al., 1994). The SPM95 software was used to mimic
the data analysis parameters of the original publication (de Jong et al., 1999). An
additional argument was that the normalization procedure in SPM95 seems to be
more appropriate for analyzing data from scanners with a smaller axial field of
view, i.e. 10.8 cm, than more recent versions of SPM.

Similar to de Jong et al. (1999), the FBP scans were smoothed using an isotropic
Gaussian kernel of 10 mm FWHM (full width at half maximum), resulting in a
resolution of [x, y, z]=[11.0, 12.8, 11.6] mm FWHM, recorded from the SPM output,
for the images used for the statistical analyses. Smoothing the OS-EM data with the
same Gaussian kernel of 10 mm FWHM a resolution of [x, y, z]=[13.7, 12.7, 11.5] was
obtained. FWHM in the y and z directions were about equal in both FBP and OS-
EM data, but in the x-direction the FWHM differed by 2.7 mm. To obtain identical
resolution of the iterative reconstructed images, the OS-EM images were filtered
with an anisotropic Gaussian kernel (6.2, 10.3, and 10.2 mm FWHM). Subject and
condition effects were estimated using the general linear model (Friston et al.,
1995b). As in the original analyses, global activity was included as a nuisance
covariate so the analysis was regarded as an ANCOVA. Images were scaled to a
mean global activity of 50 ml/100ml/min.

Hypotheses about regionally specific condition effects were tested, comparing
the estimates using linear compounds or contrasts. The resulting set of voxel values
constitutes an SPM of the t statistics. These SPM{t} were transformed to the unit
normal distribution SPM{Z}. In addition to voxel based analyses, clusters of voxels
can be examined. A cluster is defined as voxels which are spatially connected with
each other in terms of edge, face, or vertex. The threshold of Z ≥ 3.00 was used
for the peak value voxel of a cluster to compare cluster information for the two
reconstruction methods.
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Figure 3.1: Different reconstructed images, from left to right: (A) FBP reconstructed image, (B)
OS-EM reconstructed image using one iteration and eight subsets, (C) OS-EM reconstructed
image using one iteration and sixteen subsets, and (D) OS-EM reconstructed image using one
iteration and thirty-two subsets. The reconstruction parameters of image C were chosen for
all image reconstructions.
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Table 3.1: Brodmann areas with accompanying Talairach coordinates and Z score,
thresholded at Z ≥ 3.00, of the present statistical analysis with FBP reconstructed data.

Brain area L/R x y z Z kE
Medial frontal gyrus BA 9/10 R 6 48 16 3.90 94
Superior temporal gyrus BA 22 R 60 -48 12 3.11 9
Parietooccipital sulcus

Posterior border precuneus BA 7/19 R 14 -80 32 3.08 8
Premotor cortex BA 6 R 20 14 48 3.06 46
Lateral parietooccipital sulcus

Posterior border angular gyrus BA 39/19 L -28 -66 32 3.00 36

L/R = left or right hemisphere ; (x,y,z) = Talairach coordinates in mm
kE = cluster size in voxels ; BA = Brodmann area

Results

The statistical analysis method used to analyze the data sets was identical to
the original statistical analysis (de Jong et al., 1999). Applying an uncorrected
significance threshold of a Z score of ≥ 3.00, group rCBF analysis of the FBP-
reconstructed images revealed five cortical foci of activation and group analysis
of the OS-EM reconstructed images revealed ten cortical foci of activation. These
areas, expressed in Talairach coordinates and Brodmann areas, and accompanying
Z scores are listed in table 3.1 for FBP reconstruction and in table 3.2 for OS-EM
reconstruction. These activations are specifically related to the change between the
two movement patterns (condition C) in comparison with baseline tasks A and B.

Increased rCBF using FBP-reconstructed data was observed over the right me-
dial frontal gyrus (Brodmann area BA 9 and 10), the right superior temporal gyrus
(BA 22), the right parietooccipital sulcus (BA 19 bordering precuneus BA 7), the
right premotor cortex (BA 6), and along the sulcus demarcating the posterior
border of the angular gyrus in the left inferior parietal lobe (BA 39). Coordinates
are reported in table 3.1.

The original analysis (de Jong et al., 1999) showed four cortical foci of activation.
Results were presented, uncorrected for multiple comparisons, which was allowed
because of an a priori hypothesis (Friston et al., 1991), at a threshold of P<0.001,
identifying all regions that included voxels with a Z score > 3.00. These four areas
with increased rCBF are indicated in table 3.3. The premotor and the posterior
parietal areas were a priori expected to be activated significantly.
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Table 3.2: Brodmann areas with accompanying Talairach coordinates and Z score,
thresholded at Z ≥ 3.00, of the statistical analysis with OS-EM reconstructed data.

Brain area L/R x y z Z kE
Lateral parietooccipital sulcus

Posterior border angular gyrus BA 39/19 L -26 -66 32 3.96 91
Lingual gyrus BA 19 L -22 -52 0 3.70 29
Inferior frontal gyrus BA 47 R 34 24 -12 3.32 37

BA 47 R 44 16 -12 3.08
Precuneus BA 7 R 36 -62 44 3.22 29
Middle frontal gyrus BA 10 L -32 50 -4 3.15 7
Middle frontal gyrus BA 8/9 R 34 30 40 3.14 11
Medial frontal gyrus BA 10 R 0 50 16 3.12 32
Frontal operculum BA 44/6 L -44 8 8 3.11 15
Superior frontal gyrus BA 8 R 10 28 48 3.03 58
Left middle temporal gyrus BA 21/37 L -38 -50 8 3.02 5

L/R = left or right hemisphere ; (x,y,z) = Talairach coordinates in mm
kE = cluster size in voxels ; BA = Brodmann area

Table 3.3: Brodmann areas with accompanying Talairach coordinates and Z score,
thresholded at Z > 3.00, of the original (de Jong et al., 1999) statistical analysis with FBP
reconstructed data.

Brain area L/R x y z Z
Medial frontal gyrus BA 9/10 R 6 48 16 3.46
Premotor cortex BA 6 R 20 12 48 3.42
Parietooccipital sulcus

Posterior border precuneus BA 7/19 R 14 -80 32 3.37
Lateral parietooccipital sulcus

Posterior border angular gyrus BA 39/19 L -28 -66 32 3.42

L/R = left or right hemisphere; (x,y,z) = Talairach coordinates in mm
BA = Brodmann area
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Table 3.4: General items of both FBP and OS-EM reconstructed statistically analyzed data,
using the standard SPM threshold of Z ≥ 3.00.

FBP OS-EM
Regions 5 10
Total cluster size § 193 314
Resels ∗ 574 596
Search volume § 58474 60840

§ in voxels
∗ resels = resolution elements

Increased rCBF using OS-EM-reconstructed data was found to be most promi-
nent along the sulcus demarcating the posterior border of the left angular gyrus
(BA 39). This focus and associated activations are reported with their locations
in table 3.2. A noticeable result of OS-EM reconstruction was that the expected
physiological response, reflecting activation of the posterior border of the left
angular gyrus, appeared as the most significant area (Z = 3.96 table 3.2) in contrast
with a fifth place (Z = 3.00 table 3.1) in FBP-reconstructed analysis.

Comparison of tables 3.1 and 3.2 revealed variations in the numbers of clusters
and in cluster sizes, which can be a result of the two different reconstruction
procedures. In the OS-EM situation more clusters reached the threshold of interest
of Z ≥ 3.00 uncorrected as compared to the FBP situation (ten versus 5). More
general items for comparison are listed in table 3.4. It should be noted that with
identical resolution, the number of clusters and the total cluster size, i.e. number
of voxels included in the clusters, are larger in the iterative reconstruction situation.

In a subsequent experiment with slightly modified control conditions, included
in the study of de Jong et al. (1999), activation at the left angular gyrus was repli-
cated. In the present comparative study, the results of the statistically analyzed
OS-EM-reconstructed data, with dominance of this left angular gyrus, activation is
in better conformity with de Jong and colleagues major activation than the FBP-
reconstructed results.

Discussion

Statistical results using the FBP-reconstructed images in this comparative case
study showed only minimal differences from the originally published results. These
small differences were probably due to a difference in the realignment procedure
(AIR (Woods et al., 1992) vs SPM95). The second area (BA 22), as shown in table 3.1,
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did not reach statistical significance in both the original publication and the OS-
EM-reconstructed data. This may indicate that this area is only slightly activated,
making it susceptible to small changes in statistical power.

It was hypothesized that, with identical spatial resolution, the statistical ana-
lysis of both OS-EM-reconstructed and FBP-reconstructed images should result
in higher Z scores for the OS-EM case. In the OS-EM-reconstructed images, as
compared to FBP-reconstructed images, more statistically significant areas were
found (ten vs five) and more voxels (314 vs 193) reached the significance threshold
of Z ≥ 3.00 (as shown in table 3.4). The expected physiological response, in the
posterior border of the left angular gyrus, appeared at the fifth position in rank
order (Z = 3.00 table 3.1) in the FBP case, while in the OS-EM situation it appeared
with the highest statistical Z score (Z = 3.96 table 3.2). This enhancement of the
statistical inference situation is consistent with an improved SNR in the OS-EM-
reconstructed data, resulting in more voxels and a larger number of clusters to
reach the uncorrected threshold of Z ≥ 3.00 (table 3.1, table 3.2 and table 3.4).

Furthermore, a larger number of resels were observed in the OS-EM data,
representing a larger search volume (table 3.4). Thus a larger part of the brain is
available for statistical analysis. Note that, due to the Gaussian random field theory,
an increase in the number of resels should give a less significant result. However,
despite this expanded search volume the statistical results are actually better in
the OS-EM data. As the computed resolutions for both reconstruction methods
are identical, the differences in search volume are probably due to differences in
spatial transformations during the preprocessing steps.

In the original publication of de Jong et al. (1999), the left parietal activation
was regarded as the dominant physiological response. One of the arguments for
this was replication of this activation in a subsequently described experiment with
slightly modified control conditions. Right premotor cortex activation was not
replicated in the second experiment. de Jong et al. (1999) provided a consistent
explanation for the differences between the two experiments. The right premotor
activation was not significant in the OS-EM-reconstructed data. It remains to be
shown whether this indicates a false-negative finding or rather a false-positive
finding for the FBP-reconstructed data.

As discussed above, OS-EM reconstruction improves Z scores as compared to
FBP at a calculated resolution of 11.0 by 12.8 by 11.6 mm. This may not be the
optimal filter parameters in terms of maximal Z scores. Consequently, it can be
argued that differences found in the statistical analyses of either OS-EM- or FBP-
reconstructed data, are an artifact of non optimal filtering rather than an actual ef-
fect caused by differences in the reconstruction process. Using arbitrary resolution
analysis it could be determined that the improvement in Z scores is independent of
resolution (data not shown), which strengthens the result that iterative reconstruc-
tion offers an option to improve statistical power in H 15

2 O-PET activation studies.

25



Chapter 3 |OSEM versus FBP

Thus, OS-EM reconstruction not only showed an overall improvement in Z scores,
but also better confirmation of the a priori expected physiological response which
indicates that with the OS-EM reconstruction algorithm a real increase in statistical
power, using SPM applied on this dataset, was obtained.

In contrast, Liow et al. (1997) found a decrease in the average t values in
comparing an iterative reconstruction procedure to standard FBP. This, however,
in not in contrast with our study since they used different statistics, compared only
two activated foci, and, most important, did not match resolution.

In our study the numbers of iterations and subiterations were visually opti-
mized. It can be argued that the best combination of iterations and subiterations
has to be acquired according to optimizing statistical Z scores. However, this
method may introduce artifacts, when using too many iterations, and is project
dependent. Therefore, the acquired optimal combination has to be verified for
other activation studies.

This case study has several limitations which need to be investigated in the fu-
ture. In this chapter, bias variance or resolution variance issues, which characterize
a reconstruction method’s performance, are not introduced. The variance and the
signal need to be investigated to identify the sources of the observed differences
between FBP images and OS-EM images. Also, results of this case study were
obtained with independently spatially transformed data; i.e., the spatial trans-
formation parameters are not identical for the FBP- and OS-EM-reconstructed
images. Consequently, the relative contributions of the different steps in the
preprocessing (reconstruction, filtering, realignment, and spatial normalization)
and the statistical analysis to the improvements in statistical power observed
in this study cannot be specified. Although this may be unsatisfactory from a
scientific viewpoint, it is the overall improved Z scores which are of practical
importance. Finally, since this is only a case study one should be cautious about
the generalization of our results.

However, there are no apparent reasons why the improvements due to OS-EM
instead of FBP reconstruction, as found in this study, should not hold in general.
This includes acquisitions in 3D rather than 2D mode since, considering also count
rate limitations, the increased sensitivity is generally used to increase the number
of repetitions and, thus, improve the statistical power of the study, rather than to
attempt to maximize the signal-to-noise ratio of the individual scan. Nevertheless,
a more general and detailed study may be worthwhile to assess the pros and cons
of OS-EM reconstruction and to assess the effect of OS-EM reconstruction on each
single step of a PET activation study.

In conclusion, iterative reconstruction has the potential to improve statistical
power in H 15

2 O-PET activation studies as compared to FBP reconstruction.
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Abstract

In PET activation studies, linear changes in regional cerebral blood flow may be
caused by subject inter-scan displacements rather than by changes in cognitive
state. The aim of this study was to investigate the impact of these artifacts and
to assess whether they can be removed by applying a scan-specific calculated at-
tenuation correction (CAC) instead of the default measured attenuation correction
(MAC). Two independent data sets were analyzed, one with large (data I) and one
with small (data II) inter scan displacements. After attenuation correction (CAC
or MAC), data were analyzed using SPM99. Inter scan displacement parameters
(IDP), obtained during scan realignment, were included as additional regressors
in the general linear model and their impact was assessed by variance statistics
revealing the affected brain volume. For data I, this volume reduced dramatically
from 579 cm3 to 12 cm3 (approximately 50 fold) at puncorr ≤ 0.001 and from 100 cm3 to
0 cm3 at pcorr ≤ 0.05 when CAC was applied instead of MAC. Surprisingly, for data II,
applying CAC instead of MAC still resulted in a substantial (approximately ten fold)
reduction of the affected volume from 23 cm3 to 2 cm3 at puncorr ≤ 0.001. We conclude
that inter scan displacement induced variance can be prevented by applying a
(re-)aligned attenuation correction scan, e.g. CAC. With MAC data, introducing
IDP covariates is not an alternative since they only model this variance. Even
in data with minor inter scan displacements, applying a (re-)aligned attenuation
correction method, e.g. CAC, is superior to a non aligned MAC with IDP covariates.

Introduction

Regional cerebral blood flow (rCBF) is coupled to neuronal activation. Therefore,
changes in neuronal activation, for example due to performing a specific task, will
induce a change in rCBF which can be measured by positron emission tomography
(PET). A PET activation study consists of several acquisitions for each of the task
conditions.

In PET, the assessment of the radioactivity distribution is based on the co-
incidence detection of two opposite 511-keV photons emerging from a single
positron-electron annihilation. To obtain a quantitative image, the measured
data must be corrected for dead time, random coincidences, scattered radiation,
and attenuation. Dead-time and random coincidences are measured during data
acquisition by monitoring the single count rates in the individual detector blocks
(dead time) and by a delayed coincidence measurement (accidental coincidences)
(Hoffman et al., 1981). Attenuation correction is usually performed on the basis of a
transmission scan obtained using 511-keV coincidence photon sources. The mea-
sured attenuation scan is count-limited, which results in attenuation correction
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factors that have significant statistical noise, which subsequently propagates as
added noise in the reconstructed PET images (Huang et al., 1979; Meikle et al., 1993;
Weinzapfel and Hutchins, 2001). The scatter correction is based on the individual
attenuation map according to the procedure as described by Watson et al. (1997).

Misalignment of the transmission scan with the emission scan will cause ar-
tifacts and/or reduce the quality of PET activation studies. This is in accordance
with Huang et al. (1979), who stated that unpredictable artifacts in the recon-
structed PET images emerge from subject inter scan displacement between the
transmission scan and the multiple emission scans in a brain activation imaging
sequence. In many applications, small alignment errors between transmission and
emission scans have little effect. However, PET activation studies investigate very
small changes in rCBF over many scans in which even a small misalignment may
cause unpredictable artifacts in the analysis results. In these studies realignment
between blood flow images is rigorously addressed, correcting for subject dis-
placement but this does not reduce the artifacts resulting from the transmission-
emission mismatches.

Previously, after investigating scan order and inter scan displacement effects,
Brett et al. (1999) found that linear changes in signal across the scanning ses-
sions may be caused by inter scan displacement artifacts rather than changes in
cognitive state, e.g. attention. They found a strong relationship between scan
order and inter-scan displacement parameters which “raised the possibility that
the effects may be movement rather than time related.” This idea was strengthened
because artifacts could be reproduced merely by applying misaligned attenuation
correction. Brett et al. (1999) speculated that the artifacts may cause difficulties
in interpretation of studies with unbalanced conditions across scan order or when
subject inter scan displacement is related to activation condition.

Thus, it should be possible to model artifacts originating from the misalignment
between the emission scans and the measured attenuation scan by including inter-
scan displacement parameters (IDP) (three translations, three rotations), obtained
during scan realignment (Friston et al., 1995a), as additional regressors in the
general linear model (GLM) (Friston et al., 1995b). The model fit is optimal in the
least-squares sense for explaining the variance in functional imaging data. The
significance of the variance explained by the regressors, i.e. IDP, can be assessed
by variance statistics, i.e. F statistics. Brain areas in which variance is explained
by the IDP are brain areas contaminated by transmission emission scan mismatch
artifacts.

By performing a scan-specific calculated attenuation correction (CAC) rather
than using the measured attenuation correction (MAC), which is measured only
once, misalignment between transmission and emission scans can be rigorously
addressed. A CAC can replace MAC when the attenuation is near uniform, e.g. the
head. A common straightforward method (Phelps et al., 1975; Bergström et al.,
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1980) is to place an ellipse on each image about the contour of the head and
to calculate the attenuation along each detector-pair line-of-response (LOR) for
each ellipse. Other methods, like re slicing attenuation data with transformation
parameters obtained from realignment of emission data (Andersson et al., 1995),
edge detection algorithms (Siegel and Dahlbom, 1992), maximum-likelihood re-
construction of attenuation and activity (Nuyts et al., 1999), or automated attenu-
ation correction models (Weinzapfel and Hutchins, 2001) can also be applied.

The aim of this study was to investigate whether the variance as modeled by
the inter scan displacement parameters is actually the result of a small (time-
varying) mismatch of the emission scans and the measured attenuation scan and
to investigate the impact of these artifacts on functional neuroimaging studies. It
was hypothesized that, in the case of calculated attenuation corrected emissions
scans, the variance explained by the IDP should be reduced substantially.

Methods

Data sets from two different activation studies were analyzed. All measurements
were performed after informed consent and were approved by the medical ethics
committee of the Groningen university hospital. For both data sets the subjects
were placed in the gantry and were positioned by aligning the standard low power
laser beams.

In the first data set (data I), ten subjects underwent four conditions of increasing
traumatic fear (1-4) which were obtained twice, resulting in eight scans. Data I is
a study with unbalanced conditions across scan order (always 1,2,3,4,3,4,1,2). To
minimize disturbance of subjects it was decided not to reposition them between
scans, and a head-restraining adhesive band was used only when it did not frighten
the subjects. Subsequent realignment procedures performed in SPM99 (see data
preprocessing) showed that these subjects had moved considerably between ses-
sions (see results). To maximize the search volume for which statistical tests could
be performed, scans with major non scanned brain parts were discarded after
visual inspection of the images by two independent observers. Three scans with
observed intra scan motion during the PET data collection and one scan containing
a procedural error were also excluded from the analyses. For the ten subjects in
total 15 scans were excluded, leaving 65 scans for the statistical analyses.

The second data set (data II) included four subjects undergoing two random-
ized conditions of auditory stimulation and vocalization, which were repeated six
times resulting in twelve scans per subject. Since the main effect of interest was
located in the brainstem a large bounding box was used during normalization.
One subject was positioned high into the PET camera, causing the upper slices
not to be available for the analysis. After normalization the scans were masked to
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exclude nasal activation, probably caused by an increased nasal blood flow during
vocalization. For this group of subjects, inter scan displacement was minimized
by repositioning the subject before each scan using head markings and the laser
positioning system of the PET camera. The head-restraining adhesive band was
used on all subjects.

Data acquisition

All scans were performed using a Siemens ecat exact HR+ PET scanner, which
acquires 63 slices simultaneously over an axial length of 15.5 cm. Before emission
scanning an attenuation scan was performed using the three internal rotating
68Ge/68Ga rod sources. The PET scans were performed after a bolus injection of
a fixed dose of 500 MBq of H 15

2 O for each scan in 3D acquisition mode. The tasks
started at the moment of injection and continued during the scanning period. Each
PET data acquisition run consisted of two frames, first a 30 seconds background
correction frame followed by a 120 seconds perfusion scan. The interval between
two scans was set at ten minutes to allow for decay. Data were corrected for scatter,
decay, and dead time. After data collection the data underwent different processing
steps, which are schematically shown in the flow-diagram (figure 4).

Image reconstruction

The emission scans of both data sets were reconstructed using the standard filtered
back-reconstruction algorithm in brain mode with a zoom of 2.25 and a Gaussian
filter of 4.0 mm FWHM (full width at half maximum). The reconstructed spatial
resolution was 5.7 mm. For both data sets attenuation correction was performed
in two ways, i.e. MAC and CAC, resulting in four data sets (data I, MAC and CAC
data; data II, MAC and CAC data). For MAC, the measured attenuation scan was
used for attenuation correction. For CAC, separate ellipses were drawn manually
on the non-attenuation-corrected images, assuming default attenuation values for
bone and tissue and a bone thickness of 4.5 mm.

Data preprocessing

The 1999 version of statistical parametric mapping (SPM99) software was used for
spatial transformation (realignment, normalization and smoothing) and statistical
analysis of the data (Friston et al., 1995a,b; Talairach and Tournoux, 1988). Two
lines of analysis were followed as shown in figure 4. The first main line (MAC and
CAC, figure 4) of investigation is the standard independent preprocessing of MAC
and CAC data, as is performed in normal practice. The second line (MAC-d, figure
4) of investigation is the dependent preprocessing line.
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Figure 4.1: Schematic representation of the different processing steps each data set underwent
after data collection. The main processing steps are data reconstruction including attenuation
correction (FBP), realignment and normalization. The resulting emission images were finally
smoothed and statistically analyzed. The left and right columns show the processing of
the original data with either a measured attenuation correction (MAC) or a calculated
attenuation correction (CAC). This is the first line of preprocessing, the independent
preprocessing of MAC and CAC data as performed in normal practice. The central
column represents the dependent processing of the MAC data (MAC-d), the realignment and
normalization use the parameters obtained from the CAC data. This is the second line of
preprocessing.

The four data sets (see above) were translated to the Analyze (SPM99 uses
the simple header and flat binary image file format of ANALYZE7 (Mayo clinic,
Rochester, USA. www.mayo.edu/bir/), with slight customizations to the header)
data format and the origins were manually set at the anterior commissure. Then
the PET time series were realigned to the mean to correct for inter subject head
displacements in terms of translations and rotations. Hereafter, all the scans were
transformed into a standard stereo-taxic MNI space (Friston et al., 1995a) using
7x8x7 nonlinear basis functions and heavy regularization during the normalization
procedure. As a final step in the preprocessing, data was spatially smoothed using
an isotropic Gaussian kernel of 10 mm FWHM. The final spatial resolution was
11.5 mm.

For each data set the IDP, consisting of three translations and three rotations ob-
tained during scan realignment, of each image and of each subject were recorded
for subsequent inclusion in the model definition (see below). Note that in the
standard independent preprocessing case, the IDP obtained from MAC and CAC
data will not be identical and will be referred to as IDPmac and IDPcac.

Above, the MAC and CAC reconstructed data were independently realigned
and normalized. However, since the type of attenuation correction influences
the data, which in turn determines the realignment and normalization, the re-
alignment and normalization parameters will not be identical. Therefore, changes
in variance explained by the model parameters may reflect not only differences
in attenuation correction but also changes in the preprocessing. To exclude the
latter contribution, the MAC data were also realigned and normalized using the
parameters as obtained during realignment and spatial normalization of the CAC
data and is therefore dependent on the CAC parameters (MAC-d, figure 4). The
CAC reconstruction method was assumed to be superior (see introduction).
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Data modeling and analyses

For functional neuroimaging data SPM is widely used to assess activation patterns
in brain activation studies. The data are modeled using the general linear model
(GLM), consisting of multiple univariate regression analyses. These model fits are
optimal in the least square-sense for explaining the observed variance. The signif-
icance of the variance explained by the regressors in the model can be assessed by
F statistics and displayed as an F SPM.

To investigate the amount of variance that can be explained by the IDP, they
were included as additional regressors in the separate SPM99 design matrices for
data sets I and II. The IDPcac were included for CAC data and the IDPmac for
the independent preprocessed MAC data. To assess the influence of attenuation
correction on the pre-processing steps, the IDPcac were also included for the
dependent MAC data (MAC-d). To investigate linear changes in signal across
the scanning session a scan-time covariate (the scan-time parameter (SP)) was
defined containing the initiation time of the scan, which is similar to the scan
order covariate from Brett et al. (1999), but gives a more precise definition of time
between scans. This is of specific importance for data I in which scan interval times
varied considerably.

Variance explained by SP, by IDP, or by both were assessed by variance statistics
(F map). The variance explained by the 6 IDP together was used as a measure
for the effect of a mismatch between emission and attenuation data. SPMs were
inspected at the conventional threshold of p ≤ 0.05 corrected for multiple com-
parisons (pcorr). Additionally, the SPM’s were explored at a liberal threshold of
p ≤ 0.001 uncorrected for multiple comparisons (puncorr). This threshold is com-
monly used in imaging studies to identify areas included in the a priori hypothesis
(Friston et al., 1991) from which the corrected significance level (pcorr) can subse-
quently be obtained using a small volume for multiple testing, i.e. small-volume
correction (SVC). These areas can also be contaminated by mismatch artifacts.

Three models were set up to test mismatch artifacts and linear time effects. In
the first model only SP was included as an extra parameter, the ‘SP’ model. The
second model included only the 6 IDP to model inter-scan displacement artifacts,
the ‘6 IDP’ model. The third model combined the 6 IDP and the SP, the ‘6 IDP + SP’
model.

In addition the mean, standard-deviation, and correlation (r2, with SP) for each
of the 6 IDP were calculated separately for both IDPmac and IDPcac of data sets
I and II. Furthermore, the amount of variance in SP, which could be explained
by the 6 IDP, was investigated using a linear least-square fit, again separately for
each of the four cases. This least square-fit was calculated independent of the PET
activation data and the conditions, with only SP as the response variable and the 6
IDP as predictor variables.
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Results

Data I

Data I is the study with unbalanced conditions across scan order and inter scan
subject displacement, which is related to activation condition. Figure 4.2 (left)
shows a typical example of the translations required to reposition the consecutive
scans to the position of the first scan for a subject in data set I. Considerable inter
scan displacements can be observed.

Inter-scan displacement and scan-time parameter

Table 4.1 A) presents the mean, standard-deviation, and correlation of each IDP for
data set I using either MAC or CAC. Correlation analyses with the SP showed that
the translation over the y axis shows the highest but still very low value of r2 = 0.13
(CAC) and r2 = 0.15 (MAC). Using a linear least-square fit it was shown that IDP
could explain only 20.5% (CAC) and 21.5% (MAC) of the scan-time variance.

Inter scan displacement-related variance in the PET data

As shown in table 4.2 A) for the CAC case no voxels were found in which a significant
amount of variance was explained by either of the three models at the pcorr ≤ 0.05
threshold. At the more liberal threshold of puncorr ≤ 0.001 in all three models a
relatively small number of voxels were found for which a significant amount of
variance was explained by the model parameters.

Table 4.2 A) shows that for the MAC case the number of voxels in which a
significant amount of variance is explained by the model parameters included is
very large with the 6 IDP (12568 voxels) and 6 IDP + 1 SP (10100 voxels) models. This
represents brain volumes of 100 cm3 and 81 cm3 respectively (pcorr ≤ 0.05). At the
liberal threshold (puncorr ≤ 0.001) 72403 voxels (a brain volume of 579 cm3) with the 6
IDP model and 67650 voxels (a brain volume of 541 cm3) with the 6 IDP + 1 SP model
for which identified where a significant amount of variance was explained by the
model parameters included. In contrast, only a relative small number of voxels
were identified for which a significant amount of variance could be explained by
the SP in the SP only model at this threshold. From table 4.2 A) it is apparent that
the main effect in data set I is caused by the IDP covariates (see also discussion).
The corresponding projections (F maps) of the contaminated volume are shown in
figure 4.3.
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Figure 4.2: Results of the SPM realignment procedure. Two typical examples are depicted (one
subject for each data set) of the translations over the x (dotted), y (solid) and z (dashed) axis,
as required to reposition the consecutive scans to the position of the first scan. On the left, the
study with unbalanced conditions across scan and without repositioning of subjects between
scans (Data I) is shown. Considerable inter scan displacements, particularly in the z direction,
can be observed. On the right the inter scan displacement for the study with randomized
conditions and minimized inter scan displacements (Data II) is shown. A rather limited inter
scan displacement is apparent.
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Table 4.1: Mean, standard-deviations (s.d.) (in mm c.q. radians) and correlation with scan-
time (r2), of the six realignment parameters for two data sets using two types of attenuation
correction i.e. CAC and MAC.

translation rotation
x y z pitch roll yaw

A) Data set I
CAC mean -0.38 0.74 -1.62 0.00 -0.01 0.00

s.d. 1.79 1.11 5.33 0.04 0.02 0.04
r2 0.10 0.13 0.04 0.00 0.03 0.05

MAC mean -0.34 0.60 -1.25 0.00 -0.01 0.00
s.d. 1.48 0.86 4.25 0.03 0.02 0.03
r2 0.10 0.15 0.04 0.00 0.06 0.05

B) Data set II
CAC mean -0.27 0.78 -0.62 0.02 0.00 0.00

s.d. 0.92 0.62 3.38 0.02 0.01 0.01
r2 0.08 0.07 0.15 0.00 0.00 0.11

MAC mean -0.31 0.55 -0.57 0.02 0.00 0.00
s.d. 0.81 0.42 2.97 0.02 0.01 0.01
r2 0.08 0.01 0.09 0.00 0.00 0.11

CAC = calculated attenuation correction
MAC = measured attenuation correction

Data II

Data II is the study with randomized conditions and minimized inter scan displace-
ments. Figure 4.2 (right) shows a typical example of the translations required to
reposition the consecutive scans of a subject in data set II. This figure shows that in
this data set, a rather limited inter scan displacement is apparent.

Inter scan displacement and scan-time parameter

Table 4.1 B) presents the mean, standard deviation, and correlation of each IDP
for data set II using either CAC or MAC. After correlation analyses with the SP the
translation over the z axis shows the highest but still very low value of r2 = 0.15
for CAC parameters. For the MAC parameters the third rotation (yaw) showed the
highest value of r2 = 0.11. Using a linear least-square fit it was shown that IDP could
explain only 21.1% (CAC) and 15.6% (MAC) of the scan-time variance.
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Figure 4.3: F maps, assessed using the F statistics in SPM, showing the brain volume for
which a significant amount of variance is explained by the six realignment parameters at
two thresholds for data sets I and II. The upper two rows show voxels surviving the pcorr ≤ 0.05,
the bottom two rows show voxels surviving the liberal threshold of puncorr ≤ 0.001. The first and
second columns depict the sagittal and coronal projections of variance which is explained
by the six realignment parameters for data I, while the third and the fourth columns present
the variance which is explained by the six realignment parameters for data II. The rows show
the different attenuation corrections (CAC, calculated attenuation correction, MAC, measured
attenuation correction).
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Table 4.2: The total number of voxels in which a significant amount of variance is explained
by the covariates for two data sets. Three models were used to model the data, including the SP
only, including the 6 IDP parameters only or including both. In the latter case the explained
variance was determined for all seven parameters (6 IDP + SP) together as well as for the
constituting 6 IDP and the SP separately. The number of voxels are obtained by an F test
on the covariates and thresholded at p ≤ 0.001 uncorrected and p ≤ 0.05 corrected for multiple
comparisons.

6 IDP + 1 SP
1 SP 6 IDP IDP + SP IDP SP

A) Data set I
pcorr ≤ 0.05

CAC 0 0 0 0 0
MAC 38 12568 10100 7935 0
MAC-d 31 14093 12272 10812 0

puncorr ≤ 0.001
CAC 759 1494 1277 985 200
MAC 5353 72403 67650 63465 399
MAC-d 4521 65990 61834 58991 548

B) Data set II
pcorr ≤ 0.05

CAC 0 0 0 0 0
MAC 0 6 2 4 0
MAC-d 0 0 0 0 0

puncorr ≤ 0.001
CAC 617 263 438 71 1001
MAC 690 2841 2885 2725 506
MAC-d 947 2178 2440 2333 1017

CAC = calculated attenuation corrected
MAC = measured attenuation corrected
MAC-d = MAC dependently pre-processed
SP = scan-time parameter
IDP = inter-scan displacement parameters

Inter scan displacement related variance in the PET data

As shown in table 4.2 B) at the threshold of pcorr ≤ 0.05 there is no difference
between CAC or MAC data, i.e., the volume in which a significant amount of
variance is explained by either of the three models is negligible. However, the
liberal threshold (puncorr ≤ 0.001) identified brain regions which were contaminated
by mismatch artifacts, even though inter scan displacement was minimized. A total
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of 263 voxels (a brain volume of 2 cm3) with the 6 IDP only model and of 438 voxels
(a brain volume of 3 cm3) with the 6 IDP + 1 SP model were found in the CAC data.
For the MAC data 2841 voxels (a brain volume of 23 cm3) with the 6 IDP only model
and 2885 voxels (a brain volume of 23 cm3) with the 6 IDP + 1 SP model contained
variance which could be explained by the model parameters included.

Volume in which a significant amount of variance is explained by the SP model
parameter does not differ much between the SP only model and the 6 IDP + 1 SP
model (MAC, puncorr ≤ 0.001, table 4.2 B)), i.e., no linear inter scan displacement over
time could be observed in these data. With the SP only model, only a negligible
difference in volume of 0.5 cm3 was identified between CAC and MAC data (617
versus 690 voxels, i.e. 4.9 cm3 versus 5.5 cm3) at the puncorr ≤ 0.001. From table 4.2 B)
it is apparent that the main effect in data set II is again caused by the IDP covariates
(see also discussion). The corresponding projections (F maps) of the affected brain
volume are shown in figure 4.3.

Influence of preprocessing

In the dependently preprocessed MAC data (MAC-d), according to the scheme in
figure 4, artifacts are still present in both data sets I and II. The number of voxels in
which a significant amount of variance is explained by either of the three models
is different but on the same order of magnitude in the independent preprocessed
MAC and the dependent preprocessed MAC (see table 4.2 A) and B)).

Discussion

The retrospective realignment of consecutive scans ensures that all images in a
series are in the same spatial orientation. Although this realignment between
blood flow images corrects the rCBF images for subject displacement between
scans, it does not reduce the artifacts originating from a misalignment between
emission and transmission scan. One obvious approach to minimizing such a
misalignment is to reposition the subject before each scan. This has the additional
advantage of maximizing the brain volume for statistical analyses. However, not
all between scan motions are easily discernible and misalignment artifacts may
evolve, particularly due to rotations of the head. For example, if subjects pitch
their head, a displacement may not be observed. This may be an explanation for
the increase in signal in the frontal lobe (shifting into the scanner range) and a
decrease in signal in the occipital regions (shifting out of the scanner range) found
by Brett et al. (1999). These kinds of artifacts are time related (pitching the head
over time), so it may be possible to model these artifacts by scan order instead of
inter scan displacement, as they showed.
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Andersson et al. (1995) reconstructed emission scans without attenuation cor-
rection and realigned all scans onto the first scan (assumed to be correctly aligned
with the transmission scan). On the basis of the measured attenuation scan, a
procedure was applied to yield new attenuation data for correctly reconstructing
the emission scans. This method also corrects for subject motion, but still requires
a transmission scan with its often rather low signal-to-noise ratio (Ollinger, 1992;
Meikle et al., 1993). To improve the signal to noise ratio of a measured attenuation
scan, the attenuation scan can be segmented (Bettinardi et al., 1999; Zaidi et al.,
2002). This method, however, can suffer from an erroneous segmentation. As
already mentioned in the introduction other methods like edge detection algo-
rithms (Siegel and Dahlbom, 1992) maximum-likelihood reconstruction of attenu-
ation and activity (Nuyts et al., 1999), or automated attenuation correction models
(Weinzapfel and Hutchins, 2001) can also be applied to address misalignment
between transmission and emission scans. For this investigation we used CAC
as obtained by drawing ellipses. This method reduces total scan duration and is
therefore more comfortable for subjects. Furthermore with a CAC, the attenuation
correction is noise free by default, which is not the case with a MAC (Weinzapfel
and Hutchins, 2001). However, CAC may suffer from errors, which are subject
specific (different head shape and skull thickness), as well as operator dependent
(manual procedure). Note that this may introduce additional variance which must
be explained by the model. If so, the CAC results as reported in table 4.2 are
probably an underestimation of the true effect of aligning the attenuation scan
to the emission scans. Nevertheless, a detailed discussion of the (dis)advantages
of the various methods is beyond the scope of this chapter. For the results as
discussed here, it is essential that the attenuation and emission scans were properly
aligned, which was adequately achieved with CAC.

Comparing data sets I and II, it is apparent that the volume for which IDP
explains a significant amount of variance is much larger for data set I. This was
expected since in data set I repositioning of the subjects between scans was not
possible, resulting in larger between-scan displacements (table 4.1 A) ). Application
of CAC instead of MAC for data set I dramatically reduced (approximately 50
fold (from 579 cm3 to 12 cm3) at puncorr ≤ 0.001) the brain volume for which IDP
explained a significant amount of variance (table 4.2). The affected brain volume
is confluent and widespread through gray and white matter, i.e. more sensitively
detectable with wider smoothing kernels, excluding the possibility of being task-
related. This clearly demonstrates that the variance explained by the IDP is caused
by the misalignment between the measured attenuation scan and the consecutive
emission scans. This confirms the speculation of Brett et al. (1999) that “scan
order effect is in fact an artifact of movement across the scanning session” after
they reproduced scan order effect by applying misaligned attenuation correction.
Even when applying CAC on data I, the remaining volume for which variance was
explained by IDP (at puncorr ≤ 0.001) is still considerable, showing that for data
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sets with larger inter scan displacements, the introduction of IDP as additional
regressors into the GLM of SPM should still be considered.

Surprisingly, even for data set II, for which subjects were repositioned between
each scan, the application of a calculated attenuation correction, as compared to
the measured attenuation correction, still resulted in a ten fold reduction (23 cm3

versus 2 cm3 at puncorr ≤ 0.001) of the volume for which a significant amount of
variance was explained by IDP. This is consistent with data of Brett et al. (1999),
who found highly significant effects in data of normal subjects. These findings
are counter intuitive and strongly suggest that even in the case of data II, small
differences in the alignment between transmission and emission scans are present,
resulting in additional scan-specific variance in the data which are to be modeled
during the analysis.

The results for the different models as presented in table 4.2, should be inter-
preted with caution as they are based on different levels of statistical power due
to a difference in degrees of freedom. Nevertheless, despite the lower degrees of
freedom, the volume for which IDP explained a significant amount of variance
is much larger than the volume for which SP explained a significant amount of
variance. The only exception was for data set II at puncorr ≤ 0.001 with CAC, when
comparing the SP model with the 6 IDP model. However, the difference in volume
for which a significant amount of variance is explained in the SP only model is
negligible between CAC and MAC data (4.9 cm3 versus 5.5 cm3) and is therefore
not a function of the attenuation method. This phenomenon is also observed in
the model which combines the 6 IDP and the SP covariates and is supported by the
low correlations between SP and the six IDP as presented in table 4.1. This indicates
that, for data II, the variance explained by SP is mainly an actual scan-order effect
rather than an artifact induced by between scan displacements.

The generally small overlap between the volumes found for SP and IDP is not
consistent with Brett et al. (1999), who found dramatic reductions in the variance
explained by scan order after inclusion of the IDP. We could not find a similar
relation between scan order and IDP, only a trend was noticed in data I (see table
4.2 A). This is not surprising since the variance in the scan time which could be
explained by IDP was only 22% or less for our data. Also the correlation between
IDP and scan-time showed a very low correlation value of maximal r2 ≤ 0.15 (table
4.1 A) ). Thus, in our case, scan order is not a good prediction of displacement
related-artifacts.

These results clearly show that aligning the transmission and emission scans,
e.g. by applying a CAC, is essential, even when subjects are carefully repositioned
between scans. Particularly, the application of a non aligned MAC and the intro-
duction of IDP parameters into the SPM model to account for possible displace-
ment related artifacts should be discouraged. From the large difference in the
brain volume between MAC and CAC, for which a significant amount of variance
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is explained by the IDP (table 4.2 A) and 4.2 B) ), it is concluded that IDP mainly
model inter scan displacement related variance. Nevertheless, IDP attempt only to
model the artifacts originating from incorrect attenuation correction, but cannot
remove them. Moreover, including the six IDP requires special care, because in the
case of stimulus-correlated movement they might explain some of the variance of
interest. However, our results indicate that if the attenuation and emission scans
are aligned, e.g. with CAC, the six IDP need not be included in the statistical
model. This also saves six degrees of freedom, thereby improving the statistical
power of PET activation studies, which have generally a limited number of degrees
of freedom. In addition, using an aligned attenuation correction enables a better
assessment of linear changes in rCBF across scanning sessions (scan order effects),
since SP will no longer be contaminated by mismatch artifact related variance.
Still, repositioning the subject is important to maximize the brain volume being
scanned.

The relative contributions of the consecutive steps in the preprocessing of SPM
were investigated by dependent pre-processed MAC data using parameters identi-
cal to those for the CAC data. Considering the small differences in the volume for
which a significant amount of variance is explained (MAC versus MAC-d, table 4.2
A), and 4.2 B) ), it can be concluded that the mismatch between transmission and
emission scans has little effect on the realignment and normalization procedures.
This is not surprising since these procedures are based on the overall activity in
the total brain volume, whereas the aim of PET activation studies is to model
the (small) changes in the activity distribution. To investigate the real amount
of mismatch contamination, the IDPcac were included as additional regressors
in the GLM for analyzing the MAC-d data. Assessing these variance statistics
should reveal the real variance explained by mismatch contamination without any
influence of differences in the relative contributions of consecutive preprocessing
steps. The number of voxels in which variance is explained by either of the three
models is different but on the same order of magnitude as in the independent
preprocessed MAC data with IDPmac (table 4.2 A and B: MAC and MAC-d). Since
the difference between both is that the latter uses the design matrix of the CAC
data, it follows that the differences in the design matrix have little effect on the
analysis. Therefore, changes in IDP covariates, due to differences in the activation
signal (MAC versus CAC), do not explain the main effect seen in this study. If we
now compare the MAC-d and CAC case, a very large difference is observed in the
volume in which a significant amount of variance is explained by either of the three
models. Since the design matrices are now identical, it follows that the differences
in volume are indeed related to the method of attenuation correction and not to
the design-matrix. Therefore, it can be concluded that the reported artifacts are
indeed caused by the mismatch between the (measured) transmission scan and
the emission scans.
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In conclusion, even minor displacements between scans will result in a mis-
match between the measured transmission and consecutive emission scans, re-
sulting in considerable additional scan-specific variance which must be explained
by the SPM model. Although introduction of the inter scan displacement pa-
rameters as covariates into the SPM analyses may (partly) model this additional
variance, it cannot remove this variance, but it will reduce the statistical power.
In contrast, this variance can be prevented by applying a (re)aligned attenuation
correction scan, e.g. CAC. Therefore, addressing the misalignment between trans-
mission and emissions scans is essential in rCBF PET activation studies.
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Abstract

Having a sense of self is an explicit and high level-functional specialization of the
human brain. The anatomical localization of self-awareness and the brain mech-
anisms involved in consciousness were investigated by functional neuroimaging
different emotional mental states of core consciousness in patients with multiple
personality disorder, i.e. dissociative identity disorder (DID). We demonstrate
specific changes in localized brain activity consistent with their ability to generate
at least two distinct mental states of self-awareness, each with its own access to
autobiographical trauma-related memory. Our findings reveal the existence of dif-
ferent regional cerebral blood flow patterns for different senses of self. We present
evidence for the medial prefrontal cortex (MPFC) and the posterior associative
cortices to have an integral role in conscious experience.

Introduction

The study of the cortical functional anatomy of human consciousness and sense of
self-awareness is a point of intense research and debate. Functional brain imaging
enables the functional localization of brain systems that are concerned with the
mental states of the self. In general, normal subjects are tested when performing
some kind of self-awareness task, e.g. self- versus non-self-referential information
processing (Fink et al., 1996; Craik et al., 1999; Kelley et al., 2002; Kjaer et al.,
2002). Here we approach the ‘sense of self’ in a brain with abnormalities in the
perception of the self. Studying subjects with such a disturbed sense of self can
provide valuable information about the brain areas and networks involved in a
normal experience of the self (Frith et al., 1998; Blanke et al., 2002).

Dissociative identity disorder (DID) (American Psychiatric Association, 1994),
formerly known as multiple personality disorder, challenges our basic notion of
one continuous sense of self (Putnam, 1994; Damasio, 2000; Nijenhuis et al., 2002),
as these patients recurrently switch from one personality state, i.e. sense of self,
to another. Behavioral characteristics, sensations, perceptions, memories (Do-
rahy, 2001), bodily functions, and autobiographical sense of self (Damasio, 2000;
Parvizi and Damasio, 2001) seem to depend on these personality states. DID
usually develops in a context of severe childhood trauma and encompasses dif-
ferent types of dissociative personality states (Putnam, 1994, 1997), typically in-
cluding ‘traumatic’ and ‘neutral’ personality states (TPS and NPS, respectively).
Clinical data suggest that the TPS has access to autobiographical memories of
traumatic experiences and reveals profound emotional response patterns to them
(self-referential processing). Remaining in an NPS, DID patients claim a degree
of amnesia for trauma memories, and/or respond as if these memories do not
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pertain to them (non-self-referential processing). The majority view (Putnam,
1994; Damasio, 2000; Nijenhuis et al., 2002) is that DID patients have two or more
distinct identities or personality states that recurrently take control of behavior and
consciousness (Putnam, 1994; Damasio, 2000) and whose access to trauma-related
autobiographical memory apparently depends on the personality state (Dorahy,
2001). These fluctuating states of consciousness and self-awareness within one
human brain challenges the study of the self in the context of personality-state-
dependent information processing. According to the minority view the existence
of dissociative personality states is not proven.

Here, the functional anatomic representation of autobiographical self-aware-
ness is uniquely investigated in patients with DID. We explored the possibility of
one human brain to initiate (at least) two dissociative autobiographical selves, i.e.
two dissociative personality states each with its own sense of self, using positron
emission tomography (PET) and a script-driven imagery symptom provocation
paradigm (Rauch et al., 1996). Our experimental procedure allows the comparison
of four different conditions: exposure to a neutral and trauma memory script while
remaining in a NPS or a TPS (see subjects and methods). If different cerebral
activation patterns can indeed be distinguished, our results would not only be
of importance for the conceptualization of DID, but would enrich our knowledge
about the self in terms of autobiographical self-awareness and its functional neuro-
anatomical representation within the human brain as well.

Subjects and methods

Subjects

Eleven female subjects (age range 27-48 years), meeting the APA (American Psy-
chiatric Association, 1994) (i.e. DSM-IV) and the SCID-D (Steinberg, 1993) criteria
for dissociative identity disorder, participated in the investigation. All gave writ-
ten informed consent according to procedures approved by the medical ethical
committee of the Groningen university hospital. As a result of treatment the
subjects had developed the ability to perform self-initiated and self-controlled
switches between one of their neutral and one of their traumatic personality state
(also described as the ‘apparently normal parts of the personality’ and ‘emotional
parts of the personality’ (Nijenhuis et al., 2002)). The tested traumatic personality
state (TPS) stored at least one traumatic memory and reported being emotionally
affected by reactivation of this memory while the neutral personality state (NPS)
reported to be emotionally unresponsive to the selected trauma memory and
regarded itself as not having been exposed to the relevant traumatizing event.

During the PET investigation, three patients were not free of medication which
could influence the regional cerebral blood flow (rCBF). One patient used flu-
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oxetine, one patient used paroxetine, and one patient used a combination of
levopromazine, promethazine and flurazepam. In addition, in a small number
of scans interference among personality states had been reported. Using the
general linear model (GLM) (Friston et al., 1995b) as included in the statistical para-
metric mapping (SPM99) package (www.fil.ion.ucl.ac.uk/spm/), these interference
and medication effects were tested. Extended models (see data analysis for the
definitive model) were designed to test the interference and medication effects.
Interference effects were set up as a covariate of interest and tested with an F test.
Medication effects were tested on an individual level (excluding one subject from
the group) and on a group level (medication versus no medication), with t tests. No
significant rCBF effects were found when testing the interference effects, nor when
testing effects of medication independently (data not shown). One patient’s PET
data were excluded from the analyses due to apparent neurological malformations.
Due to head movements between scans, e.g. induced by a personality state switch,
parts of the brain moved outside the field of view of the PET scanner. To maximize
available brain volume for statistical testing, 11 scans with major non scanned
brain parts were discarded after visual inspection by two independent observers.
Three scans with observed head movement during the PET data collection and one
scan suffering a procedural error were also excluded from the data analyses. A total
of 15 scans needed to be excluded, leaving 65 scans to be statistically analyzed.

Scripts

Subjects listened to two autobiographical audio taped memory scripts involving a
neutral and a trauma-related experience. The neutral memory script was regarded
as a personal experience by both personality states. However, only the TPS experi-
enced the trauma-related script as personally relevant. The duration of the scripts
was 120 seconds. The patient offered the memories and the therapist cast them in
terms of stimulus descriptions. To avoid effects of suggestion, i.e. to prevent the
evocation of direct mood changes, memories were described in the third person
singular and response descriptions were excluded. After approval of the scripts by
one of the principal investigators, the therapist audio taped the scripts in a neutral
tone of voice for playback during the PET investigation.

PET-symptom provocation

The complete scanning sequence was NPSn, NPSt, TPSn, TPSt, TPSn, TPSt, NPSn,
and NPSt (four conditions, obtained twice). The minor character (n or t) indi-
cates the content of the script (neutral or trauma related). Four scans involved
NPS and four corresponded with the TPS. The two personality state switches
were self-induced and supported by the patient’s therapist. Synchronous with the
bolus injection the audiotape was started while the heart rate variability (HRV)
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measurement was marked (for HRV methods and analysis: see HRV guidelines
(Malik, 1996)). Immediately following the end of the script blood pressure (systolic
and diastolic) and discrete heart rate frequency were monitored, measuring the
arousal of the autonomic nervous system in terms of cardiovascular state (objective
measurements). Simultaneously, the therapist debriefed the emotional and sen-
sorimotor subjective experiences of the subject regarding her subjective reactions
to the scripts by use of a questionnaire using a ten point scale running from
completely absent (0) to extremely intense (10). The six emotions pertained to fear,
sorrow, sadness, anger, shame, and disgust, and the ten sensorimotor modalities
visual, kinesthetic, auditory, olfactory, and gustatory reactions, as well as pain and
physical numbness, body stiffening, paralysis and restlessness.

Image acquisition and data processing

Data acquisition, reconstruction, attenuation correction, spatial transformation,
and spatial smoothing (Gaussian kernel of 12 mm) were performed as usual (Rein-
ders et al., 2002, see chapter 4). In brief, all 120 seconds scans were obtained, after a
bolus injection of 500 MBq of H 15

2 O for each scan, in 3D acquisition mode using a
Siemens ecat exact HR+ PET scanner. The emission scans were reconstructed using
standard filtered back reconstruction. Calculated attenuation correction was used
as attenuation correction method (Reinders et al., 2002, see chapter 4). PET data
were translated to Analyze data format. SPM99 was used for spatial transformation
(Friston et al., 1995a; Talairach and Tournoux, 1988) and statistical analysis (Friston
et al., 1995b) of the data. The origins were manually set at the anterior commissure,
followed by realigning the PET time series to the mean. Hereafter, all the scans were
spatially normalized to the MNI template (using heavy regularization). Data were
smoothed with an isotropic Gaussian kernel of 12 mm FWHM (full width at half
maximum).

Data analysis

To exclude contamination of the rCBF condition effects by self-suggestion or by
the arousal of the cardiovascular system, two sets of covariates of interest were
included in the PET-data analyses. To retain optimal statistical power of statistical
parametric mapping (SPM), the 25 measurements (nine cardiovascular and 16
subjective ratings) were condensed to five (three versus two) covariates, using a
principal component analysis (after missing value analysis; both performed in
SPSS-PC 8.0, 1997), which were tested using two simple F contrasts. The resulting
two F maps did not reveal any areas where a significant amount of variance
could be explained by subjective ratings, i.e. measure of suggestibility effects,
or cardiovascular measurements. The significance of task-related region-specific
differences in rCBF was assessed using multiple univariate regression analyses
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(Friston et al., 1995b). Condition-specific effects can be assessed by setting specific
contrasts on the parameter estimates, testing against a null hypothesis, which
states that there is no difference between conditions tested.

Our theory suggested statistically significant rCBF changes in this exploratory
self-awareness study. However, no a priori areas were defined. Therefore, voxels
surviving a p < 0.001 threshold (uncorrected for multiple comparisons (Friston
et al., 1991)) were subjected to a cluster analysis. Consequently, the clusters
reaching a statistical threshold of p < 0.05 (corrected for multiple comparisons)
were included in the discussion, i.e. ‘cluster level’ (Friston et al., 1994)). In
addition the presence of significant voxels, i.e. ‘voxel-level’ (corrected for multiple
comparisons based on false discovery rate statistics as included in the SPM99
package (www.sph.umich.edu/~nichols/FDR/)), within these clusters was estab-
lished. Significant effects are reported in table 5.1, in which the coordinates were
converted from MNI space to Talairach space (www.mrc-cbu.cam.ac.uk/Imaging/)
and their location is anatomically described (Mai et al., 1997) and also defined in
Brodmann areas (BA) (Talairach and Tournoux, 1988).

Results

As these patients have different access to autobiographical affective memories we
compared the rCBF patterns of the NPS to the rCBF patterns of the TPS, while they
were listening to the trauma-related script, to find the neural correlates for their dif-
ferent autobiographical selves. NPS was hypothesized to process this script as non-
self-referential, while TPS was considered to be aware of the self-referential nature
of the information. Comparing this self-referential versus non-self-referential
processing of the (identical) trauma-related script (subtraction NPSt - TPSt, for
abbreviations see subjects and methods) showed a difference in activation pattern
between the two selves.

The overall pattern of rCBF changes displayed a decrease in perfusion when
TPS listened to the trauma-related script as compared to NPS (a typical example is
depicted in figure 5.1.A). The areas involved are listed in table 5.1. Exploring the
frontal brain region, a right sided unilateral finding was localized in the medial
part of the superior prefrontal cortex, i.e. the MPFC (Brodmann area (BA) 10,
figure 5.1.B) and rCBF changes in the ventral-medial part of the middle frontal
gyrus (BA 6, parts C1 and C2 of figure 5.1) were found bilaterally. In the posterior
association cortices we found our highest significant bilateral deactivation, which
was located in the intra-parietal sulcus, i.e. the parietal integration areas (BA 7/40,
see figure 5.1.D1 and 1.D2), in the transition from the superior to the inferior
parietal lobe. Additionally, a decrease in perfusion in the visual association areas
was found bilaterally in the parietal-occipital sulcus, in the transition of BA 18 to
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Figure 5.1: Brain regions showing a significant response on the autobiographical trauma-
related script in neutral personality state (NPS) as compared to traumatic personality state
(TPS). (A) Mean regional cerebral blood flow (rCBF) changes at the voxel of maximum
activation (x = 12, y = 63, z = 8) in the right medial prefrontal cortex (MPFC, Brodmann area
(BA) 10) for the four conditions of our study, that is exposure to a neutral (minor character n)
and trauma (minor character t) memory script while remaining in NPS or TPS. Bars represent
standard errors. The response shown is typical for the areas depicted in parts B through E.
(B, C, D, E) Coronal slices of the brain regions involved in the functional neural network
of autobiographical self-awareness representation. Slices are shown at the level of the most
significant activation: part B (Right BA 10; x = 12, y = 63, z = 8), C1 (Left BA 6; x = -30, y = -4, z
= 46), C2 (Right BA6; x = 30, y = -11, z = 47), D1 (Left BA 7/40; x = -24, y = -45, z = 37), D2 (Right
BA 7/40; x = 28, y = -37, z = 42), E1 (Left BA18/precuneus; x = -8, y = -76, z = 24 and BA19; x =
-44, y = -76, z = 30) and E2 (Right BA18/precuneus; x = 26, y = -62, z = 33 (as indicated with
the small black arrow)). See also table 1. (I and II) Parts I (sagittal view) and II (transaxial
view) show the statistical parametric maps (the glass-brains) of significant areas. Black and
gray lines represent the various brain levels, where the activations depicted in parts B through
E of the figure have their peak significance value. Black lines are used for clusters located in
the right hemisphere, while gray lines are used for clusters in the left hemisphere. The letter R
indicates the right side of the brain.

the precuneus (see figure 5.1.E1 and 5.1.E2). These two bilateral rCBF changes were
accompanied by a single left-sided middle occipital gyrus deactivation in BA 19
(see also figure 5.1.E1).

The area with the most significant increase (when testing the contrast TPSt -
NPSt) of activation is the parietal operculum (PO). This cluster includes the insular
gyrus (IG). Both PO and IG are related to the high emotional mental state in which
TPS remains.

As a unique characteristic of DID, NPS should process the trauma-related mem-
ory script in a similar (presumably non emotional) way as the neutral memory
script. This was tested by comparing NPSn with NPSt. No significant changes in
rCBF were found, as expected. Finally, we tested whether NPS and TPS process
the neutral memory script in a similar autobiographical (non emotional) way by
comparing TPSn with NPSn. Consistent with our hypothesis, no significant voxels
or clusters could be found.

Discussion

Damasio and co-workers (Damasio, 2000; Parvizi and Damasio, 2001) distinguish
between a core self and an autobiographical self. The generation of the core self
is based upon the continuing cerebral representation of one’s momentary body
state. This self has a highly constrained organization and emerges from core

57



Chapter 5 |One brain, two selves

consciousness, which is a simple biological phenomenon. The core self lacks
a sense of the past, i.e. memory, and imagined future, features required for a
sense of autobiographical self. The autobiographical self, which is connected
to autobiographical memories, is more vulnerable to environmental influences.
According to Damasio, DID patients must draw from the same biological resources,
and thus have one core self. However, because autobiographical memories are
subject to distorting environmental influences, they can have different autobi-
ographical selves. Our findings are consistent with the theory of Damasio and
co-workers (Damasio, 2000; Parvizi and Damasio, 2001), that DID patients have
different autobiographical selves.

When comparing the self-referential versus non-self-referential processing of
the trauma-related script (subtraction NPSt - TPSt), we found a network of deacti-
vated brain areas including the right MPFC, the bilateral middle frontal gyrus (BA
6), the visual association (BA 18/19), and the bilateral parietal integration (BA7/40)
areas (see figure 5.1). Interestingly, this deactivation pattern is consistent with
earlier functional imaging reports in normal subjects (Fink et al., 1996; Craik et al.,
1999) exploring autobiographical versus non autobiographical, i.e. self versus non-
self, episodic memory retrieval. This confirms the non-autobiographical manner
in which NPS processes the trauma-related script, supporting the concept of a
different sense of autobiographical self for NPS and TPS within one brain.

The areas found in the posterior association cortices (see also results, figure
5.1.D, figure 5.1.E and table 5.1) are involved in the integration of visual infor-
mation and somatosensory information reflecting the visualization and physical
discomfort when reliving the trauma. Changed perfusion in BA 7/40 was previously
found to be related to differences in sense of self in patients with depersonalization
disorder (Simeon et al., 2000). In addition, the posterior regions (BA 7/40 and the
precuneus) have been suggested to supply information for conscious processing
(Mazoyer et al., 2001; Kjaer et al., 2002). The rCBF changes in the visual association
areas (BA 18 and precuneus) and middle occipital gyrus (BA 19) reflect an inability
of NPS to integrate visual and somatosensory information. This ‘blocking’ of
trauma related information prevents further emotional processing, which reflects
the defense system, as applied by DID patients, to enable them to function in
daily life (Nijenhuis et al., 2002). Thus, the NPS, as compared to TPS, shows
disturbances of parietal and occipital blood flow, suggesting a relatively low level of
somatosensory awareness and integration (Simeon et al., 2000), by suppression of
the (re-)activation of these areas. These results match the clinical depersonalized
features of NPS (Nijenhuis et al., 2002) as well as their subjective responses in the
current experiment.

The MPFC is known to be involved in conscious experiences, self-referential
mental activity (Gusnard et al., 2001) and is involved in the explicit representation
of states of the selves (Frith and Frith, 1999). Especially, the right medial prefrontal
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cortex is indicated to play a crucial rule in the representation of the self-concept
(Craik et al., 1999; Kelley et al., 2002). Our results confirm this self-related func-
tional specialization of the right prefrontal cortex when comparing brain activity in
the NPSt and TPSt conditions. Our unilateral finding in the right prefrontal cortex
(see table 5.1; BA10: medial superior prefrontal cortex; and figure 5.1.B) reflects
differences in autobiographical self-referential information processing (Wheeler
et al., 1997; Craik et al., 1999) particularly during TPS (figure 5.1.A). Additional
responses in the frontal cortex were found bilaterally, as deactivation of the ventral-
medial part of the middle frontal gyrus (BA 6, see figure 5.1.C1 and 5.1.C2 and table
5.1) (Fink et al., 1996; Craik et al., 1999).

With the contrast TPSt - NPSt we were able to explore the interaction of the per-
sonality state of mind and the emotional impact of the autobiographical memory.
The area with the most significant increase of activation is the PO, including the
IG, both of which play a role in regulating emotional and behavioral reaction to
pain (Sawamoto et al., 2000) and other somatosensory cues of distressing nature
(Reiman, 1997). Activation of these areas in TPS as compared to NPS, in reaction
to the trauma related script, thus shows emotional and behavioral dissociation in
DID patients. Insula activation for TPS during autobiographical memory retrieval
may also be attributed to the high emotional impact of the task (Fink et al., 1996).

This conceptual analysis reveals areas which are previously reported to be
involved in neural correlates of human consciousness as involved in resting state
(Mazoyer et al., 2001), sleep (Maquet, 2000), general anesthesia (Fiset et al., 1999),
and recovery from coma after vegetative state (Laureys et al., 1999) and therefore
confirms the involvement of the posterior associative cortices (including the pari-
etal areas), the neural correlates of conscious awareness (Gusnard and Raichle,
2001). Our data confirm the emergence of conscious (TPSt) versus unconscious
(NPSt) experience in the neural network (Fiset et al., 1999; Laureys et al., 1999;
Maquet, 2000; Gusnard and Raichle, 2001) of superior and inferior parietal lobule,
left occipital cortex, precuneus, and frontal brain areas including BA 6 and BA 10.

The few attempts to find cerebral correlates of dissociative disorders in specific
brain areas have generated a wide diversity of results (see for reviews, Nijenhuis
et al. (2002) and Dorahy (2001)). None of these attempts, however, exploited
the unique opportunity to directly compare responses to trauma-related stimuli
in a single patient who can exhibit different, dissociative, personality states. We
have shown that these patients have state-dependent access to autobiographical
affective memories and thus different autobiographical selves. Although it could
be argued that DID patients voluntarily trigger or simulate different (cognitive)
states, this would not be consistent with literature on both the diagnosis and the
treatment of these patients, including the DSM-IV (American Psychiatric Associ-
ation, 1994) and the SCID-D (Steinberg, 1993). Even so, whatever the underlying
mechanism, the DID patients exhibited significantly different state-dependent
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rCBF patterns which closely match current literature on the sense of self and on
(autobiographical) self-awareness. In this context, we conclude that DID patients
are able to remain in two different (personality) states and the observed relation
between different states in DID patients and self holds.

In conclusion, the functional anatomic representation of autobiographical self-
awareness was uniquely explored in patients with dissociative identity disorder.
Our results indicate the possibility of one human brain to generate at least two dis-
tinct states of self-awareness, each with its own access to autobiographical trauma-
related memory, with explicit roles for the MPFC and the posterior associative
cortices in the representation of these different states of consciousness.
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Abstract

Background: Severe traumatization can evolve into dissociative identity disor-
der. Dissociative identity disorder patients have the unique feature of having at
least two identities or dissociative parts of the personality, described as ‘apparently
normal part of the personality’ (ANP) and ‘emotional part of the personality’ (EP).
ANP inhibits access to traumatic memories thereby enabling daily life functioning.
EP is fixated on, and has access and responses to, these memories.

Objective: To test the hypothesis that the two parts of the personality show
different psycho-biological reactions to trauma-related memory.

Methods: We used a symptom provocation paradigm with eleven dissociative
identity disorder patients in a two-by-two factorial design setting, meaning that
both the ANP and EP were exposed to a neutral and a trauma-related memory
script. Three read-out psycho-biological parameters were tested: subjective rat-
ings (emotional and sensori-motor), cardiovascular responses (heart rate, blood
pressure, heart rate variability) and regional cerebral blood flow as determined with
H 15

2 O positron emission tomography.

Results: Psycho-biological differences were found for the different parts of the
personality. Subjective and cardiovascular reactions revealed significant main and
interactions effects. Regional cerebral blood flow data revealed different neural
networks to be associated with processing of neutral and trauma related memory
script by ANP and EP.

Conclusions: Our data support the theory of structural dissociation which states
that patients with dissociative identity disorder encompass at least two different
dissociative parts of the personality. These parts involve different subjective reac-
tions, cardiovascular responses and cerebral activation patterns to trauma-related
memory scripts.

Introduction

Traumatic stress studies have focused on post-traumatic stress disorder (PTSD).
Characteristic cerebral, endocrine, and cardiovascular responses of patients with
PTSD to external stress stimuli have been reported (e.g. Tanev, 2003; Rauch et al.,
2003). Functional neuroimaging of PTSD has revealed abnormalities in func-
tional connectivity, regional volume and regional cerebral blood flow (rCBF) in
several brain structures Tanev (2003); Vermetten and Bremner (2003); Yamasue
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et al. (2003); Lanius et al. (2004). These findings have contributed to the acceptance
of PTSD in psychiatry. However, PTSD is not the only trauma-related disorder.

Dissociative identity disorder (DID, diagnostic and statistical manual (DSM),
edition IV (1994), american psychiatric association (APA) (American Psychiatric As-
sociation, 1994)), is associated with chronic traumatization (Nijenhuis et al., 2002).
Patients with DID encompass two or more distinct identities, i.e. dissociative parts
of the personality (DPP). These parts display different psycho-biological character-
istics that are generally not reproduced by DID-simulating controls (Putnam et al.,
1990; Miller and Triggiano, 1992; Putnam, 1997). Differential responses in DID have
been reported in electrodermal activity (Ludwig et al., 1972; Larmore et al., 1977),
EEG (Mesulam, 1981; Coons et al., 1982; Hughes et al., 1990; Putnam, 1993), visual
evoked potentials (Putnam, 1992), cerebral blood flow (Mathew et al., 1985; Saxe
et al., 1992; Tsai et al., 1999), autonomic nervous system variables (Putnam et al.,
1990), optical variables (Birnbaum and Thomann, 1996), and arousal (Putnam
et al., 1990). Affected brain regions most consistently reported are directly or
indirectly linked with emotional and memory processing (Dorahy, 2001; Nijenhuis
et al., 2002). None of these studies, however, exploit the unique feature of DID
to investigate and compare the response to (trauma-related) stimuli in the same
patients remaining in different DPP.

Myers (Myers, 1940) metaphorically described these alternating patterns in
terms of a split between ‘apparently normal part of the personality’ (ANP) and
‘emotional part of the personality’ (EP). In addition, according to the theory of
structural dissociation of the personality (Nijenhuis et al., 2002), patients with
trauma-related disorders, ranging from PTSD to DID essentially encompass these
two main dissociative parts. Each of the dissociative parts is characterized by its
own pattern of perception, reaction and thinking (see for recent reviews: Nijenhuis
and collegues (Nijenhuis et al., 2002) and Dorahy (Dorahy, 2001)).

As ANP, DID patients concentrate on functioning in daily life. To that end,
this protective part seems to apply a censor mechanism to avoid access to and/or
subsequent processing of at least a part of the painful memories. Thus, ANP may
have a degree of amnesia for traumatic memories ranging from lack of personal-
ization of the traumatic past to total amnesia. EP, i.e. the trauma-associated part
of the personality, is fixated on, and therefore has access and responses to, the
traumatic memories (Van der Kolk and Fisler, 1995). As the treatment progresses,
DID patients learn to evoke switching between ANP and EP in a controlled way.

In a previous study (Reinders et al., 2003, see chapter 5) we tested the idea of
more or less ‘discrete states of consciousness’ (Putnam, 1997) using spatial extent
statistics (Friston et al., 1994). We demonstrated specific changes in localized brain
activity consistent with the ability to generate at least two distinct mental states
of self-awareness. The current study aims to assess how DID patients process
autobiographical neutral and trauma-related memories as ANP and EP, using a
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script-driven symptom provocation paradigm (Rauch et al., 1996) in a two-by-
two factorial design (Friston et al., 1996; Friston, 1997; Price et al., 1997; Price
and Friston, 1997). This set of data allows us to test whether different parts of
the personality in DID involve different patterns of rCBF and if these patterns are
dependent on subjective and autonomic reactions.

We a priori hypothesized that psycho-biological differences exist for ANP and
EP. More specifically, we expected that while listening to the trauma-related mem-
ory script, compared to ANP, EP displays (i) rCBF patterns that mimic emotional
processing in patients with PTSD who re-experience traumatizing events (brain
areas as reported in trauma related literature: Bremner et al., 1999a,b; Lanius et al.,
2001, 2002; Liberzon et al., 1999; Osuch et al., 2001; Pissiota et al., 2002; Rauch
et al., 1996; Reiman et al., 2000; Shin et al., 1999, 2001; Simeon et al., 2000) (ii) more
emotional and sensori-motor reactions, (iii) higher heart rate and blood pressure
and less heart rate variability. Furthermore, (iv) when listening to the trauma-
related memory script, compared to EP, ANP would display perfusion differences
in brain areas associated with inhibition of emotional responses to trauma-related
information and with depersonalization (Simeon et al., 2000). Finally, we assumed
that (v) ANP and EP have similar psycho-biological reactions to memory scripts
involving neutral personal experiences.

Patients and methods

Patients

Patients meeting the DSM-IV American Psychiatric Association (1994) criteria for
DID as operationalized in the structured clinical interview for DSM-IV dissociative
disorders (SCID-D Steinberg (1993)) were invited to participate in the PET investi-
gation, which was approved by the medical ethical committee of the Groningen
university hospital. Their treatment had to have progressed to phase II (Brown
et al., 1998), which involves therapeutic exposure to trauma-related memories.

Patients were capable of self-initiated and self-controlled switching between
ANP and EP in an experimental situation with minimal guidance of the psychother-
apist. The structure of the patients had to encompass (1) at least one DPP with a
subjective sense of age exceeding 10 years and access to at least one trauma-related
memory, i.e. the EP, and (2) at least one DPP who regarded itself as not having
been exposed to the traumatic event due to more or less extensive amnesia and/or
depersonalization, i.e. the ANP (Nijenhuis et al., 2002).

Exclusion criteria were pregnancy, traumatic experiences in a hospital setting,
systemic or neurological illness, and no command of the Dutch language. Eleven
female patients (age range 27-48 years), voluntarily participated in this study.
The patients gave written informed consent to participate in the study after the
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experimental procedure and radiation risks were explained. The therapist and
the patient selected the ANP and EP (only when other DPP did not object) for
participation in the investigation. Both ANP and EP gave informed oral consent
in a session with the therapist.

Stimulus scripts

Studies of PTSD suggest that the provocation stimulus needs to be individualized
and specific for the patient to respond physiologically. Casada and collegues
(Casada et al., 1998) documented that physiologic hyper-responsivity of patients
with PTSD is limited to stimuli closely associated with the inciting traumatizing
event. In the present study, the patients were exposed to neutral personal memo-
ries that EP as well as ANP regarded as personal experiences, and to memories of
traumatizing events that only EP experienced as a personal memory. The patient
offered their specific memories and the therapist cast them in terms of stimulus
descriptions. To limit effects of suggestion, response descriptions were excluded.
One autobiographical trauma-related memory script (MS) and one autobiograph-
ical neutral MS were developed. The trauma-related MS was constructed such
that it would not likely trigger an extreme emotional response. This guideline
was dictated by ethics and the interest that patients would be able to complete
the experimental procedure. After approval of the scripts by one of the principal
investigators, the therapist audio-taped the 120 second scripts in a neutral tone of
voice for playback during the PET investigation.

PET procedure

Each patient habituated to the PET environment a few days or hours before the
PET investigation. Approximately two hours prior to the PET investigation, at
the cardiology department, a continuous ECG registration was started. After the
patient’s return to the PET center a urine sample was obtained to detect potential
illegal drug and concealed medication use. An intravenous line was inserted in the
right arm for administration of the labeled water before placing the patient in the
PET camera. The patient was positioned in the PET camera and was instructed
to lay as quiet as possible. After a bolus injection of 500 MBq of H 15

2 O, for each
scan, 120 second scans were obtained in 3D acquisition mode using a Siemens
ecat exact HR+ PET camera. All scans were corrected for remaining activity using a
30s background correction frame, which was acquired immediately prior to H 15

2 O
injection.

The patients underwent eight emission scans, except one patient, who was
not able to complete the paradigm, and only underwent six scans. Four different
conditions were obtained twice, resulting in eight scans. The complete scanning
sequence was ANPn, ANPt, EPn, EPt, EPn, EPt, ANPn and ANPt. The last minor
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character (n or t) denotes the content of the MS (neutral or trauma-related). The
therapist invited the patient to switch from ANP to EP before the third scan,
and from EP to ANP before the seventh scan. The time interval between each
scan was 15 minutes. However, five additional minutes were reserved for the
switching procedure. When the patient received the bolus injection, the therapist
was instructed to start the audiotape and to mark the ECG to indicate the 120
seconds of symptom provocation. The heart rate variability (HRV) measurements,
registering the inter-beat interval, consisted of a time domain variable, the av-
erage of normal-to-normal time intervals (AVGNN), the high frequency domain
(HF) and high frequency domain in normalized units (HF_nu) as well as the low
frequency domain (LF) and low frequency domain variable in normalized units
(LF_nu), which were calculated over two minute segments and compared with
a baseline measurement (see HRV guidelines (Malik, 1996)). Heart rate vari-
ability analysis was performed using discrete Fourier transformation (Haaksma
et al., 1994). Immediately following the end of the script, the arousal of the
autonomic nervous system was assessed by measuring the blood pressure (systolic
and diastolic) and discrete heart rate frequency. After measuring these autonomic
reactions, the therapist administered a questionnaire, addressing the subjective
emotional and sensori-motor experiences of the patient while listening to the MS.
For the questionnaire each patient rated the severity of sixteen affects and sensori-
motor modalities. Anchor points were provided by the therapist, on separate
subjective 0- to 10-point analog scales, where 0 indicated complete absence and
10 maximum possible for the specified emotion or sensori-motor modality. The
six emotional dimensions consisted of fear, sorrow, sadness, anger, shame and
disgust. With regard to re-experiencing phenomena during the study, each patient
was asked which sensori-motor modalities were involved. The questioned sensori-
motor modalities pertained to visual, kinesthetic, auditory, olfactory, and gustatory
reactions, as well as pain and physical numbness, body stiffening, paralysis and
restlessness.

Image acquisition and data processing

Data acquisition, reconstruction, attenuation correction, spatial transformation
(Friston et al., 1995a), spatial smoothing (Gaussian kernel of 12 mm) and global
normalization were performed as usual (Reinders et al., 2002, 2003, see chapters 4
and 5).

Data analysis: autonomic and subjective reactions

Statistical analysis, missing value analysis and principal component analysis were
performed with SPSS-PC 8.0 (1997). Results with p < 0.05 are reported as sig-
nificant. Within SPSS the two-by-two factorial design was defined with the first
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factor DPP, consisting of the levels ANP and EP, and the second factor was MS,
consisting of the levels neutral and trauma-related. No statistically significant
differences between the initial and repeated measurement were found for the sub-
jective (averaged over emotional and sensori-motor modalities, respectively) and
autonomic reactions, which allows for a within subject condition effects testing
using a repeated measures general linear model.

Data analysis: PET-data

A few patients reported interference among DPP during a small number of scans
and three patients were not free of medication. These interference and medication
effects were tested (see for details: Reinders et al., 2003, i.e. chapter 5) and no
significant rCBF effects were found. A total of 65 scans were statistically analyzed
(17 ANPn, 17 ANPt, 19 EPn and 12 EPt) (Reinders et al., 2003, see chapter 5).

The general linear model (GLM) consisted of three parts: the conditions (ANPn,
ANPt, EPn and EPt), the subjective reactions and the autonomic reactions. To
retain optimal statistical power of SPM, the 25 covariates (16 subjective ratings and
nine cardiovascular measurements) were condensed, using a principal component
analyses (PCA). The variance in the subjective ratings could be described with the
first two principal components (explaining 64 % of the variance) and the variance
in the autonomic reactions could be described with the first three principal compo-
nents (explaining 85 % of the variance) using a threshold of one for the eigenvalues.
This gave the final GLM with the four conditions, the five principal components
as covariate regressors (saving 20 degrees of freedom), and the global cerebral
blood flow (CBF) as a nuisance variable (to covariate out global differences). With
inclusion of the five covariates of interest we were able to examine and account
for the effect of the autonomic and subjective reactions on the rCBF. Using simple
F contrasts, two variance maps were created showing the variance in rCBF which
can be explained by the subjective ratings and autonomic reactions, respectively.

Study design: factorial design

With two stimulus scripts, i.e. neutral and trauma-related MS, which are presented
at two DPP, i.e. ANP and EP, this study represents a two-by-two factorial design (see
figure 6.1) (Friston et al., 1996; Friston, 1997; Friston et al., 1997; Price et al., 1997).

The design allows the assessment of various effects, i.e. main effects (parts 6.1.A
and 6.1.B, both comprising two levels), interaction effects (parts 6.1.C), several pos-
sibilities for simple subtraction analyses (parts 6.1.D and 6.1.E) and conjunction
analyses (parts 6.1.F and 6.1.G).

The calculation of main effects involves collapsing conditions which comprise
the same variable of interest. Subsequently, these are the summation of the
memory script (MS) effect between dissociative parts of the personality (DPP) (for
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Figure 6.1: Overview of the two-by-two factorial design and its corresponding statistical
analyses. For complete characterization of MS evoked DPP dependent rCBF patterns in
DID, regionally specific main effects (figure 6.1.A and 6.1.B), interaction effect (figure 6.1.C),
differences (figure 6.1.D and 6.1.E) and conjunctions (Price and Friston, 1997) (figure 6.1.F
and 6.1.G) are tested. In this figure, the various contrasts and their relations are specified.
DPP = dissociative part of the personality ; MS = memory script ANP = apparently normal
part of the personality ; EP = emotional part of the personality n = neutral memory script
; t = trauma memory script ANPn = apparently normal part of the personality exposed to
the neutral memory script ANPt = apparently normal part of the personality exposed to the
trauma memory script EPn = emotional part of the personality exposed to the neutral memory
script EPt = emotional part of the personality exposed to the trauma memory script

the DPP main effect) and the summation of the MS effect within DPP (for the
MS main effect) respectively. Note that all tests are one-sided, i.e., only positive
differences in rCBF are tested. Therefore, all tests were performed twice, i.e.
the normal contrast to assess positive effects and the inverse contrast to assess
negative effects. To be complete, both contrasts are shown.

Main effects

The DPP main effect (figure 6.1.A) examines brain areas for a significant difference
in rCBF between ANP and EP, irrespective of memory script. Similarly, the MS
main effect (figure 6.1.B) examines brain areas for a significant difference in rCBF
between trauma-related and neutral MS, irrespective of DPP.

Interaction effect

The main effects may exhibit an interaction effect. The observed changes in
rCBF induced by the DPP, may very well be dependent on the memory scripts.
Furthermore, changes in rCBF due to the MS might be connected to the DPP.
This was tested with an interaction analysis, specifically identifying brain areas for
which the effect of one factor (DPP or MS) depends on the other (Friston, 1997).
The corresponding contrasts are shown in figure 6.1.C. Provided that no significant
interaction is observed, our design fulfills the criteria of pure insertion (Friston
et al., 1996; Friston, 1997), which allows the use of simple subtraction analyses.

Simple subtraction analysis

Our main hypotheses were tested using simple subtraction analyses, consisting of
MS effects within DPP (figure 6.1.D) and between DPP (figure 6.1.E). The MS within
DPP examines the existence of a significant change in rCBF between the trauma-
related and neutral MS for either DPP. Similarly, the MS between DPP examines the
existence of a significant change in rCBF between DPP for either memory script.
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Conjunction analysis

Conjunction analysis (Price and Friston, 1997; Price et al., 1997) can identify the
presence of conjointly activated neural networks. The within DPP conjunction
analysis (figure 6.1.F) serves to find brain areas for which there is a consistent
significant difference in rCBF between both memory scripts for each of the DPP. By
using this conjunction analysis we tested our hypothesis that ANP and EP address
two different neural networks when processing trauma-related information. The
between DPP conjunction analysis (figure 6.1.G) serves to find brain areas for
which there is a consistent significant difference in rCBF between both DPP for
each of the memory scripts.

Statistical inference

The significance of rCBF differences was assessed by multiple linear regression
analyses using statistical parametric mapping (SPM99) (Friston et al., 1995b). For
our a priori hypotheses we accepted uncorrected significance levels, i.e. voxel level
of significance uncorrected for multiple testing for the whole brain, of
p < 0.001 (Friston et al., 1991). For the specific subtraction EPt - ANPt (fig-
ure 6.1.E) the statistical threshold was lowered to p < 0.005 uncorrected for ex-
ploration of the a priori hypothesized amygdala regions. Otherwise, when no
a priori hypothesis was available, i.e. main effects and conjunction analysis,
we only accepted (and report) significant areas (corrected p values p < 0.05).
Corrected p values, i.e. corrected for whole brain multiple comparisons, are re-
ported based on false discovery rate statistics as included in the SPM99 package
(www.sph.umich.edu/~nichols/FDR/). Only clusters larger than eight voxels, the
first peak voxel of large clusters and only the most significant finding of a brain
area are reported in the tables. The coordinates were converted from MNI space to
Talairach space (www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html) to be defined
in Brodmann areas (BA) (Talairach and Tournoux, 1988) and their location was
anatomically compared to and described using a second brain atlas (Mai et al.,
1997).

Results
Autonomic and subjective reactions

Statistical results of the autonomic and subjective reactions are presented in table
6.1. Significant changes in heart rate, systolic blood-pressure (diastolic blood-
pressure approached significance), subjective ratings, and the AVGNN HRV vari-
able were found for the DPP.

Similarly, MS showed significant changes in the heart rate, systolic and diastolic
blood-pressure, subjective ratings, and the AVGNN HRV variable. Interaction
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Table 6.1: Factorial statistical analyses of the subjective reactions (emotional and sensori-
motor ratings) and autonomic (discrete heart rate, systolic and diastolic blood pressure and
heart rate variability) measurements. The statistical analyses consist of the two main effects
and the accompanying interaction effect. Statistical values are reported in p values.

DPP MS DPP * MS
Subjective ratings sensory rating < 0.001 < 0.001 < 0.001

emotional rating 0.001 < 0.001 0.001
Autonomic reactions heart rate frequency 0.004 < 0.001 0.009

systolic blood pressure 0.024 0.007 0.026
diastolic blood pressure 0.064 < 0.001 0.135

HRV AVGNN 0.002 0.006 0.007
HF n.s. n.s. n.s.
LF n.s. n.s. n.s.

HF_nu n.s. n.s. n.s.
LF_nu n.s. n.s. n.s.

DPP = dissociative part of the personality
MS = memory script, DPP * MS = interaction effect
HRV = heart rate variability
AVGNN = average of normal-to-normal time intervals
HF = high frequency domain
HF_nu = high frequency domain in normalized units
LF = low frequency domain
LF_nu = low frequency domain variable in normalized units

effects (DPP * MS) were significant for heart rate, systolic blood pressure (diastolic
blood pressure approached significance), subjective ratings, and the AVGNN HRV
variable. Figure 6.2 depicts the significant or near significant interaction effect. The
DPP and MS dependent effects, including the direction, and the averaged values of
the effect are also shown.

Regional cerebral blood flow changes

Covariate data

Variance statistics, using F contrast as applied to the two principal component sets,
did not reveal any areas for which a significant amount of variance is explained
by either the subjective ratings (p > 0.5) or the cardiovascular measurements
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(p > 0.5). Hence, the rCBF condition effects were not contaminated by, and
therefore independent of, suggestibility effects or the arousal of the cardiovascular
system.

Main effects and interaction effect

Results for the main effects are given in table 6.2. Significant rCBF changes for both
the ANP and the EP levels of the DPP main effect, independent of MS, were found.
The brain areas for the ANP level are shown in figure 6.3 in red. The brain areas for
the EP level are shown in figure 6.3 in green. In addition, bar-graphs representing
the direction, i.e. relative increase or decrease, and amplitude of the response
are shown in figure 6.5.A. No significant rCBF changes for the neutral or trauma-
related levels of the MS main effect, independent of DPP, were found. In addition,
no significant increase or decrease in rCBF was found due to an interaction effect
between DPP and MS. Therefore, the requirements for pure insertion are satisfied
validating the analysis by simple subtraction.

MS effects within DPP

The MS effects within DPP are given in table 6.3. For the ANP no significant
increase or decrease in brain activity was found. However, the EP revealed MS
dependent rCBF patterns. The EP showed significant regionally specific increases
and decreases in blood flow when processing the trauma-related MS as compared
to the neutral MS. The corresponding bar-graphs are shown in figure 6.5.B.

MS effects between DPP

The MS effects between DPP are given in table 6.4. The hypothesis that ANP and EP
process the neutral memory script in a similar way, could not be rejected, because
no significant increase or decrease in rCBF was found. Different rCBF patterns
were found for ANP and EP, when processing the trauma-related MS. The rCBF
pattern for EP, compared to ANP, in response to the trauma MS, is depicted in figure
6.4 in green.

The rCBF pattern for ANP, compared to EP, in response to the trauma MS, is de-
picted in figure 6.4 in red. The corresponding bar-graphs are shown in figure 6.5.B.

Conjunction analyses

We found (see table 6.3) that the two DPP are associated with functionally different
neural networks. Applying a conjunction analysis on the within DPP MS effects, no
significant commonalities in rCBF patterns were found between EP and ANP. The
between DPP conjunction (see table 6.4) analysis revealed several brain areas for
which a consistent significant difference in rCBF between both DPP independent
of the memory script is present.
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Table 6.2: Overview of brain areas with statistically significant cerebral blood flow changes
for the main effects as well as the interaction effect. See also figures 6.1.A, 6.1.B, 6.1.C, figure
6.3 and figure 6.5.

L/R x y z t * kE
Main effect MS : t N.S.
Main effect MS : n N.S.
Main effect DPP : EP

Cortical areas
Lateral fissure BA 43 R 69 -11 15 4.79 226

/ Postcentral gyrus
Precentral gyrus BA 6 R 67 5 20 3.99

Sub-cortical areas
Caudate nucleus ‡ L -18 -5 19 5.65 1024
Parietal operculum L -48 -19 16 5.54
Caudate nucleus L -28 -36 13 4.86

(caudal part)
Caudate nucleus R 24 3 18 5.40 560
Putamen R 32 -1 20 4.47
Parietal operculum R 50 -3 22 4.22
Amygdala L -6 -9 -23 4.51 61
Caudate nucleus R 22 -24 18 4.49 94

Other areas
Cerebellum L -6 -42 -26 5.15 113

(ventral-medial part)
Cerebellum R 14 -46 -25 4.22 24

(ventral-medial part)
Total 2102

Main effect DPP : ANP
Cortical areas

IPS (transition SPL/IPL) ‡ BA 7/40 R 28 -37 42 5.67 365
M. Occipital gyrus BA 19 L -44 -74 30 5.66 213
IPS (transition SPL/IPL) BA 7/40 L -28 -47 39 5.60 408
Fusiform gyrus BA 37/19 R 42 -63 -14 5.29 283
M. Frontal gyrus BA 6 L -30 -4 46 5.18 453
S. Parietal lobule BA 7 R 26 -62 34 5.16 286
S. Frontal gyrus BA 8 R 12 38 52 5.14 160
Cingulate gyrus BA 32 R 2 43 3 5.11 900
Cingulate sulcus BA 6/24 R 18 -12 41 5.08 1165

/ S. Frontal gyrus
I. Temporal gyrus BA 37 R 48 -37 -8 4.51 105
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Table 6.2: (continued)

(Pre-) Cuneus BA 18 L -14 -74 26 4.31 395
I. Parietal lobule BA 40 L -61 -41 43 4.29 68
Parahippocampal gyrus BA 35 L -8 -37 -8 4.25 101
M. Occipital gyrus BA 19 L -30 -90 17 4.24 81
Lingual gyrus BA 18 R 14 -78 -8 4.21 207
Parahippocampal gyrus BA 35 R 28 -39 -5 4.13 90
S. Temporal sulcus BA 21 R 63 -8 -6 3.85 30

/ M. Temporal gyrus
I. Temporal sulcus BA 21 R 53 -26 -10 3.71 30

/ M. Temporal gyrus
S. Occipital sulcus BA 19 R 20 -85 41 3.66 14
Precuneus BA 7 L -6 -59 32 3.61 19
Parieto-occipital sulcus BA 7 R 18 -76 37 3.52 18

Sub-cortical areas
Caudatus nucleus L -6 6 0 4.07 46

(ventral part)
External globus pallidus R 22 0 -2 4.00 39
Thalamus / Hypothalamus R 8 -8 0 3.82 27

Total 5503
DPP and MS interaction effects N.S.

* = all reported statistical values: p < 0.05 corrected for multiple comparisons
N.S. = no significant brain areas
L/R = left or right hemisphere ; (x,y,z) = Talairach coordinates in mm
kE = cluster size in voxels ; BA = Brodmann area
DPP = dissociative part of the personality ; MS = memory script
ANP = apparently normal part of the personality ; EP = emotional part of the
personality
n = neutral memory script ; t = trauma memory script
I. = inferior ; M. = middle ; S. = superior
IPS = intraparietal sulcus ; SPL = superior parietal lobule
IPL = inferior parietal lobule
‡= the magnitude and direction of the effect in this voxel is plotted in figure 6.5
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Table 6.3: Overview of brain areas with statistically significant cerebral blood flow changes
for the simple subtractions of memory script effects within the dissociative part of the
personality as well as the corresponding conjunctions. See also figures 6.1.D, 6.1.F and figure
6.5.

L/R x y z t kE
ANPt - ANPn N.S.
ANPn - ANPt N.S.
EPt - EPn

Sub-cortical areas
Parietal operculum ‡ L -48 -19 16 5.54 786
Insular gyrus L -30 -3 20 3.92
Caudate nucleus R 22 1 22 4.32 62
Amygdala L -12 -7 -20 4.31 123
Caudate nucleus (caudal part) L -24 -32 16 4.31 40
Caudate nucleus L -10 1 17 4.11 24
Parietal operculum R 42 -18 27 3.68 10

Other areas
Cerebellum (ventral-medial part) L -6 -42 -26 4.11 32
EPn - EPt

Cortical areas
Fusiform gyrus ‡ BA 19/37 R 40 -59 -16 4.84 276
IPS (transition SPL/IPL) BA 7/40 R 28 -37 42 4.63 111
(Pre-) Cuneus BA 7 L -14 -74 26 4.39 266
IPS (transition SPL/IPL) BA 7/40 L -36 -47 34 4.22 38
S. Occipital sulcus BA 19 R 32 -84 32 4.19 41
S. Temporal sulcus BA 21 R 63 -6 -13 4.07 46

/ M. Temporal gyrus
Precentral gyrus / S. Frontal gyrus BA 6 R 22 -9 52 3.97 92
M. Occipital gyrus BA 19 L -40 -74 30 3.94 24
S. Parietal lobule BA 7 R 24 -64 35 3.91 62
I. Parietal lobule BA 40 L -61 -37 39 3.89 34
Precentral gyrus / S. Frontal gyrus BA 6/4 L -30 -7 48 3.88 51
I. Temporal gyrus BA 20 R 48 -36 -12 3.76 31
IPS (transition SPL/IPL) BA 7/40 L -18 -45 32 3.72 21
Cingulate gyrus BA 31 L -8 -37 42 3.71 22
S. Occipital sulcus BA 19 R 18 -85 41 3.64 11
Conjunction within DPP
(EPt - EPn) & (ANPt - ANPn) N.S.
(EPn - EPt) & (ANPn - ANPt) N.S.
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N.S. = no significant brain areas
L/R = left or right hemisphere ; (x,y,z) = Talairach coordinates in mm
kE = cluster size in voxels ; BA = Brodmann area
ANPn = apparently normal part of the personality exposed to the neutral memory
script
ANPt = apparently normal part of the personality exposed to the trauma memory
script
EPn = emotional part of the personality exposed to the neutral memory script
EPt = emotional part of the personality exposed to the trauma memory script
I. = inferior ; M. = middle ; S. = superior
IPS = intraparietal sulcus ; SPL = superior parietal lobule
IPL = inferior parietal lobule
‡= the magnitude and direction of the effect in this voxel is plotted in figure 6.5

Table 6.4: Overview of brain areas with statistically significant cerebral blood flow changes
for the simple subtractions of memory script effects between the dissociative parts of the
personality as well as the corresponding conjunctions. See also figures 6.1.E, 6.1.G, figure 6.4
and figure 6.5.

L/R x y z t kE
EPn - ANPn N.S.
ANPn - EPn N.S.
EPt - ANPt

Cortical areas
Lateral fissure BA 43 R 69 -11 15 3.89 60

/ Postcentral gyrus
I. Temporal gyrus BA 20 L -55 -33 -29 3.88 18
M. Temporal gyrus BA 21 L -40 -1 -20 3.70 19

Sub-cortical areas
Parietal operculum L -48 -19 16 5.94 * 789
Insular gyrus L -26 -9 19 4.56 *
Caudate nucleus L -14 -1 18 4.51 *
Caudate nucleus R 24 3 18 4.85 * 138
Caudate nucleus L -28 -36 13 4.37 84

(caudal part)
Lateral pulvinar nucleus L -18 -32 13 4.03
Amygdala ‡ L -6 -9 -23 4.32 72
Amygdala ** R 12 -4 -26 3.15 53
Caudate nucleus R 22 -24 18 4.02 26

Other areas
Cerebellum L -6 -42 -26 5.16 * 115
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Table 6.4: (continued)

(ventral-medial part)
Cerebellum (lateral part) L -55 -48 -26 4.04 10
ANPt - EPt

Cortical areas
IPS (transition SPL/IPL) BA 7/40 R 28 -37 42 5.20 * 323
IPS (transition SPL/IPL) BA 7/40 L -24 -45 37 5.19 * 432
M. Occipital gyrus BA 18/19 L -44 -74 30 5.14 * 290
Fusiform gyrus BA 37/19 R 42 -63 -14 5.09 * 210
S. Parietal lobule BA 7 R 26 -62 33 5.02 * 456
S. Occipital sulcus BA 19 R 18 -85 41 4.05 *
S. Frontal gyrus BA 8 R 12 38 52 4.97 * 169
(Pre-)cuneus BA 7/18/19 L -8 -76 24 4.95 * 690
M. Frontal gyrus BA 6 L -30 -4 46 4.85 * 289
Cingulate gyrus BA 32 R 12 63 8 4.53 * 388
Cingulate sulcus BA 6/24 R 30 -11 47 4.52 * 459
Cingulate gyrus BA 31 R 4 19 38 4.48 * 191
S. Temporal sulcus BA 21 R 63 -8 -11 4.36 * 123

/ M. Temporal gyrus
I. Temporal gyrus BA 37 R 48 -37 -8 4.31 * 65
Cingulate gyrus BA 32 R 0 43 3 4.20 * 76
Fusiform gyrus BA 37 R 26 -55 -9 3.85 * 21
I. Parietal lobule BA 40 L -61 -41 43 3.84 * 28
Parahippocampal gyrus ‡ BA 35 R 26 -35 -7 3.81 * 29
Parahippocampal gyrus BA 35 L -10 -47 -3 3.79 * 29
Cingulate gyrus BA 24 L -10 -8 39 3.71 * 17
S. Frontal gyrus BA 6 R 10 -12 78 3.70 * 11
Cingulate sulcus BA 32/24 L -18 10 36 3.61 * 12

/ Cingulate gyrus
Sub-cortical areas

External globus pallidus R 22 0 -2 3.91 * 35
Caudatus nucleus L -8 6 -2 3.70 * 10

(ventral part)
Conjunction between DPP
(EPt-ANPt)&(EPn-ANPn)

Cortical areas
Orbital gyrus (lateral part) BA 11 L -22 51 -19 2.78 * 92
Inferior frontal gyrus BA 47 L -51 30 -17 2.53 * 21

Sub-cortical areas
Caudate nucleus L -18 -5 19 4.11 * 331

84



Results

Table 6.4: (continued)

Caudate nucleus R 20 7 18 3.11 * 1159
Caudate nucleus R 20 -24 20 2.45 * 13

Other areas
Cerebellum R 14 -46 -25 3.11 * 59

(ventral-medial part)
(ANPt-EPt)&(ANPn-EPn)

Cortical areas
Cingulate gyrus BA 32 R 4 43 2 3.41 * 927
IPS (transition SPL/IPL) BA 7/40 L -28 -48 41 3.37 * 99
IPS (transition SPL/IPL) BA 7/40 R 20 -37 42 3.18 * 175
Lingual gyrus BA 18 R 14 -78 -8 3.10 * 342
Parahippocampal gyrus BA 35 L -8 -37 -8 2.93 * 131
Cingulate gyrus BA 24 x 0 -10 41 2.74 * 524
Precentral sulcus BA 6/9 L -38 2 40 2.59 * 100
M. Occipital gyrus BA 19 L -40 -80 32 2.49 * 37
Fusiform gyrus BA 37/19 R 48 -59 -11 2.47 * 219
Parahippocampal gyrus BA 35 R 32 -39 -6 2.44 * 49
I. Parietal lobule BA 40 L -57 -44 46 2.43 * 39
Cingulate gyrus BA 32/24 L -14 10 38 2.38 * 71

Sub-cortical areas
Thalamus / Hypothalamus R 6 -8 0 2.62 * 115
Caudate nucleus L -6 6 2 2.46 * 52

(ventral part)

* = p < 0.05 corrected for multiple comparisons
** = cluster size at threshold p < 0.005 uncorrected
N.S. = no significant brain areas
L/R = left or right hemisphere ; (x, y, z) = Talairach coordinates in mm
kE = cluster size in voxels ; BA = Brodmann area
ANPn = apparently normal part of the personality exposed to the neutral memory
script
ANPt = apparently normal part of the personality exposed to the trauma memory
script
EPn = emotional part of the personality exposed to the neutral memory script
EPt = emotional part of the personality exposed to the trauma memory script
I. = inferior ; M. = middle ; S. = superior
IPS = intraparietal sulcus ; SPL = superior parietal lobule
IPL = inferior parietal lobule
‡= the magnitude and direction of the effect in this voxel is plotted in figure 6.5
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Discussion

The current study–to our knowledge the first to use a symptom provocation para-
digm with DID patients–tested several hypotheses that were derived from the
theory of structural dissociation of the personality (Nijenhuis et al., 2002) in a two-
by-two factorial design (Friston, 1997; Price et al., 1997), with two stimulus scripts
presented to two dissociative parts of the personality. The straightforward way
of modeling the variance in rCBF is to include only the four experimental condi-
tions in the GLM within SPM. However, the autonomic and subjective reactions
showed significant differences, which consequently may cause, at least partly, rCBF
changes. Therefore, the model had to be extended to remove rCBF variance that
can be explained by the autonomic and subjective reactions. Inclusion of these
covariates allows the GLM to fit with more parameters which gives a better overall
model fit of the data. To limit the loss of degrees of freedom, PCA analysis was
used to condense the autonomic and subjective reaction data into five covariates
(see methods). From the variance that is explained by the conditions, we found
different rCBF patterns for different DPP as displayed in figure 6.3. Furthermore,
we found DPP dependent processing of the trauma-related MS as displayed in
figures 6.2 and 6.4. Converging these autonomic and subjective reactions with
the rCBF findings, supports the hypothesis that DID patients exhibit differential
psycho-biological reactions to trauma-related MS, only in the EP.

Autonomic and subjective reactivity

The current results from the autonomic and subjective reactions are consistent
with other studies on PTSD or DID (e.g. Tanev, 2003; Rauch et al., 2003). The signifi-
cant interaction between the factors DPP and MS for the autonomic and subjective
reactions (see table 6.1 and figure 6.2) was not replicated in the rCBF data. This
inconsistency between psycho-physiological and the neuro-physiological data is
well known (see for example: Vuilleumier et al., 2003) but the distinguishing mech-
anisms remains a point of discussion (see also: Friston et al., 1997). Only one
among five HRV variables showed a significant decrease. A lack of power, due to
the short time intervals in which this parameter was determined may explain why
the other four HRV variables did not reach threshold.

Regional cerebral blood flow changes

Main effects

The main effects analyses (table 6.2 and figure 6.3), show significant differences
in the rCBF patterns for the two DPP, but not for MS. The ANP level of the DPP
main effect showed an increase in rCBF relative to the EP level (see figure 6.5).
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For the ANP level a broad functional integration of brain areas was found to be
involved in maintaining relatively unaware of the traumatic past (or even to block
the processing trauma related memory). This supports the theory of structural
dissociation of the personality (Nijenhuis et al., 2002), which considers the ANP
as the part of the personality which avoids the painful past to be able to function in
daily life. To function as an EP only few brain areas appear to be involved (table
6.2). Interestingly, no interaction effect was found, which shows that the rCBF
patterns for the main effects of DPP are indifferent to MS. Therefore we propose
that functioning as a DPP is of a more general nature, i.e. maintaining in a different
brain state, than the effect of MS.

Subtraction analysis

MS effects within DPP

Exposing EP to trauma-related MS was associated with differences in rCBF in
a wide range of sub-cortical areas. The insular cortex (included in the parietal
operculum activation) is preferentially involved in the emotional response to po-
tentially distressing thoughts, interoceptive sensory stimuli, and body sensations,
and operate as an ‘internal alarm center’ (Reiman et al., 2000). Alarming body
sensations promote psycho-physiological arousal, including increased heart rate
frequency and blood pressure and decreased heart rate variability, consistent with
our results (table 6.1). Notably, trauma-related scripts also evoked insular activity
among PTSD patients (Rauch et al., 1996). Thus, in the EP the trauma-related MS
activates somato-sensory and emotionally painful representations. In addition,
differences in rCBF were found in the bilateral caudate nucleus when exposing EP
to trauma-related MS as compared to neutral MS. The basal ganglia, which include
the caudate, play a critical role in motor planning and movement sequencing
(Menon et al., 2000). The basal ganglia are also involved in anxiety (Reiman, 1997),
while the amygdala is well known to be involved in the processing of fear (LeDoux,
2000; Davis and Whalen, 2001). Many brain areas showing significant changes in
blood flow in the current study were also highlighted in women with PTSD exposed
to reminders of their childhood sexual abuse (Shin et al., 1999). In the latter study
(Shin et al., 1999), exposure to trauma-related MS was, among others, associated
with changes in rCBF in visual association cortex, middle temporal gyrus, inferior
and superior parietal lobule, and superior frontal gyrus.

In contrast to EP, ANP processed the trauma-related MS in a similar way as the
neutral MS since no significant changes in rCBF were detected. Therefore, we con-
clude that ANP processed trauma-related MS as if they pertained to neutral(ized)
memories.

87



Chapter 6 |DID

MS effects between DPP

During exposure to trauma-related MS, EP showed more rCBF in areas which are
consistent with subjective reactions and suggests the activation of a neural network
involving traumatic memory-related somato-sensory body representations (right
lateral fissure, BA 43), aversive sensations and emotions including pain, fear, and
panic (amygdala and insula) and perhaps effects of classical conditioning (left
cerebellum Fischer et al. (2000)).

During exposure to trauma-related MS, ANP displayed a pattern of CBF that
mimics the pattern displayed by patients with depersonalization disorder (Simeon
et al., 2000) and patients with PTSD who had negative dissociative symptoms when
exposed to a trauma-related MS (Lanius et al., 2004). Compared with healthy
controls, patients with depersonalization disorder and PTSD patients with negative
dissociative symptoms had more rCBF in two unimodal association areas, i.e.,
precuneus (BA 19, visual association cortex) and parietal area BA 7 which probably
is central to higher order somato-sensory integration (Simeon et al., 2000; Lanius
et al., 2004). Thus, ANP showed parietal and occipital blood flow alterations that
suggest a relatively low level of somato-sensory awareness and integration. These
findings match the clinical features of ANP, as well as their subjective responses and
the lack of sympathetic arousal in the current experiment. These areas also play
an integral role in the regulation of self-awareness and consciousness experience
(Reinders et al., 2003, see chapter 5).

Consistent with our hypothesis, no significant voxels could be found when
testing whether ANP and EP process the neutral MS differently. Hence, both DPP
processed the neutral MS in a similar manner.

Conjunction analysis

The within DPP conjunction analysis did not reveal any brain areas which are
consistently (de-)activated in ANP and EP when comparing the processing of the
neutral and trauma-related MS. These results indicate that the neural networks
sub-serving the two different personality types are to a great extent separate.
Therefore we propose that the two DPP (ANP and EP) are associated with two
functionally different neural networks (Edelman and Tononi, 2000).

This is consistent with the between DPP conjunction analysis, assessing con-
joint differences between ANP and EP independent of text, which revealed several
brain areas. Our interpretation is that these areas are involved in the establishment
of functioning as two distinct dissociative parts of the personality.
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General remarks

We confirmed and objectified the hypothesis that DID is characterized by two or
more DPP, involving different patterns of psycho-biological responses. In addition,
we identified state-dependent differences in cerebral activation patterns following
exposure to trauma-referring autobiographical scripts.

It is unlikely that the current results reflect an experimental artifact considering
the high degree of co-morbidity between DID and PTSD (Boon and Draijer, 1993).
In fact, it is very difficult for non-PTSD patients to simulate physiological responses
of PTSD patients (Orr and Pitman, 1993; Gerardi et al., 1989). Therefore, our
results support the idea that DID and PTSD are related disorders because both
involve psycho-biological structures associated with detachment (ANP) and re-
experiencing traumatic memories (EP).

Skeptics who do not accept DID as an authentic mental disorder could argue
that the current findings result from suggestion and role-playing. Consequently,
suggestibility would most likely affect the subjective ratings. Interestingly, the
variance in the PET data which is explained by these suggestibility effects did not
reach statistical threshold. Therefore, rCBF differences are condition specific and
are not induced by suggestibility effects. In addition, DID-simulating controls
generally were not able to produce psycho-physiological effects equivalent to those
in DID patients (Putnam, 1997). Symptom provocation studies exploring changes
in rCBF patterns in PTSD and DID simulating controls are unavailable to date.
Although we consider it unlikely that the current results would be replicated in such
experiments, it would enable further quantification and objectification of these
disorders. Nevertheless, our findings of differential processing of trauma-related
information by two DPP, holds.

The integrative capacity of the women involved in our study had increased
relative to their condition when their treatment started. This gain allowed them
to enter an advanced phase of treatment dedicated to the integration of traumatic
memories (Brown et al., 1998; Steele et al., 2001). Our findings therefore proba-
bly underestimate, rather than overestimate, the degree of structural dissociation
between ANP and EP.

As Freud already mentioned (Freud, 1891), studying abnormalities in the field
of psychology and psychiatry, can provide us with valuable information about the
brain areas and networks involved in normal functioning subjects (Frith et al.,
1998). Therefore, the present study may also be discussed in view of the psycho-
analytical concepts of Freud. He proposed that the brain may suppress traumatic
memories (Freud, 1966), which is in line with our indication that ANP processes
trauma-related information as if it pertains neutral information, i.e. thereby pro-
tecting the ego. Furthermore, our study can be regarded as an extension of a
recent study in normal volunteers (Anderson et al., 2004). In that study evidence
was presented that suppression of memory could be transferred to other apparent
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unrelated memories. In the present study we show that such mechanisms may
have psycho-pathological consequences.

Conclusions

We conclude that dissociative identity disorder (DID) is characterized by at least
two dissociative parts of the personality. Dissociative parts that inhibit access and
responses to traumatic memories to be able to function in daily life, i.e. ANP, and
dissociative parts fixated on, meaning with access and responses to, traumatic
memories, i.e. EP. These two dissociative parts exhibit different regional cerebral
blood flow patterns as well as autonomic and subjective reactions when exposed
to identical trauma-related stimuli.
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Abstract

The natural environment around us, which is often crowded, cluttered or even
foggy, is subject to a dynamically changing composition of objects and events. The
human brain is continuously perceiving, recognizing and evaluating this dynamic
scene composition. If the perception of degraded visual objects is important, e.g.
in case of potential threat stimuli, the brain should be more sensitive in detecting
these objects from the natural environment. Therefore, reacting to the dynamically
changing environment was hypothesized to involve a robust and quick processing
of salient information, which can either be with or without conscious awareness.
We investigated the dynamics and robustness of perception using pictures of three
salience levels, i.e. fearful faces (most salient), neutral faces (salient) and houses
(non-salient), which are appearing from dynamically decreasing random visual
noise. Stimuli were matched for luminance, contrast, brightness and spatial fre-
quency information. Reaction times show a significantly earlier response for faces
than for houses. Fearful faces were significantly faster detected than neutral faces.
The neural correlates sustaining robust perception were investigated with event-
related functional magnetic resonance imaging (fMRI). The amygdala showed a
significant perception related response for faces, as compared to houses, that
was further enhanced for fearful faces, as compared to neutral faces. Our data
indicate that emotionally salient information processing is (i) mediated by the
amygdala, (ii) more robust than for non-salient stimuli as it shows a significantly
lower perceptual threshold.

Introduction

A few studies directly investigated complex natural stimuli by using film clips to
explore cerebral responses to a dynamic environment (Karama et al., 2002; Eugene
et al., 2003; Levesque et al., 2003; Hasson et al., 2004). However, in a typical
functional neuroimaging study, to identify the neural mechanisms involved in
environmental perception, the brain is monitored when participants view stripped
down and static versions of the environment. When subjects view static pictures or
photographs of objects, scenes, letters or faces in a sequence of frames, the visual
input has a large degree of perceptual clarity and constancy. Clearly, this does not
coincide with a real life scene around us, which is a complex and changing multi-
object scene and might often be crowded, cluttered or even foggy.

In highly controlled experimental settings several visual presentation param-
eters and/or image properties have been manipulated to simulate less optimal
perceptual situations of the visual environment. Techniques like backward mask-
ing (Morris et al., 1998; Whalen et al., 1998; Grill-Spector et al., 2000; Bar et al.,
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2001; Sheline et al., 2001), impoverishment by binarizing images (Dolan et al.,
1997), image segment scrambling (Kanwisher et al., 1997; Epstein and Kanwisher,
1998; Grill-Spector et al., 1998; Kourtzi and Kanwisher, 2000; Rainer et al., 2002),
gradually revealing objects using panels and noise (James et al., 2000), adding
grey-level noise to letters and faces (Tarkiainen et al., 2002) or luminance contrast
manipulation by changing dot density (Kleinschmidt et al., 2002) have been used.
Usually, the (degraded) images are presented in a static and blocked fashion, how-
ever, dynamic stimulus presentation has been used to investigate the dynamics of
object (letters) recognition (Kleinschmidt et al., 2002), or 3-D object recognition
(James et al., 2000).

Despite these studies, the robustness of the visual perception of emotional
salient information as compared to emotional non-salient information in a dy-
namically changing environment is still unknown. Visual information is con-
sciously processed on a cortical level via the striate cortex. However, for the fast
detection of emotional relevant stimuli the amygdala is especially suited (LeDoux,
2000). In addition, it has been proposed that coarse salient information is passed
via a subcortical pathway to the amygdala (Vuilleumier et al., 2003), without ac-
cessing conscious awareness. More specifically, visual information can be passed
to the amygdala through the thalamus, bypassing the visual cortex, via the retinal-
collicular-pulvinar pathway (de Gelder et al., 1999, 2001). Perceiving fear through
this subcortical pathway (Morris et al., 1999; Vuilleumier et al., 2003) allows for a
subconscious response through the amygdala. Thus, a response in the amygdala
can be triggered by fearful faces even when these faces are not consciously per-
ceived (Morris et al., 1998; Whalen et al., 1998).

We continuously monitored brain activity of human volunteers who were look-
ing at a dynamically changing visual stimulus. This stimulus is an intermedi-
ate between a complex moving environmental scene (Hasson et al., 2004) and a
conventional visual mapping study using highly controlled static components of
visual stimuli. We hypothesized (i) that emotionally salient information processing
suffers less from a coarse visual representation, meaning more robust, than non-
emotional salient information processing. Therefore, when appearing from visual
noise, (ii) faces would be perceived more robustly, i.e. with more noise, than
houses, and fearful faces would be perceived with even more noise than neutral
faces. Finally, we hypothesized that the amygdala (iii) plays a prominent role for
detecting emotionally negative, that is fearful, faces and possibly also for neutral
faces (Perrett et al., 1992) and therefore would show activation during the percep-
tual pop-out for faces, and (iv) shows an even stronger pop-out related activation
for fearful faces.
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Materials and methods

Subjects

For this study 17 subjects were recruited, who gave their written informed consent
to participate in the study, which was approved by the local ethics committee. One
subject was excluded due to medication use and one subject was excluded due
to excessive movement during the scanning sessions. The data of the remaining
15 subjects (seven male, eight female) with a mean age of 25.8 years (range 18-36
years) were analyzed.

Stimulus selection

Neutral faces and fearful face images were drawn from the Ekman series of fa-
cial affect (Ekman and Friesen, 1976; Ekman, 1982). House pictures were taken
from standard north European houses of light color and were adjusted to remove
additional distracting information, like trees or fences. All pictures were grey-
scale pictures. The images were cropped so that house height and width was
approximately the same as face height and width.

As previously described (Whalen et al., 1998), a fearful face signals the presence
of danger, but not the source, whereas an angry face represents a direct threat.
Consequently, a fearful face is conceptionalized as a contextual stimulus and
therefore are used in this paradigm. Early functional imaging studies using normal
subjects already found that the processing of negative human facial expressions,
e.g. fearful faces, involves specific participation of the amygdala (Morris et al., 1996;
Breiter et al., 1996; Gur et al., 2002). The amygdala was also found to be involved
in a neural network of fear conditioning (LaBar et al., 1998; Büchel et al., 1998).
Furthermore, the function of the human amygdala has been studied with different
approaches (see for review: Davis and Whalen (2001)).

Neutral faces and houses were chosen as the control stimulus for the fearful
faces. Static visual environmental items presented to subjects often consist of
faces (emotional or non-emotional) and/or objects. These different environmental
categories selectively activate specific focal regions of the brain (see for recent
review: Grill-Spector, 2003). A prominent role of object recognition was attributed
to the ventral visual pathway (Grill-Spector, 2003) and ventral occipito-temporal
brain areas that show a certain degree of specialization, e.g. the fusiform face area
(FFA) for faces (Kanwisher et al., 1997), lateral occipital complex (LOC) for objects
(Kourtzi et al., 2003) and parahippocampal place area (PPA) for houses (Epstein
and Kanwisher, 1998).
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Stimuli

In previous studies, complex manipulations of the physical characteristics of im-
ages have been performed (Fine and Jacobs, 2002), like image contrast manipula-
tion (George et al., 1999; Avidan et al., 2002; Kleinschmidt et al., 2002), frequency
filtering (Gold et al. (1999b); Vuilleumier et al. (2003), which includes review on
behavioral experiments), applying a constant amplitude spectrum (Grill-Spector
et al., 1998) with additional Fourier phase scrambling (Rainer and Miller, 2000;
Rainer et al., 2001), morphing the Fourier amplitude spectrum (Parraga et al., 2000)
or combinations of Gaussian white noise of various spectral densities (Gold et al.,
1999a).

Crucially, we used frequency domain methods (Rainer et al., 2001) to scramble
the phase values of the images and to generate the sequence of 80 pictures of
increasing image information. Our initial stimulus contained only noise, but
gradually a neutral face, a fearful face or a house emerged from the noise (see
figure 7.1). This visual noise has been created by randomizing the phase spectrum
of the images in Fourier space, which results in images with a degree of noise
(giving a cloud-like appearance) related to the ratio of original phase information
and randomized phase (see supplemental material). The Fourier method applied
incorporates that all the noisy pictures for all conditions have the same amplitude
spectrum. More specifically, their amplitude spectrum was approximated by an
f−α function, i.e. a fitted amplitude spectrum (see supplemental material, page
115) in Fourier space using all stimulus pictures, to obtain an averaged amplitude
spectrum. This implies that all pictures (houses and faces) were adjusted to have
the same brightness, luminance and contrast. In addition, at a certain phase
coherence level, the images in all three conditions have the same spatial frequency
information (see supplemental material, page 115).

For decreasing noise levels, we merged the noise image with the original im-
age information. More precisely, on the basis of linear interpolation between
random and natural phase spectrum we have created a range of stimuli, which
start with only visual noise and parametrically increases to an image without
visual noise in approximately 40 seconds. The increase of original phase, i.e.
decrease of noise, followed an exponential function (fraction of original phase is
(e0.025∗p − 1)/(e0.025∗79 − 1) , p ∈ [0, 79]) to ensure a pop-out after two-thirds of
the sequence, i.e. approximately 25 seconds on average. These 80 pictures were
dynamically presented to obtain a gradual smooth rebuilding of the original image
phase values, i.e., the image appeared gradually from dynamically decreasing
random visual noise. Somewhere in the stimulus sequence the subjects became
aware of a house or a face, i.e. the perceptual pop-out, which they had to indicate
with a button press.
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Figure 7.1: One sequence of the stimuli as presented during the fMRI investigation. The upper
left corner depicts the original picture. In the lower right corner the rebuild picture with the
averaged amplitude spectrum is shown.

Visual stimulus presentation

Images of the three conditions (neutral faces, fearful faces and houses) all consisted
of 640 by 480 pixels which are presented on a screen sized in their natural 4:3
ratio. The actual face or house information was presented within the visual focus
of 5 degrees. One run of pictures, from noise to the original image, consisted
of 80 steps. Every picture was presented for 490 ms and the original image was
therefore rebuild in 39.2 seconds. In this stimulus presentation sequence, the first
picture consisted of 100 % noise and contained 0 % original information. The
last picture consisted of 0 % noise and 100 % original information. During the
presentation of the picture sequence of increasing phase-coherence a dot at the
center of the screen, serving as point of fixation, infrequently changed its color,
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which had to be acknowledged by the volunteer by a button press. This additional
task was introduced to keep attention and motor cortex activation at a constant
level throughout each run. Furthermore, volunteers indicated the detection of a
stimulus ‘out of the noise’ (pop-out) by an additional button press. The pop-out
is defined as the perceptual awareness of the stimulus type, i.e. face or house
perception. This task was randomly performed with the right or left hand. Six
sessions were obtained and every session contained ten stimulus presentation
sequences, which were separated by approximately 15 seconds rest.

Magnetic resonance imaging

The neural correlates of robust stimulus detection were investigated using func-
tional magnetic resonance imaging (fMRI). Magnetic resonance scanning was per-
formed on a 1.5 Tesla magnetic resonance imaging (MRI) system (Siemens vision,
Erlangen, Germany). Six sessions were obtained with a total of 271 (one subject
270) fMRI scans (25 axial slices, 3 mm thick slices each, 1 mm gap). A gradient
echo, i.e. echo-planar imaging (EPI), T2∗ sensitive sequence was used to acquire
these scans (TR 2.1 s, echo-time 40 ms, flip angle 90 degrees, matrix 64 x 64), in
descending order. The head was positioned to include the amygdala in a standard
head coil using foam pads. To minimize motion artifacts, the head of the subject
was fixated by vacuum cushions. The first five volumes in each session were
discarded to allow for T1 equilibration effects.

fMRI data pre-processing

Statistical parametric mapping (SPM99) was used for spatial transformation (re-
alignment, normalization and smoothing) and statistical analysis of the single sub-
ject data (Friston et al., 1995b). SPM2 (www.fil.ion.ucl.ac.uk/spm/spm2.html) was
used for the group analysis (random effects model). First, the fMRI time series were
realigned to the mean, to correct for intra-subject’s head movement. Hereafter, all
the scans were transformed into the standard stereo-taxic Montreal neurological
institute (MNI) space (Evans et al., 1993; Friston et al., 1995a) with 7x8x7 non-linear
basis functions and heavy regularization during the normalization procedure. As
a final step in the pre-processing data was spatially smoothed using an isotropic
Gaussian kernel of 11 mm FWHM (Full width at half maximum) to compensate
for residual variability in anatomical localization between subjects after spatial
normalization and to allow for the application of Gaussian random field theory to
address corrected statistical inference. The final voxel size was 3x3x3 mm. A high-
pass frequency filter (cut-off 120s) and corrections for auto-correlation between
scans was applied to the time-series.
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Statistics

Behavioral data

Due to the fact that we had specific a priori hypotheses we used simple one-
sided paired t tests to perform statistical calculations on the behavioral data. We
tested for significant differences in reaction times, due to differences in the pop-
out button press, between houses and faces (the general hypothesis) and neutral
face versus fearful face (the detailed hypothesis).

fMRI data

The significance of task-related region-specific differences in blood oxygenation
level dependent (BOLD) response was assessed using multiple linear regression
analyses (Friston et al., 1995b). Within the general linear model (GLM) the parame-
ters were estimated for each subject with ten regressors, reflecting seven conditions
(see figure 7.2). The first three regressors resembled the perception of a neutral
face, fearful face and a house, i.e. time of pop-out until the end of the trial. The
length of this box-car regressor was variable due to the variability of the time-point
of pop-out (see figure 7.2, part c)). In addition, the condition dependent pop-
out effects were modeled as a simple canonical hemodynamic response function
(HRF) and its time derivative (figure 7.2, part b)), yielding six regressors. Note that
fMRI data was analyzed with respect to the pop-out, i.e., the data analysis was time-
locked on the pop-out. To explain variance which is induced by visual stimulation
or button presses, an extra block regressor (convolved with an HRF and starting at
the first picture and ending at the last picture) was included in the model (figure
7.2, part d)). Therefore the GLM included ten regressors for each subject and
an additional regressor for every session. Both types of faces were compared to
houses. Face stimuli were expected to activate the fusiform gyrus, i.e. fusiform
face area (FFA) (Kanwisher et al., 1997, 1999), and the amygdala (Perrett et al.,
1992; Rolls, 2000). The houses were used as control stimuli, which were expected
to activate parahippocampal brain areas, i.e. parahippocampal place area (PPA)
(Epstein and Kanwisher, 1998; Epstein et al., 1999).

Average contrast images were calculated for each condition (collapsing across
sessions within subjects). These were created by multiplying the contrast vector
(condition specific and repeated for each session) with the accompanying regres-
sors from the design matrix and additionally averaged across sessions. These
single-subject contrast images were then taken to the second level for a one way
ANOVA (within-subjects) group analysis (Friston et al., 1999a,b) in SPM2, which
allows for an appropriate non-sphericity correction (Glaser et al., 2002) for a valid
inference in the group comparisons.
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Figure 7.2: The general linear model (GLM) was estimated with ten regressors (see materials
and methods). For every run, the phase coherence increases from 0% original phase to 100%
original phase, which is shown in part a) of this figure. During this run the image becomes
visible to the subject. At a certain moment the subject perceives the image type, i.e. a face or
a house, which is indicated with the pop-out arrow. This event is modeled with the standard
canonical hemodynamic response function (HRF), depicted in black, accompanied by its time
derivative, depicted in grey (see figure b)). After the pop-out, the subjects consciously perceive
the visual stimulus, which is modeled with an HRF of variable duration, plotted in figure
c). The regressor in figure part d), is a block regressor (convolved with the HRF), to explain
variance which is induced by visual stimulation or button presses.
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T statistics for the assessment of significant BOLD responses were performed,
by setting specific contrasts to the parameter estimates, for testing condition spe-
cific effects on the second level. The resulting statistical parametric maps (SPMs),
referring to the probabilistic behavior within the Gaussian random field theory
(Worsley, 1994), were investigated for hypothesis based activations. In the case of
the amygdala and fusiform gyrus, multiple comparisons correction was performed
within the volume of interest (a sphere with a volume of 3054 mm3 (Filipek et al.,
1994)). For other apparent activations in the brain, i.e. for which we had no a priori
regional hypothesis, multiple comparisons correction was performed for the entire
brain volume analyzed. Therefore, in all cases the statistical values are reported at
p < 0.05 corrected. For presentation purposes cluster thresholds were set to include
the smallest a priori hypothesized area.

Results

Behavioral performance

Reaction times for the perceptual pop-out of the stimuli were calculated from the
beginning of the experiment, i.e. from the first picture containing only noise.
Time until pop-out, as indicated by a button press, for houses was on average
25.99 ± 0.35 s (mean ± s.e.m.). Faces were perceived on average after 23.71 ± 0.34 s
(mean ± s.e.m.). The statistical analysis of the behavioral data revealed a signifi-
cantly earlier detection of emotionally salient images as compared to emotionally
non-salient images (t(14) = 14.56, p < 0.05).

The faces were further divided into neutral and fearful faces and the time
of pop-out was compared. The pop-out for neutral faces was on average after
23.83 ± 0.32 s (mean ± s.e.m.) and the pop-out for fearful faces was on average
after 23.59 ± 0.37 s (mean ± s.e.m.). Both neutral and fearful faces were de-
tected significantly earlier than houses (t(14) = 13.67, p < 0.05 and t(14) = 13.46,
p < 0.05, respectively). More specifically, a comparison of the average pop-out for
fearful faces to the average pop-out for neutral faces shows that the fearful face is
perceived on average 240 ms earlier than the neutral face (see figure 7.3). Although
small, this difference was significant (t(14) = 1.92, p < 0.05).

fMRI data

For the fMRI data analysis three different blocks and three different events per-
tinent to our research question were defined (see figure 7.2). The three blocks
(fearful faces, neutral faces and houses) were defined from the time of the pop-out
until the end of the trial (see figure 7.2 c)) and model the simple full perception of
the visual stimulus from the moment of pop-out until the end of the presentation.
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Figure 7.3: These figures display the behavioral data. The bar graphs represent the button
press in seconds, indicating the perceptual awareness of the image-type, i.e. the pop-out,
plus and minus the standard error of the mean. When testing both faces against houses, a
significant (p < 0.05) earlier response for faces was found, which is shown in the left figure. In
addition, testing fearful faces against neutral faces a significantly (p < 0.05) earlier response
for fearful faces was found, which is shown in the right figure.

In addition, the three single events (fearful face, neutral face and house pop-out)
were modeled by a canonical hemodynamic response function (HRF) and defined
at the moment the volunteer indicated a perceptual pop-out by a button press (see
figure 7.2 b)).

Full perception of faces versus houses

Upon testing for a larger BOLD response for houses as compared to faces, using
the block regressor, bilateral parahippocampal cortex activation was revealed (see
figure 7.4). This activation was accompanied by additional bilateral activation of
the dorsal extra-striate visual cortex (see table 7.1). Upon testing for a larger BOLD
response for perceiving faces than for perceiving houses, using the block regressor,
activation in bilateral fusiform gyrus and bilateral amygdala was identified (see
figure 7.4).

Pop-out

In a second step we identified brain areas that displayed differential transient
responses at the moment of pop-out. Significant pop-out dependent activation for
houses as compared to faces was found in the bilateral parahippocampal cortex
(see figure 7.5, top).
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Figure 7.4: This figure displays brain activation when fully perceiving a houses or a face after
pop-out. a) Axial slice (Z = -15 mm) showing bilateral parahippocampal activation, which is
related to the perception of houses as compared to the perception of faces (p< 0.05 corrected for
multiple comparisons). b) Axial slice (Z = -21 mm) showing bilateral amygdala and bilateral
fusiform gyri, which is related to the perception of faces (neutral and fearful) as compared to
the perception of houses (p < 0.01 uncorrected for multiple comparisons).
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Figure 7.5: Brain activations due to the pop-out event, when detecting a house or a face
appearing from decreasing random visual noise. The upper SPM (part a) ) shows bilateral
parahippocampal area activations, on an axial slice (Z = -18 mm, p < 0,05 corrected for
multiple comparisons) which is related to the detection of houses as compared to the detection
of faces. In part b) the bilateral amygdala responses, related to the detection of faces stimulus
as compared to the detection of houses, are shown in the bottom axial slice (Z = -12 mm,
p < 0.001 uncorrected for multiple comparisons).
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Table 7.1: Summary of the fMRI data results, with coordinates presented in MNI space. t
values are presented under 51.75 degrees of freedom. All p values are corrected for multiple
comparisons. Amygdala and fusiform gyrus activations obtained correction for multiple
comparisons for the volume of interest (see methods).

Brain area L/R x y z t pcorr

Faces > houses
Amygdala L -21 -9 -18 3.55 0.012
Amygdala R 27 -3 -21 3.75 0.007
Fusiform gyrus L -45 -48 -24 3.27 0.023
Fusiform gyrus R 45 -51 -24 4.88 3.02e-04
Houses > faces
Parahippocampal area L -24 -45 -12 9.02 8.19e-08
Parahippocampal area R 30 -42 -15 10.02 2.46e-09
Dorsal extra-striate cortex L -33 -90 21 6.84 1.45e-04
Dorsal extra-striate cortex R 39 -84 21 7.37 2.54e-05
Pop-out faces > houses
Amygdala L -33 -6 -24 4.77 4.26e-04
Amygdala R 27 -12 -12 4.40 0.001
Fusiform gyrus L -45 -42 -24 2.58 0.0971

Fusiform gyrus R 45 -51 -21 3.28 0.023
Pop-out houses > faces
Parahippocampal area L -27 -42 -15 7.39 2.42e-05
Parahippocampal area R 30 -39 -18 8.20 1.54e-06
Pop-out fearful faces > neutral faces
Amygdala L -24 3 -24 3.59 0.011
Amygdala R 12 -6 -27 3.73 0.008

1 = not significant after multiple comparisons correction, only reported because of
contralateral significant activation.
pcorr = p value corrected for multiple comparisons.
L/R = left or right hemisphere ; (x,y,z) = MNI coordinates in mm
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Figure 7.6: Amygdala activation due to the detection of fearful faces, as compared to the
detection of neutral faces. The left amygdala is shown on a coronal slice (Y = 3 mm, p < 0.005
uncorrected for multiple comparisons).

When testing for areas which show a larger pop-out dependent BOLD response
for faces as compared to houses we found strong bilateral amygdala activation
(figure 7.5, bottom), with the peak on the right being located slightly more posterior
(see table 7.1). These activations were accompanied by weaker bilateral fusiform
cortex activation (figure 7.5, bottom). Only the right fusiform activation reached
significance, while the left fusiform cortex activation showed a trend (see table 7.1).

As shown in our behavioral data, fearful faces are detected earlier, i.e. when
embedded in more noise, than neutral faces. The fMRI data was used to identify
the neuronal structures responsible for this effect by comparing pop-out related
activity for fearful faces and for neutral faces. Upon testing for higher BOLD
response, evoked by the pop-out of fearful faces as compared to neutral faces,
bilateral amygdala activation was observed (see table 7.1). Interestingly, there was
no fusiform cortex activation at the same statistical threshold. The activation of the
right amygdala was located more posterior and its peak activation was included in
a larger cluster. The left amygdala activation is depicted in figure 7.6.
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Discussion

In this study, we investigated the robustness of perception by continuously moni-
toring brain activity of human volunteers who were looking at emotionally salient
and emotionally non-salient stimuli, which were appearing slowly from visual
noise. All stimuli (neutral faces, fearful faces and houses) were matched for lu-
minance, contrast, brightness and spatial frequency information and gradually
emerged from dynamically decreasing random visual noise to emulate the dynam-
ics of a noisy environment.

Our behavioral data show that emotionally salient visual stimuli, i.e. faces,
are processed more robustly, that is can be detected when embedded in more
noise, than emotionally non-salient visual stimuli, i.e. houses. Furthermore,
increasing saliency, as is present in faces showing negative emotions like fear,
further increased the robustness of detection. The neural correlates sustaining
robust perception were explored with event-related functional magnetic resonance
imaging. An investigation of transient neuronal signal changes at the pop-out of
each stimulus revealed that the amygdala is only activated when encountering an
emotional stimulus, i.e. face, and is even more activated when the face has a more
salient emotional, i.e. fearful, expression. Previously, it has been found that the
amygdala contains face sensitive neurons (Perrett et al., 1992; Rolls, 2000). Our
findings strongly suggest that it is the amygdala that serves as a robust detector of
emotionally salient stimuli when they are hardly visible.

The moment of recognition, i.e. pop-out, was behaviorally obtained to function
as a marker for robust stimulus detection. Brain areas mediating the full perceptual
awareness and the pop-out were explored using an fMRI blocked and event-related
set-up respectively. The brain activation data showed stimulus dependent activa-
tion patterns consistent with previous studies. We found a face specific perception
and pop-out related activation in the bilateral fusiform gyrus (Kanwisher et al.,
1997, 1999) and in bilateral amygdala. (Perrett et al., 1992; Morris et al., 1996; Breiter
et al., 1996; Rolls, 2000). House stimuli activated the parahippocampal cortex
(Epstein and Kanwisher, 1998; Epstein et al., 1999). Previous studies have shown
that the fusiform gyrus is activated specifically by face perception (Kanwisher
et al., 1997; Vuilleumier et al., 2001). The full perceptual awareness of faces, as
compared houses, revealed bilateral significant fusiform cortex activation, which
was accompanied by weaker bilateral amygdala activation. Interestingly, at the
time of the perceptual pop-out of faces, as compared to houses, the amygdala was
predominantly activated whereas only weaker fusiform activation was observed
(see table 7.1). Although it is hard to argue that an activation is more or less
significant than another significant activation, the results suggest that the pop-
out of faces is more driven by the amygdala and that the amygdala is therefore
specifically involved in the detection of facial stimuli in a dynamically changing
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visual environment. In addition, this finding is supported by the findings of
Vuilleumier and collegues (Vuilleumier et al., 2003) in which the fusiform gyrus was
involved in fine perceptual shape-analysis while it was less sensitive for a coarse
representation of faces, i.e. low-frequency faces, that convey less distinctive facial
traits.

Based on our data we propose that human observers are capable of a more
robust detection when stimuli are emotionally salient. Recent data (Vuilleumier
et al., 2003) indicated that visual inputs to the amygdala might be distinct from
those to ventral extra-striate visual cortex. The amygdala and cortical systems
possibly operate on different subsets of the visual stimulus in terms of spatial
frequency. In that study, the amygdala responses to fearful faces were larger for
low-frequency faces than for high frequency faces, indicating that the subcortical
pathway provides only coarse inputs to the amygdala. Interestingly, our fMRI and
behavioral data supports that the amygdala serves in the robust detection of emo-
tional salient information. It is important to note that our stimuli were matched for
luminance, contrast, brightness and spatial frequency information (Rainer et al.,
2001). In our stimulus configuration the spatial frequency composition of the
stimulus was identical throughout the presentation due to the normalized Fourier
amplitude spectrum. When the phase information grows gradually more coherent
the spatial structure in the stimulus gradually evolves to its original. Nevertheless,
an intermediate image containing X % phase coherence incorporates identical
spatial frequency information for each condition, i.e. fearful face, neutral face,
and house (see supplemental material). This is crucial because other methods of
scrambling also change the spatial frequency information of the image and thus
confound noise level and spatial frequency information.

Recognizing threat and danger out of a noisy visual scene is essential for a
quick defensive response. On the basis of behavioral data we were able to show
that, when subjects view an emotionally salient stimulus coming out of visual
noise, they respond significantly quicker than when an emotionally non-salient
stimulus appears from the noise. In accordance with current theories highlighting
the role of the amygdala in the perception of fear (Le Doux, 1996; LeDoux, 2000), we
found a strong activation in bilateral amygdala at the moment of pop-out for faces.
Importantly, this activation was stronger for fearful faces than for neutral faces.
This finding is in line with hypotheses about a distinguishing perceptual role for
the left posterolateral amygdala during the visual processing of facial expressions
(Breiter et al., 1996).

A recent study using film scripts (Hasson et al., 2004) has shown that brain
activation seems to be linked to observing emotionally salient events in the movie
(Pessoa, 2004). In addition, Hasson and collegues (Hasson et al., 2004) have shown
that response properties from previous fMRI studies, which use controlled exper-
imental situations, are valid for more real life situations (Pessoa, 2004). Therefore,
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we propose that our findings, using constrained visual stimuli in a dynamical
stimulus setting, closely resemble cerebral responses on dynamical natural stimuli.

In conclusion, we explored the neural correlates sustaining robust visual per-
ception using a dynamically changing visual stimulus paradigm and functional
magnetic resonance imaging. Increasing saliency of the visual stimuli increased
the robustness of detection, which was accompanied by bilateral amygdala activa-
tion.
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Image space and Fourier space

A picture of for example an object is built from pixels. In this so called image
space these pixels have certain values for the colors red, green and blue (the RGB-
values). The picture information can be obtained by reading out the RGB values
at some position (x,y). Manipulating the RGB values at position (x,y) changes the
information in image space and gives a different image.

An alternative view is to regard the picture as the result of the superposition of
a set of sinusoidal waves. Each wave has its own phase, amplitude and frequency
characteristics. Multiple waves, all with different frequency, phase and amplitude,
can be combined to represent the picture. For color pictures three sets of waves
(RGB) are required, while for gray-scale images one set is sufficient.

Fourier theory states that in order to describe any picture with width w and
height h using waves, w×h waves with different frequency are required. Both spaces
have the same amount of degrees of freedom: w × h pixels in image space and
w× h frequencies in Fourier (wave) space. Since the picture is two dimensional, the
waves have two frequency components. A matrix, e.g. H, with the same dimensions
as the original picture contains all the required information to describe the picture
in Fourier space. Each element of the matrix H will be a complex number belonging
to one of the w × h waves. Let (i, j) denote the position of the element in the matrix.

1. Amplitude: |H(i, j)|

2. Phase: arg(H)

3. Frequency: fx = i, fy = j, f =
√

f 2
x + f 2

y

In order to construct the Fourier matrix, a Fourier transformation can be uti-
lized. An inverse Fourier transformation translates the Fourier matrix back into the
original image matrix, i.e. the matrix containing the gray values of the pixels. In the
case of color pictures all three components can be treated separately.

Phase spectrum

Images of the same size contain exactly the same frequencies in Fourier space.
However, the amplitude and phase belonging to a certain frequency are in general
different between pictures. The spatial structure information (in image space) is
specified by the phase belonging to the frequencies (the phase spectrum). The
phase spectrum of the Fourier transform of a picture of a house could be replaced
by that of a picture of a face. After inverse Fourier transformation, the picture will
represent a face. The amplitude spectrum merely influences image brightness,
contrast and sharpness.
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Stimulus development

With respect to spatial frequency (f(x,y)), natural images have a characteristic
f−α Fourier amplitude spectrum (van der Schaaf and van Hateren, 1996; Rainer
et al., 2001), i.e., most of the information is contained in the low frequencies
components. Images differ from each other primarily by their phase spectrum
and not in terms of the amplitude spectrum. In (natural) images, the phase
spectra are highly correlated as a result of spatial structures (edges, corners, etc.).
Images with a random phase spectrum have a cloud-like appearance (see figure
7.7). When randomizing a phase spectrum, i.e. scrambling, the specific spatial
structures (edges, corners, etc.) are not present, which can provide us with a
specific form of visual noise. When interpolating the random phase spectrum with
the original phase spectrum, i.e. increase in phase coherence from 0 % to 100 %,
the phase returns to its original values. This also means that while increasing the
phase coherence the correlation in the phase spectra increases as a result of the
increase of spatial structures (edges, corners, etc.). At a certain moment, e.g. at a
phase coherence of X %, a certain amount of spatial structures in the image has
returned. The term ‘spatial frequency information’ is defined as the amount of
spatial structure in the image.

Stimulus development

For all the pictures (houses and faces) the background color was set to one identical
grey-value. As a first step we estimated α from all images used in the experiment,
i.e. faces and houses. Natural images have an characteristic f−α Fourier amplitude
spectrum (van der Schaaf and van Hateren, 1996; Rainer et al., 2001). The ampli-
tude spectrum of natural images can be approximated by:

A = C ∗ f −α (7.1)

in which A is the Fourier amplitude spectrum, C is a scale factor and f the frequency.
The frequency f = 0 is an exception, for which A has the value of the DC compo-
nent). For each of our 30 pictures (ten houses, 10 neutral faces and ten fearful faces)
we obtained the value of α and DC and consecutively averaged these values to get
the average spectrum. More precisely, α of a picture can be obtained by a least-
square-fit through the log-log plot of frequency and amplitude. This procedure
was performed in Fourier space. The value of our averaged α was 1.49. This value
is consistent with the value (α = 1.4) for natural images (Rainer et al., 2001).

The DC-component is defined as the value in the amplitude spectrum belong-
ing to the zero frequency (0,0), i.e. a constant term. Thus, the DC-component is
the ’brightness’ of the picture (a higher value of the DC gives a brighter image) and
is related to the average grey-value/intensity for pixels in the picture, i.e. in image
space. Therefore, the DC component can also be seen as the (averaged of all grey-
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Figure 7.7: One sequence of the stimuli as presented during the fMRI investigation. The upper
left corner depicts the original picture. In the lower right corner the rebuild picture with the
averaged amplitude spectrum is shown.

value in the image)*(size of the image). The scale factor C (in A = C*f−α), indicates
the contrast of an image. A higher value for C gives more contrast.

The second step was to obtain an averaged amplitude spectrum on the basis of
this averaged α. Using the specific mirror symmetric characteristic of an amplitude
spectrum, the α amplitude spectrum was rebuilt using only the first quadrant. The
other three quadrants are mirrored versions of the first. Only even sized pictures
(640×480) were used, therefore zero-frequencies (first row and first column) were
added specifically and are mirror symmetric. The averaged (of our 30 pictures) DC-
component (position f(x,y)=(0,0)) was used to set the brightness. On basis of visual
inspection the scaling factor C, one contrast value for all pictures, was manually set
for naturally looking pictures (see figure 7.8). This averaged amplitude spectrum
was used for all stimulus pictures.
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Picture rebuilding

Figure 7.8: All pictures (houses and faces) have the same fitted amplitude spectrum, as
obtained in Fourier space. This results in identical luminance and contrast for all the pictures
(see also figure 7.9), as presented in the fMRI investigation. In the top row of the figure six
original images are shown (not used during the fMRI investigation). In the bottom row the
same six images are shown, but now with an averaged, i.e. fitted, amplitude spectrum. All
the 30 images were used to obtain this averaged amplitude spectrum. Two neutral faces, two
fearful faces and two houses are depicted.

The third step was to create the scrambled pictures using the α based averaged
amplitude spectrum, as created in step two. In Fourier space, the phase of the
pictures is scrambled. This is done in two steps: creating a random phase spectrum
and combining this with the original natural phase spectrum. The first step was to
create a matrix with random (phase) values. An upper half matrix of uniformly
distributed angles between −π : π was created. Using the point-mirrored-anti-
symmetric phase-spectrum characteristics, in combination with one single mirror
anti-symmetric row and one column of random values, a full Fourier random phase
spectrum was assembled.

Picture rebuilding

After this procedure the original natural phase spectrum and a randomized phase
spectrum were available, which were combined using linear interpolation. The
increase in information was not linear but was an exponential grading, to avoid
too quick detection of the original image. The exponential increase was 0.025 over
the range of 80 pictures:

fraction of original phase =
(e0.025∗p − 1)
(e0.025∗79 − 1)

p ∈ [0, 79] (7.2)

The value of 0.025 for the exponential grading was determined with pilot experi-
ments. Using this value for the exponential the pictures became visible around 2/3
of the sequence presentation.
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To eliminate artifacts in the corners (resulting in white corner-tips) the original
640×480 sized images, were padded with a grey boundary to size 800×600 before
the Fourier transform. After inverse Fourier transformation the image was restored
to the original size. Values of the inverse Fourier transformation outside the stan-
dard grey-value range were clipped to fit in this [0, 255] range. In other words, values
below 0 were put to 0, while values exceeding 255 were set to 255.

The Fourier method applied ensures that all the 80 pictures of the 30 images (ten
houses, ten neutral faces and ten fearful faces) have equal luminance and contrast.
In addition at a certain phase coherence level, the three conditions have equal
spatial frequency information. The controlled physical stimuli characteristics are
depicted in figure 7.9. Controlling these physical items ensures that the responses
of the subjects are not contaminated by contrast dependent responses (Tiippana
and Nasanen, 1999; George et al., 1999; Avidan et al., 2002) or spatial frequency
bandwidth dependent responses (Gold et al., 1999; Nasanen, 1999; Vuilleumier
et al., 2003).

Visual stimulus presentation

Images of the three conditions (neutral face, fearful face and houses) were pre-
sented in their natural 4:3 ratio. The actual face or house information was pre-
sented within the visual focus of 5 degrees. One run of pictures, from noise to the
original image, consisted of 80 steps. Every picture was presented for 490 ms and
was therefore rebuilt in 39.2 seconds. In this stimulus presentation sequence, the
first picture consisted of 100 % noise and contained 0 % original information. The
last picture consisted of 0% noise and 100 % original information (see figure 7.7).
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Figure 7.9: The Fourier method applied incorporates that all the 80 pictures of the 30 images
(ten houses, ten neutral faces and ten fearful faces) have obtained equal luminance and
contrast (see figure 7.8). In addition at a certain phase coherence level, the three conditions
have equal spatial frequency information. The controlled physical stimuli characteristics
are depicted in this figure. The stimulus presentation sequences of 80 pictures of increasing
image information is depicted in the top part of the figure. The increase in phase coherence is
indicated by the black bars. We interpolated the scrambled image with the original image
information to gradually turn back from random phase spectrum to the original phase
spectrum of the image.
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Abstract

Evolutionary survival and procreation are augmented if an individual organism
quickly detects environmental threats and rapidly initiates defensive behavioral re-
actions. Thus, facial emotions signaling a potential threat, e.g. fear or anger, should
be perceived rapidly and automatically, possibly through a subcortical processing
route which includes the amygdala. Using event-related functional magnetic
resonance imaging (fMRI) we investigated the time-course of the response in the
amygdala to neutral and fearful faces, which appear from dynamically decreasing
random visual noise. We aimed to detect differences of the amygdala response be-
tween fearful and neutral faces by estimating the latency of the blood oxygenation
level dependent (BOLD) response. We found that bilateral amygdala-hippocampal
junction activation occurred earlier for fearful than for neutral faces. Our findings
support the theory of a dual route architecture in which the subcortical thalamic-
hippocampal-amygdala route serves fast preconscious threat perception.

Introduction

An essential feature for evolutionary survival is to rapidly acknowledge and re-
spond to a potential threatening object, thereby improving the chances of procre-
ation of an individual. Facial expressions are a particularly salient stimulus that
directly conveys information about the potential harmfulness of the environment.
For the perception of threatening information the brain sustains a dual route
architecture consisting of a slow cortical and a fast subcortical route including the
amygdala (Le Doux, 1996).

The participation of the amygdala in conscious perception of threat-related
stimuli through the cortical route has been demonstrated in early functional neu-
roimaging (Morris et al., 1996; Breiter et al., 1996). This pathway routes information
through primary visual cortex and inferior temporal cortex (IT) to the amygdala
and is important in the evaluation of the emotional salience of the information
(Davis and Whalen, 2001; Pessoa et al., 2002; Sander et al., 2003). These results
obtained from normal subjects are accompanied by data from psychiatric (Rauch
et al., 2000; Sheline et al., 2001) and brain-damaged patients (de Gelder et al., 1999;
Kubota et al., 2000; Vuilleumier et al., 2002). The latter have shown that processing
and recognition of negative facial emotions, especially fear, is impaired in case of
damage to the human amygdala as reported in several patient studies (Adolphs
et al., 1994; Calder et al., 1996; Young et al., 1996; Broks et al., 1998; Adolphs et al.,
1999; Peper et al., 2001).

Using antero- and retrograde tracer techniques animal studies have laid down
structures involved in the subcortical route to the amygdala (LeDoux et al., 1984;
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LeDoux and Farb, 1990). This route relays visual information directly through the
thalamus bypassing visual cortex (LeDoux et al., 1984; Le Doux, 1996; LeDoux,
2000), and provides the hippocampus (Liddell et al., 2004) and the amygdala with
rapid and coarse inputs to allow for a rapid and subconscious assessment (Le Doux,
1996; Morris et al., 1999; Pasley et al., 2004). The amygdala can then trigger
defensive behavioral reactions through amygdala-fugal projections (Davis and Lee,
1998; Lang et al., 1998).

Several techniques exist that confine the processing of visual stimuli in humans
to the subconscious domain. Backward masking (Esteves and Ohman, 1993)
involves the brief, e.g. 30 ms, presentation of an (emotional) target stimulus,
immediately followed by a masking stimulus for a slightly longer duration, e.g .,
170 ms, thus precluding the target from conscious perception. This technique has
been widely employed in psychophysiological (e.g. Esteves et al., 1994; Dimberg
et al., 2000), neuroimaging (Morris et al., 1998a; Whalen et al., 1998; Phillips et al.,
2004) and lesion studies (e.g. Kubota et al., 2000; Gläscher and Adolphs, 2003) and
the findings point toward a robust amygdala involvement during subconscious
processing of emotional stimuli. Binocular rivalry has also been employed as
a technique to study subconscious processing of facial stimuli in the amygdala
(Pasley et al., 2004; Williams et al., 2004). A potential limitation of this technique
is the difficulty to assess the level processing (subconscious or conscious) online
rather than in post-experimental questionnaires (see debates in: Lovibond and
Shanks, 2002; Wiens and Ohman, 2002; Manns et al., 2002; Shanks and Lovibond,
2002).

Degradation of visual stimuli provides another viable way of studying sub-
conscious processing by the amygdala. This technique is especially suitable in
the context of a subcortical route to the amygdala because only coarse stimulus
representations are conveyed through this route (Le Doux, 1996). Furthermore,
different degrees of stimulus degradation allow accurate assessment of the per-
ceptual threshold for conscious perception (Gold et al., 1999; James et al., 2000;
Kleinschmidt et al., 2002). Recently, functional magnetic resonance imaging (fMRI)
studies reported preferential amygdala (Vuilleumier et al., 2003) and fusiform gyrus
activation (Winston et al., 2003) to degraded pictures of facial expressions which
only exhibit a low spatial frequency range, lending support for the hypothesis.

In the previous chapter the neural correlates of robust perception under de-
graded stimulus conditions were assessed by fMRI. Processing of emotionally sali-
ent information was found to suffer less from a coarse visual representation, i.e.
is more robust, than non-emotional salient information when appearing from
dynamically decreasing random visual noise. More specifically, the behavioral
data showed that fearful faces were perceived earlier than neutral faces, suggesting
that biologically salient, e.g. threat-related, stimuli exhibit a perceptual advantage.
In addition, the fMRI data revealed that the amygdala exhibited a significant
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perception related response for faces, as compared to houses that was further
enhanced for fearful faces, as compared to neutral faces.

The goal of the present study was to explore the neurobiological basis for
this perceptual advantage. We hypothesized that, when a stimulus is appearing
from dynamically decreasing random visual noise, activation in the amygdala
is (i) present before conscious pop-out, and (ii) occurs earlier for fearful visual
information, i.e. fearful faces, than for neutral visual information, i.e. neutral
faces. Therefore we investigated the temporal dynamics of fear perception by ex-
ploring the latency of the event-related blood oxygenation level dependent (BOLD)
response (Henson et al., 2002) in the amygdala for fearful faces as compared to
neutral faces.

Methods

Subjects

Seventeen normal subjects participated in the study (approved by the local ethics
committee), after they gave their written informed consent. One subject was
excluded due to medication use and one subject was excluded due to excessive
movement during the scanning sessions. The data of the remaining 15 subjects
(seven male, eight female) with a mean age of 25.8 years (range 18-36 years) were
analyzed.

Stimuli and procedure

Neutral face and fearful face images were drawn from the Ekman series of fa-
cial affect (Ekman and Friesen, 1976; Ekman, 1982). House pictures were taken
from standard north European houses of light color and were adjusted to remove
additional distracting information, like trees or fences. All pictures were grey-
scale pictures. The images were cropped so that house height and width was
approximately the same as face height and width.

We used Fourier methods (Rainer et al., 2001) to generate a sequence of 80 pic-
tures with increasing image information. This frequency domain method ensures
that all stimuli for all conditions were matched for luminance, contrast, brightness
and spatial frequency information. For decreasing noise levels, we linearly inter-
polated between the noise image and the original image information. Images of
the three conditions (neutral faces, fearful faces and houses) had dimensions of
640 by 480 pixels and were presented within the visual focus of 5 degrees. One run
of pictures, from noise to the original image, consisted of 80 pictures. These were
dynamically presented, for 490 ms each, to obtain a gradual smooth rebuilding, i.e.,
the image appeared gradually from dynamically decreasing random visual noise.
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The stimuli initially contained only noise, but gradually a neutral face, a fearful
face or a house picture emerged from the noise. During the presentation of the
picture sequence a dot at the center of the screen, serving as point of fixation,
infrequently changed its color, which had to be acknowledged by the volunteer by
a button press. This additional task was introduced to keep attention and motor
cortex activation at a constant level throughout each run. At a certain point in the
stimulus sequence (approximately after two-third of the sequence on average) the
subjects became aware of a house or a face appearing ‘out of the noise’, which they
had to indicate with an additional button press indicating the perceptual pop-out
(see for more detail chapter 7 and its accompanying supplementary material on
page 115).

Image acquisition

The neural correlates of the perceptual pop-out were investigated using blood oxy-
genation level-dependent (BOLD) functional magnetic resonance imaging (fMRI).
Magnetic resonance scanning was performed on a 1.5 Tesla magnetic resonance
imaging (MRI) system (Siemens vision, Erlangen, Germany). Six sessions were
obtained with a total of 271 (one subject 270) fMRI scans (25 axial slices, 3 mm
thick slices each, 1 mm gap). A gradient echo, i.e. echo-planar imaging (EPI), T2∗

sensitive sequence was used to acquire these scans (TR 2.1 s, echo-time 40 ms, flip
angle 90 degrees, matrix 64 x 64), in descending order. The head was positioned
to include the amygdala in a standard head coil using foam pads. To minimize
motion artifacts, the head of the subject was fixated by vacuum cushions. The first
five volumes in each session were discarded to allow for T1 equilibration effects.

fMRI data pre-processing

Statistical parametric mapping (SPM99) was used for spatial transformation (re-
alignment, normalization and smoothing) of the data (Friston et al., 1995b). FMRI
time series were realigned to the mean, to correct for intra-subject’s head move-
ment. Following, using 7x8x7 non-linear basis functions and heavy regularization
during the normalization procedure, all the scans were transformed into the stan-
dard stereotaxic Montreal neurological institute (MNI) space (Evans et al., 1993;
Friston et al., 1995a). Subsequently, the data were spatially smoothed using an
isotropic Gaussian kernel of 11 mm FWHM (Full width at half maximum) to com-
pensate for residual variability in anatomical localization between subjects and
to allow for the application of Gaussian random field theory to address corrected
statistical inference (Worsley, 1994). The final voxel size was 3x3x3 mm. A high-
pass frequency filter (cut-off 120s) and corrections for auto-correlation between
scans was applied to the time-series.

127



Chapter 8 |Detecting fear

1 45 46 48 49 50 51 52 8047

Picture number

Neutral

Fearful

Neutral
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Figure 8.1: Stimuli examples around the moment of pop-out. The moment of pop-out
as indicated with a button-press by the subjects, who perceive the stimulus sequence of 80
pictures in a movie-like manner. At the top of the figure four stimulus examples are given. For
two faces the pictures of the scrambled neutral and fearful expressions, around the moment of
pop-out (on average 49.12 (± 0.64 s.e.m.) and 48.59 (± 0.76 s.e.m.), respectively), are displayed.
Additionally, the fully scrambled picture (picture 1) and the non-scrambled version are shown
(picture 80).

Statistical analysis

In the sequence of 80 pictures the picture number at the moment of pop-out
button press was obtained for neutral faces and fearful faces (see figure 8.1).
These behavioral data were statistically tested for significant differences in picture
perception between neutral and fearful face using a one-sided t test.

The subject specific general linear model (GLM) (Friston et al., 1995b) included
ten regressors (see also chapter 7). To explain variance which is induced by visual
stimulation or button presses, to color changes of the fixation dot, a block regressor
(convolved with an HRF and starting at the first picture and ending at the last
picture) was included. Furthermore, the fMRI data was analyzed with respect to
the pop-out, i.e., the data analysis was time-locked to the pop-out. We included
three block regressors (of variable duration) resembling the full perception of a
neutral face, fearful face and a house, from time of pop-out until the end of the trial.
Furthermore, we convolved the onset of conscious perception for each individual
stimulus, i.e. the perceptual pop-out, as determined by the subject and trial
specific button presses, with a canonical hemodynamic response function (HRF)
(Friston et al., 1998) and entered it as a regressor in the design matrix. Additionally,
the temporal derivative (TD) was included to calculate latency differences (Henson
et al., 2002, see below). The stimulus and pop-out dependent HRF and TD incor-
porate six regressors in total in the design matrix. Because we tailored the design
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matrix to the perceptual pop-out for each stimulus and subject separately, we are
able to compare latency differences regardless of the appearance of the pop-out
within the trial.

Latency estimation

In addition, SPM2 (www.fil.ion.ucl.ac.uk/spm/spm2.html) was used for the group
analysis (random effects model) to allow for an appropriate non-sphericity cor-
rection (Glaser et al., 2002). Parameter estimate (beta) images were obtained for
full perception, pop-out, and time-derivative for all three conditions (collapsing
across sessions, within subjects) and used at the second level analysis and latency
estimation. To explore early amygdala activation, latency effects were calculated
on the basis of the method as presented by Henson and colleagues (Henson et al.,
2002) for both neutral and fearful faces. In this framework, the assessment of
latency differences from derivative parameters is dependent on the canonical HRF
parameter estimates, in both sign and magnitude. We used the (approximately)
sigmoidal logistic function 2C/(1 + exp(D(β2β1)) − C (where C = 1.78, D = 3.10)
to obtain the latency of the BOLD response in seconds at each voxel. β1 is the
parameter estimate for the HRF. β2 is the parameter estimate for the TD. Positive
values of β2 indicate an earlier hemodynamic response and negative β2 a later
hemodynamic response (for more details, see Henson et al., 2002). Using this
equation, timing values are not contaminated by amplitude differences of the
BOLD response. By modeling the condition dependent moment of conscious
perception, i.e. pop-out, with the HRF and its TD, we were able to assess the latency
of the pop-out BOLD response relative to the pop-out, i.e. independent of when the
pop-out appeared for each subject within each trial.

Latency maps, with respect to the moment of pop-out, were calculated for
both neutral and fearful faces, for each subject separately, and smoothed with
an 11-mm full-width-at-half-maximum (FWHM) isotropic Gaussian kernel. In
SPM, these latency maps were entered into a paired t test to test for significant
latency differences between fearful versus neutral face stimuli across subjects. We
restricted this comparison to the relevant voxels by masking the t test with the
result of a second level differential contrast, which compared the pop-out effects
of all faces versus houses. Considering that latency analyses are limited to the face
stimuli and bilateral amygdala activations, due to our specific a priori hypotheses,
we used an uncorrected threshold of p < 0.001 during the creation of the mask.
This provides us with amygdala regions in which the canonical HRF explained a
significant amount of variance due to face stimuli (note that latency calculations
are dependent on the existence of the BOLD response). In the latency SPMs,
correction for multiple comparisons was performed for the amygdala volume
(using a sphere, centered at the peak activation voxel, with a volume of 3054 mm3

(Filipek et al., 1994)).
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Table 8.1: Statistical results of the behavioral data for the moment of pop-out in picture-
number.

Data mean (pic) s.e.m. (pic)
Neutral face 49.12 0.64
Fearful face 48.59 0.76

t tests t14 p
Fearful face < neutral face 2.07 0.03

s.e.m. = standard error of the mean
pic = picture number

After statistical testing, mean estimated latency maps were calculated for neu-
tral and fearful faces, respectively. From these mean estimated latency maps
(in seconds) we extracted the latency in the most significant latency peak voxels
for neutral and fearful face respectively. Subsequently, latency differences were
calculated by subtracting the mean neutral latency shift from the mean fearful
latency shift in the most significant latency peak voxels.

Results

Behavioral data

The average picture number at the moment of pop-out for fearful faces was 48.59
(± 0.76 s.e.m.). The average picture number at the moment of pop-out for neutral
faces was 49.12 (± 0.64 s.e.m.). Statistical testing of picture number pop-out
revealed that the fearful face is perceived significantly earlier than the neutral face
(t(14) = 2.07, p < 0.05). The pop-out related picture number statistics are given in
table 8.1.

Latency responses

The right amygdala-hippocampal junction ((x,y,z) = 27,-15,-6) showed a signifi-
cantly earlier response for fearful faces as compared to neutral faces. A trend
was found in the left amygdala-hippocampal junction ((x,y,z) = -27,-12,-9), which
showed a comparable response (see table 8.2). The bilateral significant latency shift
of fearful versus neutral faces, are shown in figure 8.2. The accompanying onset
differences in the BOLD responses are also depicted in figure 8.2 (left and right
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Table 8.2: Statistical results of latency of the BOLD response in the functional imaging data.
Latency calculations of the BOLD response were performed with respect to the moment of
conscious awareness of the stimulus category, i.e. a house of a face. Amygdala activation
prior to the conscious pop-out button press, as revealed by the latency analysis, was defined as
preconscious amygdala activation. Coordinates are presented in MNI space. T values of the
amygdala-hippocampal junction are presented with 51.75 degrees of freedom, i.e. the number
of degrees of freedom in the second level analyses, and p values are corrected for multiple
comparisons in the amygdala region. Latency differences in seconds in the amygdala regions
were obtained by subtracting the mean estimated neutral latency from the mean estimated
fearful latency.

Brain area L/R x y z t51.75 pcorr Latency difference
Amyg-Hi R 27 -15 -6 3.18 0.043 - 765 ms
Amyg-Hi L -27 -12 -9 2.49 0.110∗ - 532 ms

∗p = not significant after multiple comparisons correction, reported because of
contralateral significant activation.
L/R = left or right hemisphere ; (x,y,z) = MNI coordinates in mm
Amyg-Hi = amygdala-hippocampal junction

side). Note that the data analysis was time-locked to the pop-out, i.e. independent
of when the pop-out appeared for each subject within each trial.

In addition, latency differences in seconds between neutral and fearful faces
in the bilateral amygdala-hippocampal junction were obtained (see table 8.2). For
the right amygdala-hippocampal junction (x, y, z = 27, -15, -6) the mean estimated
latency difference is on average -765 milliseconds, i.e. earlier for fearful faces than
for neutral faces. For the left amygdala-hippocampal junction (x, y, z = -27, -12, -9)
the mean estimated latency difference is -532 milliseconds, i.e. earlier for fearful
faces than for neutral faces.
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Discussion

In this study we investigated the neurobiological substrate of the emergence of
conscious perception of biologically salient stimuli. Fearful and neutral faces
appeared from dynamically decreasing random visual noise and were matched
for luminance, contrast, brightness and spatial frequency information. We found
latency differences between neutral and fearful faces of the evoked event-related
BOLD responses around the moment of conscious perception: the latency of the
BOLD response in the bilateral amygdala-hippocampal junction was found to be
more than half a second earlier for fearful faces than for neutral faces.

The location of the latency of the BOLD response in bilateral amygdala (see
table 8.2) is more posterior located than the amygdala activation involved in con-
scious fear perception, which is more anteriorly located (left amygdala
((x,y,z) = -24,3,-24), right amygdala ((x,y,z) = 12,-6,-27) (see chapter 7). Rather
the location of the latency difference lies in the transition of the amygdala to the
hippocampus, i.e. in the amygdala-hippocampal junction. Other studies have
noticed the involvement of both amygdala and hippocampus in the (conscious)
recognition of fear-related stimuli. For example, the process of recognizing fear
might involve hippocampal dependent retrieval of fear relevant memory (LeDoux,
2000). This is supported by amygdala-hippocampal activations in aversive condi-
tioning (Büchel et al., 1999) and other types of aversive learning (Peper et al., 2001).
Recently, amygdala-hippocampal border activation was found to be activated in
conscious perception of fearful faces (Critchley et al., 2000; Hempel et al., 2003;
Phillips et al., 2004). Furthermore, animal studies have proposed the possibility
that the hippocampus controls fear and anxiety independent of learning, i.e.,
the hippocampus may specifically influence some types of defensive fear-related
behavior (Antoniadis and McDonald, 2001; Kjelstrup et al., 2002). These findings fit
our amygdala-hippocampal response to unconditioned perception of fear. Amyg-
dala and hippocampus also play a role in discriminating the emotional valence
of faces (Gur et al., 2002). This concept of the amygdala-hippocampal junction
is consistent with our finding that the recognition of a fearful face precedes its
conscious awareness. Therefore, our findings support the hypothesis that the
amygdala-hippocampal junction is a component of a neural network which is
involved in the context dependent recognition of fear.

When assessing latency differences it is important to acknowledge the fact that
the relationship between the detected hemodynamic response and real underlying
neural activity is indirect. We are aware of the fact that fMRI only measures
neuronal response indirectly. As discussed by Henson and colleagues (Henson
et al., 2002) a difference in BOLD latency can be derived from a difference in the
onset of neural activity or a difference in duration (with simultaneous onsets)
of neural activity. As described in the methods section the BOLD response due
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to the neural activity for full perception, i.e. from the moment of conscious
awareness to the last picture presentation, is included in the GLM to capture
signal changes initiated by a prolonged neural activity arising in the moment of
conscious perception. However, our latency differences were derived from the
event regressors (HRF and TD) that were aligned with the moment of pop-out.
This regressor models hemodynamic correlates of neural transients around and
prior to the emergence of conscious perception. Thus, neural activation prior to
‘conscious’ amygdala activation will induce a ‘preconscious’ BOLD response. This
‘preconscious’ activation manifests itself in a latency shift that is modeled by the
time-derivative regressor in the GLM. Considering these aspects, we propose that
our results coincide with an earlier onset of neuronal activation in the amygdala-
hippocampal junction. Since the neuro-vascular coupling should be constant in
a single region (see for review: Arthurs and Boniface, 2002), we suggest that the
underlying neuronal activity in the amygdala appears earlier when perceiving a
fearful face appearing through random visual noise as compared to neuronal ac-
tivity when perceiving a neutral face. Interestingly, direct neuronal measurements,
i.e. single neuron activity recordings, in the human hippocampus and amygdala
during the recognition of faces (Fried et al., 1997) reflect the importance of both the
amygdala and hippocampus in the processing of facial expressions. Although these
findings of Fried and colleagues were not fear specific they indicate an amygdala-
hippocampal interaction in the recognition of faces.

From an evolutionary point of view a potential threatening object should be
rapidly acknowledged thereby initiating a defensive response. It has been proposed
that this initiation of a defensive (motor) response involves subconscious per-
ception through a fast subcortical route including the amygdala (Le Doux, 1996).
Subconscious perception through this direct subcortical pathway can effectively
be studied using backward stimulus masking (Esteves and Ohman, 1993). Facial
emotions signaling potential threat, e.g. fear or anger, have been studied in early
skin conductance studies, which have revealed that masked fear related targets
elicit an emotional response from subjects without conscious perception (Esteves
et al., 1994). Subsequent functional imaging studies, both positron emission
tomography (PET) and functional magnetic resonance imaging (fMRI), have re-
vealed that the amygdala responds without the subject being explicitly aware of
the facial emotions signaling potential threat (Morris et al., 1998b; Whalen et al.,
1998; Morris et al., 1999, 2001; Pasley et al., 2004). Besides the good spatial but low
temporal resolution of PET and fMRI, event-related brain potential (ERP) and mag-
netoencephalography (MEG) studies investigated the time-course of conscious
and subconscious perception in the amygdala (Streit et al., 2003; Liddell et al.,
2004). ERP time courses show a dissociation between subconscious and conscious
perception of threat related stimuli, i.e. fearful faces versus neutral faces (Liddell
et al., 2004). MEG time courses have also shown an earlier and stronger effect in the
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amygdala to emotional faces (Streit et al., 2003). These temporal correlate studies
support the dual route model for the subconscious and conscious perception of
emotional stimuli (Shevrin, 2001).

A recent study (Pasley et al., 2004) questions, among others, these empirical
data on the functional significance of the subcortical pathway. The authors discuss
that the cortical route, which includes the inferior temporal cortex (IT), can not be
excluded from (i) subconscious amygdala activation in a blindsight patient (Morris
et al., 2001; Goebel et al., 2001) or from (ii) passing information to the amygdala
in masking studies (Morris et al., 1998b; Whalen et al., 1998), because IT retains
information despite masking (Rolls, 1999). Addressing this controversy Pasley and
colleagues measured brain activity in response to fearful faces in a binocular rivalry
paradigm. In line with previous findings they support the double dissociation
theory of subconscious and conscious perception of threat related stimuli. Using
binocular rivalry it is shown that amygdala activation can occur without input from
IT and appears to be mediated by the subcortical route (Pasley et al., 2004).

The results in table 8.1 demonstrate an earlier conscious behavioral response
for fearful faces than for neutral faces. This shows that fearful faces are recognized
earlier, i.e. through a more coarse representation (see chapter 7). Despite time
locking to the conscious pop-out we additionally found early amygdala activation,
by investigating the latency of the BOLD response. The bias for processing fear-
and threat-related information in the amygdala (Adolphs, 2002) entails an earlier
detection of this information, i.e., the neural activity arises earlier with a more
coarse representation of the visual stimulus. However, this earlier detection does
not imply that visual information concerning fearful faces reaches the amygdala
earlier than for neutral faces because all visual information is processed via both
subcortical and cortical routes. In addition to an earlier conscious response we
therefore propose that the detection processes in the amygdala have an even
lower threshold for fearful than for neutral faces, which generates a preconscious
response in the amygdala-hippocampal junction leading to the observed latency
difference between fearful and neutral faces. Therefore, our results show an earlier
preconscious amygdala activation for fearful faces than for neutral faces. More
specifically, we propose that this preconscious amygdala activation for threat-
related information emerges through the thalamic-hippocampal-amygdala sub-
conscious processing route (Liddell et al., 2004). Consequently, our results support
the double dissociation theory of preconscious and conscious perception of threat
related stimuli (Pasley et al., 2004).

In conclusion, we have shown on basis of the fMRI BOLD response that the
amygdala preconsciously activates on perceiving fearful faces. In addition, our
data proposes involvement of the thalamic-hippocampal-amygdala subcortical
route for a preconscious and rapid amygdala response to threat-related stimuli.
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9

Discussion & Perspectives

In this final chapter some critical issues are discussed that might shape future
research in which neuroimaging is used as a tool for psychiatric research. Several
theoretical and mathematical models are described, which in the future hopefully
will enhance our insights into mental functioning in psychiatric disorders. It is this
basic conviction that has shaped this thesis and has been its main focus: that in
order to increase our understanding of normal and abnormal mental functioning,
carefully designed experiments have to be chosen, combined with a constant
need for methodological and mathematical refinement. Furthermore, this chapter
includes a short review on theoretical connectivity literature.

In chapter 1 data collection and analysis in functional neuroimaging was in-
troduced. Chapters 3 and 4 of this thesis reported the methodological refinement
of PET data reconstruction. In particular, chapter 3 described an alternative data
reconstruction method which has the potential to increase the statistical power
in H 15

2 O-PET activation studies, while in chapter 4 an alternative attenuation
correction was presented. The latter approach showed a reduction in motion
artifacts which is beneficial for data interpretation and signal to noise ratio. This
method was applied to the data in chapters 5 and 6. Chapter 5 described a
philosophical approach (den Boer, 2003) of conscious awareness in dissociative
identity disorder (DID) patients. Chapter 6 fully described the results of the study
within a two-by-two factorial design setting. Chapters 7 and 8 used the high
temporal resolution of fMRI to study the robustness of perception and the moment
of conscious awareness in an event-related manner.

The functional studies in this thesis (chapters 5, 6, 7 and 8) test hypothesized
differences in regional cerebral activity by creating statistical parametric maps
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(SPMs). This approach is based on the concept of functional localization, which
was briefly introduced in chapter 2. Functional localization implies that a function
can be localized in one segregated brain area. However, one function can also be
distributed over several segregated brain areas.

By studying the interactions between these segregated brain areas the func-
tional integration of the brain can be assessed, in other words, how and which
brain areas work together to accomplish a particular function. The concept of
functional integration acknowledges that the brain needs to integrate (neural)
information locally and globally to enable human behavior. For example, during
higher cognitive functions a fast integration of information is required between
different segregated sensory, motor and cognitive domains. These converging in-
teractions from distributed neural networks are the basis for connectivity analysis
in neuroimaging data.

The focus of most neuroimaging research is on the aspects of functional lo-
calization (Petersson et al., 1999b) due to using statistical parametric mapping
(SPM) (Penny et al., 2001). However, a more interesting approach is to extend this
research to determine which brain areas are activated during a task and explore
the functional neural network and their relative connection strengths. In other
words: which brain areas are activated and how do these brain areas interact to
constitute a functional network. In the remainder of this chapter several options
in the context of functional and effective connectivity data analysis are offered,
moving away from the standard ‘hot spot’ approach and addressing functional
neuroimaging data analysis in terms of functional networks (Petersson et al., 1999a;
Sporns et al., 2000; Friston et al., 2003). Throughout this chapter, future per-
spectives in the context of functional network data analysis methods are given,
incorporating the studies of chapters 5 to 8, to allow for an approach which assigns
functional meaning to biological neural networks (Tononi et al., 1999; Laughlini
and Sejnowski, 2003).

From local to global human brain functioning

Brain functions can be arranged in a hierarchy of complexity. The more vital
a function is for survival the higher the degree of localization, i.e. lower in the
hierarchy. Basic functions like respiration, blood pressure and heart rate regu-
lation are vital functions, which are localized and mediated in nuclei within the
brainstem. Further up in the hierarchy, the cerebral cortex becomes involved.
At this level the brain functions are localized in specialized brain areas. Most
sensory brain functions are functionally specialized, for example vision in the
visual cortex or hearing in the auditory cortex. Higher up in the hierarchy of brain
functions, multiple brain areas usually become involved. Emotion regulation can
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involve multiple brain areas, e.g. prefrontal cortex and the limbic system (Dolan,
2002). However, in case of the basic vital defense mechanisms an emotional
response is mediated by, that is localized in, the amygdala (LeDoux, 2000). On
the other hand, higher cognitive functions are never localized. Mental functions,
like abstract reasoning or decision making, involve integration of information
through a connected network of a large number of segregated brain areas (Cabeza
and Nyberg, 2000; Loeb and Poggio, 2002). The most complex function of the
human brain is conscious experience, which depends on recurrent neural activity
in the thalamic-cortical system, the so-called ‘dynamic core’ (Tononi and Edelman,
1998). More specifically, the number of brain areas involved in the execution of a
brain function is related to the complexity of this brain function. The complexity of
the mathematical model describing the relation among brain areas increases with
increasing brain function complexity.

The neural correlates of consciousness are highly integrated and highly differ-
entiated. High integration of a conscious experience can be measured with for
example functional clustering (see page 148, included in the section in which func-
tional connectivity methods are reviewed). Highly differentiated neural processes
are defined within a functional connected system (see page 146), for example
a functional cluster (see page 148), involving neural complexity (Tononi et al.,
1994; Sporns et al., 2000; den Boer, 2003). Neuronal complexity measures to what
degree the process is differentiated, i.e. subdivided into different subsets or neural
states (Tononi and Edelman, 1998). Interaction strengths and directions between
the connected areas in a neural state can be explored with effective connectivity
methods (see page 149).

The data in chapter 5 and chapter 6 are of interest for studying the neural
correlates of consciousness. In chapter 5 two states of conscious awareness were
under investigation. In the first conscious state trauma related information was not
integrated into conscious awareness. The second conscious state allowed trauma
related information to be integrated in conscious awareness. In addition, the data
in chapters 7 and 8 can also be analyzed in this context. This study also includes
two conscious states, namely the period prior to pop-out and the period post
pop-out.

Functional organization of the brain

The brain exhibits two types of functional organization: functional segregation and
functional integration (Friston, 1994; Tononi et al., 1994; Friston, 1997a; Sporns
et al., 2000). The distinction between functional segregation and functional inte-
gration involves the distinction between localization and (dis-)connections (Fris-
ton, 1994, 1997a). Functional segregation does not inform about the presence or
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absence of connections between activated brain areas, whereas functional inte-
gration concerns the connections between functionally segregated areas and is
defined by functional or effective connectivity (see for definition page 145). Figure
9.1 displays the hierarchy of the functional organization of the brain.

Brain function

Functional segregation

Functional integrationAnatomical connectivity

Functional connectivityEffective connectivity

Functional localization

Figure 9.1: The brain function under investigation can be localized in a single cortical
area (functional localization) or be localized in several segregated brain areas (functional
segregation). Several functionally localized brain areas, or functional segregated brain areas,
might need to cooperate to display behavior (functional integration). Therefore, brain
areas need to be anatomically connected directly or indirectly (anatomical connectivity).
Functional connectivity determines the correlation between the activity in different brain
areas. However, this method does not inform whether brain areas are (directly or indirectly)
anatomically connected. Nor does it give any insight into the nature of the connections and
their strength. Functional integration analyses using effective connectivity methods inform
about the time-independent and causal connections on the basis of a mathematical and a
neuroanatomical model (see page 149). Effective connectivity strengths provide information
about the functionally interacting networks. Note that functional connectivity may assist in
the selection of areas of interest for effective connectivity analysis.
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Functional localization

Functional localization and functional segregation refer to different concepts.
Functional localization implies that a function can be specifically localized in one
segregated cortical area. Functional neuroimaging data are three dimensional data
consisting of voxels that contain the activation values. Standard SPMs are used to
characterize brain function in terms of regionally specific responses. Therefore,
SPMs may reveal functionally localized brain areas. SPMs are based on univariate
statistical tests, which implies testing each voxel separately against a null hypoth-
esis. SPM performs voxel-wise statistical analyses in parallel and creates an image
of statistics. Several voxels surviving a statistical threshold, which are spatially
connected with each other in terms of edge, face or vertex, define a cluster of
activated voxels, that is an activated brain area. If SPM reveals only one activated
brain area, it indicates that the brain function under investigation is localized in a
specific brain area, that is functional localization.

Functional segregation

Functional segregation implies that executing a function incorporates more than
one brain area. Each participating brain area is incorporating a certain aspect of a
specific function. Consequently, the execution of such a function is anatomically
segregated in the cortex. If the standard SPM analysis reveals several activated
brain areas, it indicates functional segregation. Functional segregation comprises
anatomically distributed but functionally integrated neural networks. Functional
segregation is specifically meaningful in the context of functional integration and
vice versa.

Functional integration

The infrastructure supporting a functionally integrated neural network may in-
volve many brain areas. The cooperation of these areas can be mediated by one
central brain area, for example the brain stem, or by the functional integration
among the brain areas involved. Functional integration is only meaningful in the
context of functional segregation, in other words, multiple functionally localized
areas subserve the execution of the function under investigation.

Functional integration implies that segregated brain areas are functionally in-
tegrated, i.e., a cortical infrastructure is needed to support a brain function that
involves many segregated areas. Functional integration is the process of achieving
a specific function by integrating functionally interacting segregated areas. Func-
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tional integration is mediated by the interactions between directly or indirectly
connected functionally segregated areas.

Functional integration comprises two definitions: functional connectivity and
effective connectivity (Gerstein et al., 1989; Friston, 1994; Bullmore et al., 2004).
Functional connectivity is defined as the temporal correlations between spatially
remote neurophysiological events. Effective connectivity is defined as the influ-
ence one neural system exerts over another. The concepts of functional and ef-
fective connectivity have been elaborated in the analysis of electrophysiological
neuronal spike trains (Gerstein et al., 1989). This terminology was introduced in
functional neuroimaging using PET data and voxel-based PCA analysis (Friston
et al., 1993b) and thoroughly discussed in Friston (1994) and Petersson et al.
(1999b).

Anatomical connectivity

Functional integration depends on direct or indirect anatomical connectivity. Func-
tional, effective and anatomical connectivity are interdependent but all refer to
different concepts. Anatomical connections, consisting of axons and dendrites, are
the basis for functional connections between brain areas. Anatomical connectivity
is a structural definition and is dependent on the presence of direct or indirect
neural connections. Large fiber bundles in the white matter of the brain can be
made visible using diffusion tensor imaging (DTI) (Lim and Helpern, 2002; Koch
et al., 2002; Hagmann et al., 2003). Furthermore, theoretical neuroanatomy can
be described on the basis of functional connectivity measures (Sporns et al., 2000,
2002).

Functional connectivity

Functional connectivity does not rely on direct anatomical or functional connec-
tions. There can be one mediating area which activates a range of functionally
segregated areas. More specifically, areas can display activity independent of
each other. Functional connectivity is therefore not necessarily due to effective
connectivity, meaning that influences may be indirect. Functional connectivity is
an operational definition. It is simply a statement about the observed correlations
and characterizes functionally distributed neural networks (Friston, 1994). By
definition, the correlation matrix is the functional connectivity matrix. Functional
connectivity between two areas implies that their activation fluctuates together.
Functional connectivity does not provide any direct insight into the causal media-
tion of the observed correlations (see for recent examples in psychiatry: Shaw et al.,
2002; Lanius et al., 2004).
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Functional connectivity analyses include eigenimage analysis and multidimen-
sional scaling, e.g. principal coordinate analysis and three-way multidimensional
scaling, which are used only descriptively (see below). These multivariate methods
are closely related to each other but have different interpretations in relation to
functional imaging data. Multidimensional scaling maps anatomy into functional
space and eigenimage analysis maps function into anatomical space. Neither
eigenimage analysis nor principal coordinate analysis is suitable for making sta-
tistical inferences about what is observed. Both cannot estimate the significance of
results obtained in terms of a p value.

Eigenimage analysis

Functional connectivity on the basis of eigenimage analysis (Friston, 1997b) char-
acterizes distributed neural networks by subjecting the functional imaging data to
principal component analysis (PCA) (Friston et al., 1993b; Bullmore et al., 1996) or
singular value decomposition (SVD) (Friston, 1994; Bullmore et al., 1996). Eigen-
image analysis is a simple characterization (in terms of principal components,
eigenvectors or spatial modes) of the most important features of the data. Usually,
only a few principal components (eigenvectors) are needed to explain a majority
of variance in the data (Bullmore et al., 1996). These eigenvectors can be displayed
as eigenimages. The eigenimages are mutually independent, because the principal
components are orthogonal, each representing an independent pattern of activa-
tion.

Multidimensional scaling

A complementary approach, called multidimensional scaling, is (in its simplest
form) equivalent to eigenimage analysis and constitutes mapping anatomy into a
functional space (Friston, 1997b). This method involves constructing a functional
space where functional connectivity is used to define the proximity of two anatom-
ical areas, for example by using principal coordinate analysis which is the simplest
variant of multidimensional scaling (Friston et al., 1996a). More specifically, the
higher the functional connectivity the closer the anatomical regions are in this
functional space (Friston, 1994). This method was recently extended to a method of
three-way multidimensional scaling for group analysis and includes the possibility
to perform statistical testing (Welchew et al., 2002).

ManCova

Neither eigenimage analysis nor principal coordinate analysis are statistical in-
ference techniques for testing significance of distributed neural networks.
In contrast, the technique of multivariate analyses of (co-)variance (ManCova)
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includes statistical inferences on brain activation patterns. ManCova requires the
number of observations, i.e. scans, to be greater than the number of components
of the multivariate observations, i.e. voxels. Therefore, in PET the number of
observations must first be reduced by using eigenimage analysis. In addition,
the ManCova multivariate analysis requires a ManCova appropriate general linear
model and canonical variates analysis (CVA) (Friston et al., 1995a, 1996b; Fletcher
et al., 1996; Worsley et al., 1997).

Partial least squares

Partial least squares (PLS) aims to identify spatiotemporal interactions within or
between neuron populations (McIntosh et al., 1996; Friston, 1997b; Lin et al., 2003)
and is related to subscale profiles (Moeller et al., 1987) and eigenimages (Friston
et al., 1993b). PLS provides an opportunity for identifying the key regions that
form the nodes of a functional network, which are differentially engaged due to
task parameters, across the experiment (McIntosh et al., 1996, 1997).

Functional clustering

A different approach to functional connectivity is functional clustering (Tononi
et al., 1998). A functional cluster is a set of neural elements (the brain areas)
which interact strongly among themselves but interact only weakly with the rest
of the brain, in other words internal cohesion and external isolation. Functional
clustering does not incorporate causal interactions and the underlying anatomical
connectivity need not be continuous. A cluster, consisting of the set of brain
regions of interest, needs to be defined on the basis of functional localization
analysis within SPM or on basis of a priori hypotheses. Functional clustering can
then be assessed by calculating a cluster index for each subset of brain regions.

The cluster index (CI) is obtained by dividing the statistical dependence within
the cluster by the statistical dependence of the cluster and the rest of the brain.
A CI value near 1 indicates a homogeneous system, meaning that the interactions
within the cluster are similar to the interactions between the cluster and the rest
of the brain. A CI larger than 1 describes a functional cluster with strong internal
interactions and weak interactions with the rest of the brain. More specifically, a
high CI indicates a cluster having functional boundaries with the rest of the brain.
A CI smaller than 1 describes a cluster with weaker internal interactions than with
the rest of the brain.

Minimum spanning tree and clustering

Other exploratory data analysis techniques include minimum spanning trees
(Baumgartner et al., 2001; Baumgartner and Somorjai, 2001) and data-driven ap-
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proaches like cluster analysis (Baumgartner et al., 1998; Golay et al., 1998; Baune
et al., 1999; Fadili et al., 2001; Dimitriadou et al., 2004). These approaches may pro-
vide an alternative and/or complementary approach to the functional connectivity
methods mentioned above.

Effective connectivity

The functional integration of a distributed function can be examined with effective
connectivity. Effective connectivity is defined as the influence one neural system
exerts over another and specifically models causal interactions between brain areas
(Gerstein et al., 1989; Friston et al., 1993b). Effective connectivity is closer to
the intuitive interpretation of connectivity analysis than functional connectivity
(Friston, 1994).

Effective connectivity consists of two models: a neuroanatomical model and
a mathematical model. The neuroanatomical model describes which areas are
connected. The mathematical model describes the nature of these connections
(Büchel and Friston, 1997a). By combining these models, the influence of one brain
area on another is calculated in terms of connection strengths in a least square
sense. One fascinating option of connectivity analysis would be to investigate
neural plasticity by assessing changes in connection strength (Büchel and Friston,
1997a; Büchel et al., 1999).

The validity of effective connectivity depends in turn on the validity of the neu-
roanatomical model as well as the mathematical model that are utilized. Validity
issues (Friston, 1994) include: (i) construct validity and (ii) predictive validity. (i)
Construct validity can be considered in terms of neuroanatomical connectivity
and accuracy of the modeled biological neural network. This neuroanatomical
model defines the effective connections of a particular area and must conform to
the (direct or indirect) anatomical efferent and afferent connections of that area.
Information on human anatomical connectivity can be assessed by DTI (Lim and
Helpern, 2002; Koch et al., 2002; Hagmann et al., 2003). More detailed information
of anatomical connectivity can be obtained from nonhuman primates (see for
example: Stephan et al., 2001). (ii) Predictive validity addresses the accuracy of the
model’s prediction of the behavior of brain networks. This mathematical model
must describe the biological neural network accurately. More specifically, the
model accurately predicts changes in a brain area of interest using connection
strengths which are estimated from independent data (Friston, 1994; Friston et al.,
1995b).

Due to the model dependency of effective connectivity the results are also
dependent on the mathematical and neuroanatomical model applied (Sporns
et al., 2000). Therefore, results that are found might depend on a misspecified

149



Chapter 9 |Discussion & Perspectives

model. More specifically, the number or kind of areas involved, or the nature of the
connections may be misspecified. In these cases, the inclusion of an explorative
method may be considered. Another option is to test the validity of the model
under consideration. More specifically, an automated search for the best path
model may be considered (Bullmore et al., 2000).

Linear mathematical models

The simplest model for effective connectivity expresses the activity in one area
as a weighted sum of activity in other areas, which is regarded as simple linear
regression (Friston, 1994). In this case the response of the areas in the network
and the connection weights, i.e. the model parameters, are linear. Linear models
have been applied on separate subsets of a PET scanning sessions to investigate
time-dependent changes in effective connectivity (Friston et al., 1993a).

Structural equation modeling (SEM)(McIntosh and Gonzalez-Lima, 1994; McIn-
tosh et al., 1994) is a linear regression model for effective connectivity, which
includes a statistical comparison of different models. SEM models the causal
relation between selected brain areas. Thus, brain functioning is described by
differences in the strength of connections between selected brain areas (McIntosh
and Gonzalez-Lima, 1994). In SEM connections between brain areas are based
on neuroanatomy, therefore construct validity must be taken into account, and
the interregional activity covariance matrix is used to calculate path strengths,
which represent the effective connectivity values. The statistical inference in SEM
addresses two points: the goodness of the overall fit of the model and the difference
between models. Free models, allowing changes in effective connections, and
constrained models, with fixed connection strengths, can be defined (Büchel and
Friston, 1997a; Büchel et al., 1999).

Nonlinear mathematical models

Nonlinear mathematical models describe the nonlinear response of a biological
neural network. SEM is usually restricted to linear models. However, additional
terms can be included containing a nonlinear function of the original variables.
Interactions between variables or modulation of effective connections can be in-
corporated in a similar manner (Büchel and Friston, 1997a,b).

Specific interactions between brain areas can be explored by extending a linear
model to include a modulatory interaction, which influences the activity of the
areas involved (Friston et al., 1995b; Büchel and Friston, 1997a). In this type of
analysis the modulatory interaction term models the nonlinear response of the bio-
logical neural network. Furthermore, the nonlinear response of a biological neural
network can also be modeled with dynamic changes in effective connectivity as
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characterized by variable parameter regression (Büchel and Friston, 1998). An-
other option to describe a nonlinear biological neural network is to take a generic
model, e.g. involving Volterra series, and obtain the specific parameters that
describe the biological neural network under consideration (Friston and Büchel,
2000).

A method including psychophysiological and modulatory interactions (Friston
et al., 1997) is based on experimental factors. A psychophysiological interaction
investigates whether the contribution, that is effective connectivity, of an area to
another area changes significantly due to the experimental context.

Dynamical causal modeling (DCM) (Friston et al., 2003) also focuses on exper-
imentally induced changes in effective connectivity. DCM is used to test specific
hypotheses, as motivated by the experimental design, and allows for statistical
inference about the connections. DCM treats the brain as a nonlinear dynamic
system that receives inputs and produces outputs (Friston et al., 2003). Inputs can
affect the system in two manners. (i) An input directly changes neural activity,
e.g., a visual stimulus causes a direct response in primary visual cortex. (ii) An
input may indirectly change the effective connections or interactions, for example
modulation by attention (Büchel and Friston, 1997b). DCM differs from other
effective connectivity procedures in that it approaches connectivity on a neural or
synaptic activity level. The neural activities in the regions involved cause changes
in cerebral blood flow, i.e. the BOLD response, representing the output. Therefore,
DCM models neural activity causing the region-specific BOLD response. DCM is
included in the SPM2 software (www.fil.ion.ucl.ac.uk/spm/spm2.html).

Future perspective: dissociative identity disorder

The discussion about model validity and accuracy of the mathematical connectiv-
ity models is a necessary one and it basically boils down to the question: how does
this serve a meaningful interpretation for functional imaging data? A fascinating
area of research is to apply functional or effective connectivity analysis on the
data described in chapter 6. Different patterns of brain areas were found to
be involved in functioning as two different parts of the personality. The term
neural networks is already used in the interpretation of that data. However, it is
unknown if these areas are included in several distributed functional networks or
if these areas are functioning as one functional network. The first question may
be addressed by applying functional connectivity analysis like PCA or functional
clustering. In addition, an explorative approach might inform about effective
connection between the areas as defined by functional connectivity or functional
clustering. This would then also open the possibility to investigate differences in
these effective connections between the two brain states.
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As mentioned above on page 142, the data in chapter 5 and 6 are of interest for
studying the neural correlates of consciousness. In chapter 5 two conscious scenes
(Tononi and Edelman, 1998), i.e. two states of conscious awareness, were under
investigation. In the first conscious scene trauma related information was not
integrated into conscious awareness. The second conscious scene allowed trauma
related information to be integrated in conscious awareness. Therefore, in the case
of dissociative identity disorder two different patterns of activation exist for the two
different states of conscious awareness, which are found in the main effect analysis
on page 75 and supported by the ‘within identity’ conjunction analysis (also on
page 75). These two patterns of activation could represent two distinct functional
clusters, or two functional connectivity patterns, each with a separate dynamic
core and therefore two separate states of conscious experience, comprising two
separate conscious scenes (Tononi et al., 1994; den Boer, 2003).

An additional extension in this field of research involves incorporating fMRI
instead of PET scanning, perhaps even to scan a personality switch and analyzing
the event-related data in terms of changes over time in effective connectivity. Sev-
eral connectivity methods can be applied to specifically investigate the biological
neural networks and the mediating connections between the areas in this network
to gain more knowledge about the neural correlates sustaining the different parts
of the personality in dissociative identity disorder.

Future perspective: fear perception

In a typical functional neuroimaging experiment the investigator may want to
know which brain areas are involved during the performance of a task, as well as
the interactions between these areas, for example in the experiment as described
in chapter 7. Sometimes it is possible to specify a detailed model on the basis of
prior research. In that case, DCM can perfectly be used to determine the effective
connectivity for the brain areas. This then opens the possibility to investigate the
changes in effective connections, and consequently, the dynamics of interacting
brain areas. The design presented in chapter 7 is suitable for addressing questions
about effective connectivity changes around the moment of pop-out (see also
chapter 8) in healthy subjects as well as in psychiatric patients. The DCM which
may be employed for this research is depicted in figure 9.2.

Perspectives: from data to biological neural networks

As described above, effective connectivity requires both a mathematical and a
neuroanatomical model. However, one or both may not be available a priori.
Therefore, four combinations arise that must be considered (see figure 9.3). On the
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Figure 9.2: With this dynamic causal model the change in connection strengths around the
moment of pop-out (see chapters 7 and 8) may be investigated. A) The direct subcortical route
from the thalamus (Th) (after visual input through the superior colliculus) to the amygdala
(Am) to allow for a pre-conscious response. B) The indirect cortical route, via the visual cortex
(V), passes information through C) to the fusiform face area (FFA) to D) the amygdala. At the
moment close to pop-out (see chapter 8) it is hypothesized that the connection strength A) has
a high value and the connection strengths B) and C) have low values. For conscious perception
(see chapter 7) it is hypothesized that the connection strengths increases for the B-C-D route.
In addition, higher connection strengths to the amygdala are expected when presenting fearful
faces as compared to neutral faces. More specifically, for neutral faces the route B-C-D may be
dominant and for fearful faces route A) may be dominant

mathematical level, the nature of the connections mediating the activation in the
brain areas may either be known or unknown. On the neuroanatomical level no,
or only partial, information may be available about the brain areas required for the
execution of an experimental task. In addition, the information on the anatomical
connections between the activated brain areas may be incomplete (see remarks on
construct validity on page 149).

Situation I

This is the desired situation. The investigator has a complete definition of the
experimentally induced brain activation in terms of activated brain areas and
the anatomical connections between these areas, which is the neuroanatomical
model, as well as the nature of the connections (if any connections are present)
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Figure 9.3: Effective connectivity requires both a mathematical and a neuroanatomical
model. One or both may not be available a priori, creating four possible situations.

between the activated brain areas, which is the mathematical model. As discussed
above, the nature of these connections can either be linear or nonlinear. One of the
effective connectivity methods (see page 150) may then be employed to determine
the effective connectivity.

Situation II

In this case the neuroanatomical model is not known or only partly known, but the
nature of connections (linear or nonlinear) in the network under investigation is
known. More specifically, the mathematical model is known, to which the data can
be fitted. To make the transition from situation II to situation I, brain areas can be
obtained by applying the function representing the nature of the connections on
the data. For example, in the case of (non-)linear regression, those brain areas will
be found that are best fitted by the mathematical model. Networks of brain areas,
which do not satisfy this model will not be fitted and therefore excluded.

Another method to approach the neuroanatomical model is to simply apply
SPM. The experimental conditions under which the data are obtained are known
and the general linear model can be applied to detect a set of activated brain areas.
However, not all of these brain areas need to take part in the neural network for
which the nature of connections is known. The participation of the brain areas
should therefore be additionally tested by applying the mathematical connectivity
model. If no or insufficient hypotheses about the neuroanatomical connectivity
patterns are present, a more explorative approach may be required. For example,
eigenimage analysis or functional clustering can be applied to describe several
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distributed neural networks. Each of these distributed neural networks may then
be investigated in more detail, taking into account construct validity (see page 149).

Situation III

In this situation, the experimentally activated brain areas are known. However, the
nature of the connections are unknown. Generally speaking, this is the situation
that is normally the case. Usually this situation exists after data-analysis with SPM,
but activated areas can also be known without the application of SPM, for example
on the basis of individual anatomy, a simple and straightforward experimental
design and accompanied by properly formulated a priori hypotheses.

Hypotheses about the directions of the connections are available, because the
neuroanatomical model is known. Therefore, to make the transition from situation
III to situation I, an explorative method can be considered, e.g. using Volterra
series. Another option is to apply one of the effective connectivity methods as
described above, taking the goodness of the overall fit of the model into account.

Situation IV

In this last situation, the brain areas which are involved in the experiment are
not known and the mathematical model for the mediating connections between
brain areas is also not known. A direct transition from situation IV to situation I
appears impossible. At the moment no technique employs the raw data directly
to determine the brain areas involved in the experiment as well as connections
between these brain areas.

To perform the transition from situation IV to situation II a hypothesis is re-
quired about the nature of connections, in the network under investigation, which
may even be derived from primate data by using single cell recordings. Alterna-
tively, a set of brain areas may emerge after applying mathematical functions by
trial and error.

To make the transition from situation IV to situation III requires the usual
approach, by using standard SPM, to define brain areas by applying the GLM
that incorporates the experimental effects. Note that a standard SPM analysis
requires the definition of the GLM but not of the connections between brain areas.
A different option for defining a set of brain areas is to make an estimation on the
brain areas involved, for example by using PCA or correlation analysis with a low
threshold. A set of brain areas with a low correlation involves a connected network
which does not necessarily involve a linear relation. On the basis of this set of brain
areas the nature of connections can be explored by, e.g. using a Volterra series or
other methods described previously.

To be able to continue to work with unbiased raw data, the data can be reduced
by defining brain areas, i.e. volumes of interest, on the basis of Brodmann’s map
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of cortical areas of the human brain. This map is based on the cytoarchitectonic
properties of the cortical areas. These Brodmann areas can be submitted for
exploration of the nature of the connections.

Future perspectives: methods

Standard functional localization neuroimaging experiments are, and must be,
thoroughly designed by incorporating a priori hypotheses about regional specific
effects which may even incorporate a definition of the biological neural network
under investigation, including the direction of connections (see for example chap-
ter 7). These types of experiments are perfectly suitable for applying SEM or
DCM. Biological neural networks which have been extensively studied provide
basic information about network functioning.

As previously described, the validity of effective connectivity is dependent
on the validity of the defined model. In chapter 6 we could define an a priori
hypothesis on the basis of a related psychiatric disorder, that is PTSD. This provides
a valid hypothesis about the areas which might be involved. However, network
analysis might bias results in the direction of PTSD, thereby ignoring DID specific
connectivity information. In such cases an investigator prefers to explore the
biological neural networks involved, independent of biased a priori hypotheses.
Many psychiatric disorders lack a validated neuroanatomical model, because the
disturbed brain networks are poorly understood.

Therefore, an open area for exploration is area IV of figure 9.3, depicting the
situation in which the neuroanatomical nor the mathematical model are known.
This situation is interesting from an explorative point of view. In such a case,
as much as possible data should be included in the analysis. However, since
functional integration is being assessed, the researcher may restrict the analysis
to the brain areas of interest, also considering computability. Therefore, instead
of approaching all the voxels in the brain, the data might be reduced by defining
specific brain areas, such as Brodmann areas (see above), and submitting these
areas for exploration of the mathematical nature of the connections. This re-
duced set of data might also be modeled by a mathematical neural network. The
connection strengths between the mathematical neural network nodes represent
the connection strengths between the biological neural network nodes. A future
improvement for construct validity may involve an increase in spatial resolution
of DTI to obtain better fiber tracking results to function as an anatomical basis for
effective connectivity.

Nevertheless, a model is always a simplification of reality. Although ever in-
creasing computational capabilities enable the analysis of extremely large and
complex models, effective connectivity analysis are limited by the accuracy of the
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neuroanatomical and mathematical model, and also by the ability to interpret
complex models. Further limitations comprise the temporal resolution of the
BOLD response, as well as the spatial resolution and the signal to noise ratio of
the data. Connectivity analysis should therefore compromise between complexity,
anatomical accuracy and interpretability.

Prospects

Embedded in this chapter several options were offered for future research. Perspec-
tives for future research are mainly methodologically based to serve refinement
of methodological and mathematical (connectivity) models in order to increase
our understanding of normal and abnormal mental functioning. Therefore, it is
a challenge to explore new methods in the field of computational neurobiology to
benefit neuroimaging research. This requires multidisciplinary groups in which
psychiatrists, neurobiologists, neuropsychologists, information technicians, neu-
ral network theoreticians and mathematicians work together. It is only through
this concerted research effort that methods can be converted into meaning.
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A Nature news article following the publication of:

One brain, two selves

NeuroImage 2003; 20(4): 2119-2125 (see chapter 5)

Authors:
A. A. T. S. Reinders, E. R. S. Nijenhuis

A. M. J. Paans, J. Korf
A. T. M. Willemsen, J. A. den Boer
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Split personalities probed
Two personas trigger different brain networks. 

9 January 2004 

Helen Pearson 

One human brain can have two different personalities dwelling in it,
according to a new imaging study - and each personality seems to use its
own network of nerves to help recall or suppress memories.

Alternative personalities are typically developed by children who suffer
severe trauma or abuse. The condition, called multiple personality disorder,
or dissociative identity disorder, appears to help people cope by cutting off
difficult memories, making them seem as if they happened to someone else.

A team led by Simone Reinders of Groningen University Hospital in the
Netherlands used positron emission tomography to scan the brains of 11
female multiple-personality patients while they listened to autobiographical
stories in each of their two personality states1.

In one persona, patients recognized the traumatic history as their own, and it
triggered emotional centres in their brain. In the other personality, they did
not consciously recognize the tale as autobiographical, and it fired up a
wider brain network including regions involved in self-awareness or
consciousness. These regions would not be expected to be active in people
with a single personality hearing stories that are not about themselves. 

"The brain has to actively suppress the traumatic information," says Reinders. She thinks that these
additional brain regions stifle the autobiographical memories and erase them from that personality’s
perceived past. 

Showing that patients’ brains actively block out their trauma "is a new twist", says psychiatrist James
Chu of Harvard Medical School in Boston, Massachusetts. Other studies have also shown that different
personalities can activate different brain regions, he says.

The real thing?

Patients with dissociative identity disorder can have personalities that are very different from one
another both emotionally and physically. In one example recounted by Reinders, one of a woman’s
personalities could play volleyball whereas the other one fumbled.

Severe trauma as a child
can trigger alternative
personalities.
© Corbis
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The phenomenon has become part of the everyday language used to describe shock, as when people say
"I was beside myself" or "I was falling apart". But some people are sceptical that dissociative identity
disorder is a real condition, suggesting instead that patients might be role-playing or faking.

Reinders hopes her results will help to resolve some of the controversy. Her study and others suggest
that different personality states cause brain changes greater than those seen when people simply flip
moods. But, Chu predicts, "it will mainly convince the people who are already convinced."

References

1. Reinders, A.A.T.S. et al. One brain, two selves. NeuroImage, 20, 2119 - 2125,
doi:10.1016/j.neuroimage.2003.08.021 (2003). 

© Nature News Service / Macmillan Magazines Ltd 2004

165





B

Author affiliations

• J.A. den Boer
Department of biological psychiatry
Groningen university hospital
The Netherlands

• C. Büchel
NeuroImage Nord
Department of neurology
Universitätsklinikum Hamburg-Eppendorf
Germany

• J.R. Georgiadis
Department of anatomy
Groningen university hospital
The Netherlands

• J. Gläscher
NeuroImage Nord
Department of neurology
Universitätsklinikum Hamburg-Eppendorf
Germany

• J. Haaksma
The thorax center
Department of cardiology
Groningen university hospital
The Netherlands

• M. Hovius
Department of biological psychiatry
Groningen university hospital
The Netherlands

• B.M. de Jong
Department of neurology
Groningen university hospital
The Netherlands

• J.R. de Jong
Laboratory of polymer chemistry
University of Groningen
The Netherlands

• J. Korf
Department of biological psychiatry
Groningen university hospital
The Netherlands

• E.R.S. Nijenhuis
Mental health care drenthe
The Netherlands

167



Appendix B | Author affiliations

• A.M.J. Paans
PET center
Groningen university hospital
The Netherlands

• J. Quak
Department of biological psychiatry
Groningen university hospital
The Netherlands

• A.A.T.S. Reinders

– Department of biological psychiatry
Groningen university hospital
The Netherlands

– NeuroImage Nord
Department of neurology
Universitätsklinikum Hamburg-Eppendorf
Germany

• A.T.M. Willemsen
PET center
Groningen university hospital
The Netherlands

168



C

Publications

Papers

Reinders, A. A. T. S., Paans, A. M. J., de Jong, B. M., den Boer, J. A., Willemsen, A.
T. M. (2002a). Iterative versus filtered backprojection reconstruction for sta-
tistical parametric mapping of PET activation measurements: a comparative
case study. NeuroImage 15, 175–181.

Reinders, A. A. T. S., Willemsen, A. T. M., Georgiadis, J. R., Hovius, M., Paans, A.
M. J., den Boer, J. A. (2002b). Interscan displacement-induced variance in
PET activation data is excluded by a scan-specific attenuation correction.
NeuroImage 17, 1844–1853.

Boshuisen, M. L., Ter Horst, G. J., Paans, A. M. J., Reinders, A. A. T. S., den Boer,
J. A. (2002). rCBF differences between panic disorder patients and control
subjects during anticipatory anxiety and rest. Biol. Psychiatry 52, 126–135.

Reinders, A. A. T. S., Nijenhuis, E. R. S., Paans, A. M. J., Korf, J., Willemsen, A. T. M.,
den Boer, J. A. (2003). One brain, two selves. NeuroImage 20, 2119–2125.

Holstege, G., Georgiadis, J. R., Paans, A. M. J., Meiners, L. C., van der Graaf, F.
H. C. E., Reinders, A. A. T. S. (2003). Brain activation during human male
ejaculation. J. Neurosci. 23, 9185–9193.

Reinders, A. A. T. S., Nijenhuis, E. R. S., Quak, J., Korf, J., Haaksma, J., Paans, A.
M. J., Willemsen, A. T. M., den Boer, J. A. Psycho-biological characteristics
of dissociative identity disorder: rCBF, physiologic, and subjective findings
from a symptom provocation study. Submitted .

169



Appendix C | Publications

Reinders, A. A. T. S., den Boer, J. A., Büchel, C. The robustness of perception.
Submitted .

Reinders, A. A. T. S., den Boer, J. A., Gläscher, J., de Jong, J. R., M., W. A. T., Büchel,
C. Detecting fearful and neutral faces: BOLD latency differences in amygdala-
hippocampal junction. In preparation .

Postler, J., de Bleser, R., C., K., Reinders, A. A. T. S., Weiller, C., Büchel, C. The
neural processing of naming nouns and verbs with special reference to age-
of-acquisition. an event-related fMRI study. In preparation .

Abstracts

Reinders, A. A. T. S., Paans, A. M. J., de Jong, B. M., den Boer, J. A., Willemsen, A.
T. M. (2001a). Iterative versus filtered backprojection reconstruction for sta-
tistical parametric mapping of PET activation measurements: a comparative
case study. Presented at the 48th Annual Meeting of the Society of Nuclear
Medicine, June 23-27, Toronto, Ontario, Canada.

Reinders, A. A. T. S., Quak, J., Nijenhuis, E. R. S., Vos, H. P. J., Paans, A. M. J.,
Willemsen, A. T. M., Korf, J., den Boer, J. A. (2001c). Identity state-dependent
processing of neutral and traumatic scripts in dissociative identity disorder
as assessed by PET (Positron emission tomography). NeuroImage 13, S1093.
Presented at the 7th Annual Meeting of the Organisation for Human Brain
Mapping, June 10-14, Brighton, UK.

Reinders, A. A. T. S., Quak, J., Nijenhuis, E. R. S., Korf, J., den Boer, J. A. (2001b).
Processing of neutral and traumatic scripts in DID, assessed by PET. The
World Journal of Biological Psychiatry 2, 150S (0041–06). Presented at the 4th
World Congress of Biological Psychiatry, Berlin, Germany.

Boshuisen, M. L., Reinders, A. A. T. S., Paans, A. M. J., den Boer, J. A. (2001d). rCBF
in panic disorder patients and controls in rest and during a pentagastrin-
induced panic attack. NeuroImage 13, S385. Presented at the 7th Annual
Meeting of the Organisation for Human Brain Mapping, June 10-14, Brighton,
UK.

Boshuisen, M. L., Reinders, A. A. T. S., Paans, A. M. J., den Boer, J. A. (2001b).
Changes in rCBF of panic disorder patients due to effective treatment with
sertraline. NeuroImage 13, S1030. Presented at the 7th Annual Meeting of the
Organisation for Human Brain Mapping, June 10-14, Brighton, UK.

170



Publications

Boshuisen, M. L., Reinders, A. A. T. S., Paans, A. M. J., den Boer, J. A. (2001c). rCBF
and panic: panic disorder patients and controls compared. The World Journal
of Biological Psychiatry 2, 87S (0021–01). Presented at the 4th World Congress
of Biological Psychiatry, Berlin, Germany.

Boshuisen, M. L., Reinders, A. A. T. S., Paans, A. M. J., den Boer, J. A. (2001a).
Changes in rCBF due to affective treatment with sertraline. The World Journal
of Biological Psychiatry 2, 88S (0021–08). Presented at the 4th World Congress
of Biological Psychiatry, Berlin, Germany.

Reinders, A. A. T. S., Willemsen, A. T. M., Georgiadis, J. R., Hovius, M., Paans, A.
M. J., den Boer, J. A. (2002). Motion related variance in PET activation data
is excluded by a scan specific calculated attenuation correction. NeuroImage
16, Available on CD–Rom. Presented at the 8th International Conference on
Functional Mapping of the Human Brain, June 2-6, Sendai, Japan.

Georgiadis, J. R., Reinders, A. A. T. S., Paans, A. M. J., Meiners, L. C., van der Graaf,
F. H. C. E., Holstege, G. (2002). Brain control of human sexual behaviour:
male ejaculation Online Program No. 681.13. Presented at the Society for
Neuroscience, 32nd Annual Meeting in Orlando, November 2 - 7.

Reinders, A. A. T. S., den Boer, J. A., Weiller, C., Büchel, C. (2003). The time-course
of perception for emotional and neutral images appearing in visual noise: An
event-related fMRI study. Aktuelle Neurologie 30, S7. 76. Kongress Deutsche
Gesellschaft für Neurologie mit fortbildungsakademie, September 3-6, 2003
(Oral Presentation).

Reinders, A. A. T. S., den Boer, J. A., , Büchel, C. (2004). Perceiving emotional and
neutral images appearing from dynamically decreasing random visual noise.
NeuroImage 22, S6 (MO 220). Presented at the 10th Annual Meeting of the
Organisation for Human Brain Mapping, June 13-17, Budapest, Hungary.

Georgiadis, J. R., Kuipers, R., Nieuwenburg, A., Reinders, A. A. T. S., Pruim, J.,
van Roon, A., Holstege, G. (2004). Female sexual orgasm: a PET study.
NeuroImage 22, S5 (MO 182). Presented at the 10th Annual Meeting of the
Organisation for Human Brain Mapping, June 13-17, Budapest, Hungary.

Postler, J., de Bleser, R., C., K., Reinders, A. A. T. S., Weiller, C., Büchel, C. (2004). The
neural processing of naming nouns and verbs with special reference to age-
of-acquisition. an event-related fMRI study. Presented at the international
conference “The Science of Aphasia” (SoA), Sept 16-21, Potsdam, Germany.

171





Samenvatting

De ultieme uitdaging in het veld van neurowetenschappelijk onderzoek is om te
begrijpen wat de biologische basis is van emoties, cognitie en, uiteindelijk, van
bewustzijn. Het verkennen van de menselijke geest vereist het bestuderen van het
menselijk brein. De menselijke hersenen bestaan uit miljoenen zenuwcellen, die
ook wel neuronen genoemd worden. Deze neuronen kunnen onderling communi-
ceren door middel van elektrische en chemische signalen. Neuronen die betrokken
zijn bij de uitvoering van een bepaald (deel-)proces zijn vaak gegroepeerd in
een bepaald hersengebied. Hogere, vaak complexere, hersenfuncties vereisen de
samenwerking van meerdere hersengebieden. Het vaststellen van de hersengebie-
den die betrokken zijn bij een bepaald proces, zoals bijvoorbeeld het verrichten
van een bepaalde taak, is de basis van functionele neurale beeldvorming, ook wel
‘functionele neuroimaging’ genoemd.

Het menselijk brein kan bestudeerd worden met verschillende neuroimaging
technieken, deze worden besproken in hoofdstuk 1. Het onderzoek beschreven
in dit proefschrift is verricht met behulp van de functionele beeldvormende tech-
nieken positron emissie tomografie (PET) en functionele magnetische resonantie
imaging (fMRI). PET en fMRI zijn functionele neuroimaging technieken die ge-
bruikt kunnen worden om vast te stellen welke hersengebieden actief zijn geduren-
de het verrichten van een bepaalde taak. Zowel PET als fMRI meten veranderingen
in de doorbloeding van en stofwisseling in de hersenen. Deze veranderingen zijn
het gevolg van neurale activiteit in het brein. Een toename van neurale activiteit
in een hersengebied heeft een toename van glucoseverbruik tot gevolg. Door de
aanvoer van meer glucose en zuurstof is er een toename van de doorbloeding
(in de vorm van perfusie) in dat actieve hersengebied. Deze hogere perfusie kan
worden gemeten met PET. Met fMRI wordt het verschil gemeten tussen zuurstofrijk
en zuurstofarm bloed.

De standaardbenadering voor een hersenactivatiestudie is om een proefper-
soon een bepaalde taak aan te bieden. Tijdens het uitvoeren van de taak worden
er opnamen (d.w.z. beelden) gemaakt van de activiteit van de hersenen. Op deze
manier kan de interactie van het brein met de omgeving bestudeerd worden. Deze
beelden worden onderworpen aan verschillende stappen van data-analyse, o.a.
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voorbewerkingsstappen, statistische analyse en vervolganalyses. Deze stappen
reflecteren het multidisciplinaire aspect van functioneel beeldvormend onderzoek
en zijn een leidraad voor de opbouw van het proefschrift. Deze opbouw van het
proefschrift wordt kort uiteengezet in hoofdstuk 2.

Voor een PET meting wordt een geringe hoeveelheid radioactiviteit toegediend
aan de persoon die onderzocht wordt. De radioactiviteit verspreidt zich via de
bloedbaan door het lichaam. PET systemen meten niet direct de radioactiviteits-
verdeling in het lichaam, maar meten de projecties ervan. Er zijn twee standaard-
manieren om deze projecties terug te vertalen naar de radioactiviteitsverdeling in
het lichaam. De eerste methode maakt gebruik van de zogeheten gefilterde terug-
projectie datareconstructie (in het Engels wordt deze methode ‘Filtered backpro-
jection’ (FBP) genoemd). Hierbij wordt de gemeten data via een wiskundige trans-
formatie direct omgezet. Dit betekent dat ook fouten, waaronder ruis, in de ge-
meten data terugvertaald worden. De tweede methode is iteratieve reconstructie,
waarbij de radioactiviteitsverdeling langzaam tot stand komt vanaf een homogene
verdeling. Door iteratief te berekenen wat de projecties zouden zijn en deze te
vergelijken met de gemeten projecties, wordt steeds meer structuur opgebouwd.
Door dit proces te stoppen op het moment dat de structuur goed zichtbaar, maar
de ruis nog niet aanwezig is, kan een veel betere signaal-ruis verhouding verkregen
worden. In hoofdstuk 3 wordt een vergelijking gemaakt tussen beide manieren
van PET datareconstructie en het effect op de statistische significantie van de
resultaten. Deze vergelijking laat zien dat de iteratieve reconstructie methode de
potentie heeft om de statistische analyse te verbeteren.

Met PET wordt de radioactiviteit in het brein gemeten en daarmee ook de
hoeveelheid perfusie in het brein. Een deel van de radioactiviteit wordt door
het hersenweefsel geabsorbeerd. Hierdoor is het signaal in het midden van het
brein zwakker dan aan de rand van het brein. De standaardmethode om deze
verzwakking te corrigeren is op basis van een aparte meting van de verzwakking, de
zogeheten gemeten verzwakkingscorrectie. Met deze gemeten verzwakkingscor-
rectie worden de doorbloedingsbeelden gecorrigeerd. Een proefpersoon kan ech-
ter verschuiven tussen de verzwakkingscorrectieopname en de daaropvolgende
doorbloedingsopnamen, er ontstaat dus een zogeheten ‘mismatch’ tussen de beide
opnamen. In hoofdstuk 4 wordt het effect van een verkeerde verzwakkingscorrectie
op de uiteindelijke doorbloedingsbeelden onderzocht. De data van proefpersonen
die weinig bewegen (normale proefpersonen) worden vergeleken met de data van
proefpersonen die veel bewegen (in dit geval psychiatrische patiënten). Dit hoofd-
stuk beschrijft het onderzoek naar de mogelijkheid om de mismatch-artefacten
te verwijderen door het toepassen van een andere verzwakkingscorrectie in de
voorbewerking van de data. Het in hoofdstuk 4 onderzochte alternatief is een
berekende verzwakkingscorrectie. Het resultaat van dit onderzoek laat zien dat
bewegingsartefacten in PET data (grotendeels) voorkomen kunnen worden door
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de verzwakkingscorrectie uit te voeren op basis van de berekende verzwakkings-
correctie.

Hoofdstukken 5 en 6 presenteren een symptoomprovocatie-studie bij patiën-
ten met een dissociatieve identiteitsstoornis (DIS). Deze stoornis werd vroeger
meervoudige persoonlijkheidsstoornis genoemd. Gedurende dit onderzoek, dat
het eerste is bij deze patiëntenpopulatie, werden er acht hersenactivatie-opnamen
gemaakt, waarin vier condities twee maal werden gemeten. Tijdens vier van
deze opnamen verkeerden de patiënten in de ‘neutrale persoonlijkheid’ (ook wel
‘ogenschijnlijk normale persoonlijkheid’ genoemd). Deze persoonlijkheid identifi-
ceert zich niet met en reageert neutraal op beschrijvingen van het traumatische
verleden. Gedurende de andere vier opnamen verkeerden de patiënten in de
‘traumatische persoonlijkheid’ (ook wel ‘emotionele persoonlijkheid’ genoemd).
Deze persoonlijkheid identificeert zich met en reageert emotioneel op beschrijvin-
gen van het traumatische verleden. De patiënten krijgen per opname een tekst
aangeboden. Er zijn twee teksten die afwisselend worden aangeboden. Eeń tekst
beschrijft een neutrale autobiografische gebeurtenis, de andere tekst beschrijft een
gebeurtenis uit het traumatische verleden van de patiënt.

In hoofdstuk 5 wordt een filosofische benadering van deze psychiatrische stoor-
nis gepresenteerd. Deze filosofische benadering onthult dat de menselijke herse-
nen in verschillende toestanden van zelfbewustzijn kunnen verkeren. Bij de pa-
tiënten representeert elke zelfbewustzijnstoestand een aparte persoonlijkheid, elk
met hun eigen toegang tot het autobiografische geheugen en de daarbij behorende
verschillende patronen van doorbloeding van de hersenen.

Gedurende deze studie zijn ook fysiologische maten opgenomen (o.a. hartslag
en bloeddruk) en zijn er vragenlijsten afgenomen die de fysieke en psychische
toestand van de patiënt weergeven. In hoofdstuk 6 wordt een uitgebreide data-
analyse gepresenteerd, waarmee verschillende aspecten van deze psychiatrische
stoornis worden benaderd. De resultaten zoals beschreven in dit hoofdstuk zijn
van specifiek belang voor klinisch psychiaters, wetenschappelijk onderzoekers in
het veld van de psychiatrie, maar vooral voor de geestelijke gezondheidszorg.
De stoornis DIS is nog steeds een controversiële diagnose in de psychologie en
psychiatrie. Echter, de data zoals in dit hoofdstuk gerepresenteerd lenen zich
voor een objectieve validatie van deze stoornis. De data laten namelijk zien dat
twee verschillende persoonlijkheden verschillend reageren tijdens het luisteren
naar een trauma-gerelateerde tekst. Dit verschil in reactie is gevonden in de
hersenactivatiedata, hartslag, bloeddruk, antwoorden op de vragenlijsten en hart-
slagvariabiliteit. Deze data zijn nuttig voor het verkrijgen van een beter inzicht
in en begrip van deze specifieke trauma-gerelateerde psychiatrische stoornis, wat
uiteindelijk in het voordeel is van de te behandelen DIS patiënt.

De bovengenoemde doorbloedingspatronen laten ook betrokkenheid zien van
de linker en rechter amygdala wanneer de traumatische persoonlijkheid naar de
traumatische tekst luistert. De amygdala is een gebied in de hersenen dat be-
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dreigende en beangstigende informatie verwerkt. Eerdere neuroimaging studies
hebben de betrokkenheid van de amygdala aangetoond bij andere psychiatrische
stoornissen. Vanuit dit oogpunt wordt in hoofdstuk 7 de robuustheid van de
waarneming en de herkenning van angst en de betrokkenheid van de amygdala
hierbij onderzocht. De precieze timing van de herkenning van angst binnen deze
studie wordt onderzocht in hoofdstuk 8. Deze beide hoofdstukken beschrijven een
fMRI studie met gezonde proefpersonen. Hier is gebruik gemaakt van drie soorten
stimuli: neutrale gezichten, angstige gezichten en huizen. De experimentele
stimulus verscheen geleidelijk uit afnemende visuele ruis. Op een bepaald moment
herkent de proefpersoon een van de stimuli (d.w.z. een neutraal gezicht, een
angstig gezicht of een huis) die uit de ruis verschijnen, dit is de zogenoemde
‘pop-out’. De resultaten van deze studie laten zien dat de amygdala betrokken is
bij emotionele informatieverwerking. Dat wil zeggen, de amygdala is wel actief
wanneer de proefpersoon gezichten waarneemt maar niet bij het waarnemen van
huizen.

Bovendien worden in hoofdstuk 8 de data nader onderzocht om de vraag
te beantwoorden of de amygdala al actief is voor de bewuste herkenning van
gezichten. Dit blijkt voor zowel angstige als neutrale gezichten het geval te zijn.
Vervolgens wordt er onderzocht of, en hoeveel, de amygdala eerder actief is bij
angstige gezichten dan bij neutrale gezichten. De resultaten van deze benadering
laten zien dat er een snelle korte informatieverwerkingsroute, met een centrale rol
voor de amygdala, afgelegd kan worden bij de onbewuste waarneming van angst.
De stimuluspresentatiemethode zoals in deze studie gebruikt, is zeer interessant
om toe te passen bij verschillende psychiatrische patiëntgroepen om ook hier de al
dan niet verstoorde angstwaarneming te onderzoeken.

In dit proefschrift zijn de hersenactivatiedata geanalyseerd binnen het concept
‘functionele lokalisatie’. Functionele lokalisatie geeft aan dat een hersenfunctie
specifiek gelocaliseerd is in een apart afgescheiden hersengebied. Dit is het geval
voor functies als ademhaling en bloeddrukregulatie. Wanneer het ingewikkelde
processen betreft, zoals cognitie of bewustzijn, zijn er echter meerdere hersenge-
bieden betrokken bij het reguleren en het tot stand komen van deze functionele
processen. Dit impliceert een brede integratie van informatie door een netwerk
van verbonden hersengebieden. Dit concept wordt ook wel ‘functionele integratie’
genoemd. Hoofdstuk 9 bevat een kort overzicht van de literatuur met betrek-
king tot ‘functionele integratie’ en biedt perspectieven, vanuit een theoretische
benadering, voor deze zogeheten connectiviteitsanalyses. Hierin wordt afgestapt
van de standaard zogenoemde ‘hot spot’ benadering. Het geboden perspectief
op functionele data-analyse ligt binnen deze methodologische functionele net-
werkbenadering. Met behulp van het verfijnen van de functionele beeldvormings-
methodologie kan het functioneren van de menselijke hersenen nauwkeuriger
bestudeerd en begrepen worden. Op deze manier kan methodologische verfijning
omgezet worden naar een betekenisvolle interpretatie van menselijk gedrag.

176







Dankwoord
Acknowledgements

Eindelijk, het deel van het proefschrift waar ik me de afgelopen jaren het meest
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wil benutten om de mensen te bedanken die mij hebben geholpen en gesteund.
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ben mij er van bewust dat deze onderwerpen jou als biologisch psychiater minder
aanspreken dan de studie naar dissociatieve identiteits stoornis. Echter, je liet me
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niet snapte of als ik wéér met een van de stukken aan kwam om om je ‘correcties
en suggesties’ te vragen. Ook al had je meer dan genoeg van een paper je liet
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het nauwelijks merken, waarschijnlijk omdat je dacht dat ik er nog meer genoeg
van had? Jouw inspirerende ideeën, eeuwige optimisme en constructieve aanpak
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nu spoedig praktisch gaan testen), ‘Sterkte in de strijd’, en ‘Doe er je voordeel mee’
alom vertegenwoordigd. Antoon, bedankt voor je energie en enthousiasme.

Dr. C. Büchel, dear Christian, thank you for inviting me in your lab and for
giving me the opportunity to be part of your multidisciplinary group. Despite
your very busy schedule, I was so fortunate to have a weekly period to discuss
the progress of the projects we were working on. During these discussions you
were always full of enthusiasm and always supplying me with more brain waves
than I could handle. These discussions were a boost for new interesting scientific
ideas, which made it sometimes a bit difficult to turn back to the ‘old’ project I was
working on. Christian, thank you for your time and stimulating support. I sincerely
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De leescommissie, bestaande uit Prof. Dr. W. Vaalburg, Prof. Dr. J. Korf,
Prof. Dr. D.F. Braus, wil ik bedanken voor het bestuderen en beoordelen van het
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manuscript. Prof. Dr. D.F. Braus, hereby I would like to enjoy the opportunity to
thank you for your willingness to be part of the reading committee of my thesis.
Unfortunately, we did not have much overlap in our presence in Hamburg, you
came to Hamburg and I had to leave (without any causal relation!). Nevertheless,
I’m looking forward to explore the possibilities of cooperation of both the Hamburg
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Vaalburg, Wim, ik wil graag van de gelegenheid gebruik maken om je te bedanken
voor mijn opname in het PET centrum. Het was voor mij al heel snel mogelijk om
op het PET centrum te mogen werken en je regelde ook dat ik daarin zeer goed
begeleid werd. Daarnaast werd ik al snel deel van de PET groep en nam deel aan
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betrokken bij mijn allereerste voetschreden op het wetenschappelijke pad waarna
er altijd, in afwisselend meer of mindere mate, samenwerking is geweest. Hierbij
wil ik je ook bedanken voor het vertrouwen in mij toen ik lang gelden als student
hier binnenkwam op zoek naar een afstudeerproject. Tijdens de bul uitreiking
sprak je me vol lof en vuur toe, met een positieve blik naar mijn wetenschappelijke
toekomst. Ik ben blij dat ik dit vertrouwen niet heb geschaad. Ik vind het erg leuk
dat je zowel mijn afstudeerscriptie hebt beoordeeld als mijn proefschrift! Bedankt!

Peter-Paul & Sita, Mbemba, Martijn, Marjolein, Marjan, Kirsten, Kathelijne,
Karlien, Joanna, Jacqueline, Ingrid, Hilga, Gea, Gabor, Franske, Fokko, Christel,
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6-de en 7-de, wil ik bedanken voor hun gezelligheid en steun, zowel moreel als
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praktisch. Margo, bedankt voor je werk gerelateerde hulp maar vooral voor de ple-
zierige gesprekken en emails. Minke, Marieke en Sjoukje bedankt voor de gezellige
en altijd hilarische ‘vrouwen’ gesprekken. Sascha, je was een bijzonder prettige
kamergenoot, bedankt voor je openheid en toegankelijkheid. Achter gesloten
deuren hebben we heel wat therapeutische gesprekken gevoerd, die het meestal
moesten bekopen met de gevleugelde uitspraak: ‘AiOschap maakt meer kapot dan
drank goed kan maken’. Waarna wij ons weer vol goede moed op ons werk storten.

Zoals reeds boven al genoemd werd ik al snel opgenomen in de PET centrum
club en hierbij wil ik iedereen van het PET centrum bedanken voor de samen-
werking maar ook voor de gezelligheid in de koffiekamer of erbuiten. Speciaal
wil ik Arja bedanken dat ze altijd weer de patiënten wist in te plannen, Jan voor
de medische begeleiding, en de medisch nucleair werkers (Yvonne, Sabine, Judith
en Johan) voor hun geduld tijdens de data verwerving voor de hoofdstukken 5 en
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