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ABSTRACT

Edelman & Tononi (2000) have recently proposed a model of consciousness called
the Dynamic Core Hypothesis. This states that consciousness is characterised by
specific, transient patterns of connectivity, referred to as ‘neural complexity’ in which
some parts of the CNS are highly integrated amongst themselves but are
simultaneously highly differentiated from others. Neural complexity is explicitly
operationalised and can be readily measured from EEG recordings. We tested the
Dynamic Core Hypothesis in two experiments.

The first experiment involved an adaptation of a paradigm first used by
Benjamin Libet's in his classical studies on voluntary movement. Libet has previously
shown that, prior to movement, there are observable changes in the EEG (i.e. the
Bereitschaftspotential) that start more than 500ms before the subject consciously
makes the decision to move. We hypothesised that if the Dynamic Core Hypothesis
is correct, then there should be a change in neural complexity at the time that the
participant consciously decides to move and not when the Bereitschaftspotential is
first observed or when the participant moves. EEG was recorded from 21 healthy
participants while they made a series of self-paced finger movements and recorded
the time at which they decided to move using a Wundt Clock. The EEG recorded
was used to calculate the neural complexity at 50ms intervals from 2000ms prior to
movement to 1000ms afterwards. As predicted by the Dynamic Core Hypaothesis, in
the gamma and theta frequency ranges, there was a significant correlation between
the timing of the change in neural complexity and the timing of the intention to move.
Contrary to the Dynamic Core Hypothesis, however, the intention to move was
associated with a decrease in neural complexity.

The second experiment involved measuring neural complexity around the
time of the recoliection of specific autobiographical memories. Using similar EEG
methods to experiment 1, it was found that, consistent with the Dynamic Core
Hypothesis, neural complexity in the theta frequency range was higher around the
time of recollection than during a matched control interval.

The main conclusion from these findings is that although neural complexity,
as measured by the EEG, is correlated with changes in consciousness, the direction
of change is not always what would be predicted from the Dynamic Core Hypothesis.
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1. GENERAL INTRODUCTION

1.1. BACKGROUND TO THE DYNAMIC CORE HYPOTHESIS

The resurgence of scientific interest in conscicusness has generated many
speculations as to the neural substrate of conscious experience. Recently, several
theorists have emphasised the necessity for a mechanism to combine the activity of
different specialised brain regions in order to form the coherent multi-modal
experience of consciousness with which we are all familiar {Llinas et al., 1998,
Singer, 2001; Thompson & Varela, 2001). Here we consider one specific hypothesis
of this type, Edelman & Tononi (2000)'s ‘dynamic core hypothesis’ (Tononi &
Edelman , 1998; Edelman & Tononi, 2000).

In their model of consciousness Giulio Tononi and Gerald M. Edelman have
developed a conceptual framework to address the question as to how the brain is
able to generate coherent conscious experience. This framework is based on
experimental evidence gathered from several neuropsychological and
neurobiological studies as well as from theoretical studies using computational
models of neural networks (Tononi & Edelman, 1998; Edelman & Tononi, 2000;
Tononi et al. 1998).

Rather than search for specific brain regions or for special group of neurons
that contribute to consciousness, Edeiman & Tononi (2000} focus on finding the
general characteristics of the neural processes underlying conscious expetience.
They emphasise two key properties of consciousness, which they define as
necessary for conscious experience both on a phenomenological and on a neural
level: integration and differentiation. According to their model, consciousness is only
possible when the neural processes contributing to conscious experience are at the
same time both highly integrated and highly differentiated.

Arguably one of the cruciai functions of consciousness is to create a coherent
integrated perceptual whole out of all stimulus input in order to enable and facilitate
goal-crientated and sensible behaviour. Therefore, Edelman & Tononi (2000)
emphasise integration as a crucial characteristic of consciousness. In their model
consciousness is defined as a highly integrated process as every single conscious
scene is unified into a coherent "stream” of consciousness, which is sustained over
time. Irrespective of its content, a single conscious scene cannot be decomposed
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into independent components (Edelman & Tononi 1998). The need for high
integration in conscious experience can be appreciated by considering the fact that
we are unable to deal with two mutuatly incoherent scenes or objects at the same
time (e.g. ambiguous or bi-stable figures). It is impossible to be aware of both
images at the same time even though our; perception may swiich between both
every few seconds. That is, the process of feature binding allows only one coherent
version of perception. Experimental approaches to the study conscicusness have
taken advantage of this phenomenon using the paradigm of perceptual rivalry. By
measuring brain activity during the perception of those bi-stable images it is possible
to determine which brain activity is related to the conscious awareness of a stimuli
and which is related to the stimuli per se (Tong et al. 1998). By training monkeys to
react to alternating percepts while recording neuronat activity, the responses of
certain neuronal groups in the visual system can be linked with the image which is
actually perceived (Logothetis 1998).

Two other neuropsychological phenomena, limited capacity and the
psychological refractory period, have been put forward by Edelman & Tononi (2000)
as an argument for the necessity of integration in conscious experience. The inability
to perform several tasks at a time, unless some of them are highly automatic and
less salient in consciousness, is referred to as limited capacity. The fact that we
cannot make more than a single conscious decision within a certain time interval is
called the psychologicai refractory period and represents the cost that has to be paid
for the advantage of integrated conscious experience (Pashler 1994).

While each conscious state is integrated within itself and integrated in a
"stream”, the variety of different conscious states is enormous. Within each second
we can could potentially experience any of a huge number of different discriminable
conscious states that might derive from different perceptual input and different
behavioural output. This implies that each time a distinct conscious state occurs, itis
selected from among a vast number of other possible conscious states.
Metaphorically the stream of conscicusness can be compared to a film where each
slide represents a conscious state (a metaphor also used by Edelman & Tononi,
2000) except that in conscious experience there is no prearranged order of slides.
The “slides” are rather always generated anew out of a large reperioire of
possibilities. As the composition of features and information is different for each
conscious state, each is unique and non-replicable. The huge variety of ways in
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which a conscious state can be composed, implies that each state is rich in
information and also highly complex. Although humans seem unable to describe
adequately differences between conscious states, they can easily discriminate
between them (Biederman 1972 & 1974; Intraub 1981)}. Therefore Edelman & Tononi
(2000) emphasise in their theory that consciousness has to be a highly differentiated
process as well as a highly integrated one. According to their theory, each conscious
state is not only integrated but also differentiated from others. In order to support
their theory they provide evidence for the neural processes which underlie conscious
awareness and which also fulfil the criteria of high integration and high
differentiation.

As noted above, Edelman & Tononi (2000) focus on the neural processes
underlying conscious experience rather than on specific brain areas or groups of
neurons. They do not ascribe the responsibility for generating conscious experience
to any specific brain area, nor do they believe that any particular group of neurones
is especially privileged with regard to conscious experience. This puts them in
opposition to Crick & Koch’s (1998) who state that only specific types of neurones
contribute to the neural correlate of consciousness. This is not to say that Edelman &
Tononi (2000) believe all neurones in the brain be equally likely to contribute to
conscious experience, however. For example, neurons outside the thalamo-cortical
system and even some regions within, have no direct influence on conscious
experience as has been shown by Wilder Penfield’s classical stimulation studies
(Penfield 1958). Similarly, Logothetis (1998), in his experiments with monkeys under
conditions of binocular rivalry, found that a large proportion of neurones in early
visual areas continue to respond to a visual stimulus even though it was not
consciously perceived. Indeed, in only a subset of neurons in these visual areas, did
neuronal activity correlate with the percept. Thus, there seems to be a kind of
filtering system in the brain selecting the results of some neural processes in those
that are consciously perceived and those which are not. Simitarly, there are many
neural processes which are responsible for highly automatic routines making it
possible to talk listen read and write, for example, but which do not appear to
contribute to conscious experience, although they are essential in determining its
content (Schneider et ai. 1994).

Several studies using different techniques have provided evidence that
sustained conscious experience is correlated with neuronal activity in widely
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distributed areas in the brain. Although certain aspects of conscious experience may
be associated with activity in specific brain regions, dictated by the type of
processing required (Posner & Raichle 1998), more generally, conscious experience
requires the activation of many distributed brain areas. During coma or deep
anaesthesia, neural activity is profoundly depressed in the cerebral cortex and the
thalamus. Slow-wave sleep in which consciousness is severely reduced in
comparison to REM sleep, and wakefulness, is accompanied by a global reduction in
cerebral blood flow (Maquet 2000). Under conditions of binocular rivalry, neural
activity is increased in distributed brain areas (especially frontal temporal and
occipital areas) when the subject is aware of a visual stimulus compared to when it is
not (Tononi et al. 1998). There is also a change in the distribution of neural activity
at the transition from conscious controlled performance to automatic, unconscious
performance. When tasks are novel and require conscious and active control, neural
activity is widely distributed in different areas. With practice, and as task
performance becomes automatic and fades from conscious control, neural activity is
restricted to a functionally insulated set of circuits (Petersen et al. 1998) that
provides an efficient "resource saving" mechanism.

Conscious experience also seems to require highly integrated processes at a
neural level. In their theory, Edelman & Tononi (2000) suggest that the process of
re-entry is crucially important for the integration of distributed neural activity. Re-
entry is a process of parallel and recursive signalling along ordered anatomical
connections. Using large scale computer simulations of the visual system, Tononi et
al. (1992) showed that the process of re-entry is able to generate rapid and dynamic
integration of information in functionally segregated areas into a coherent and unified
whole. Thus integration was achieved without the need for an executive centre. This
view is supported by other studies which indicate that different kinds of cognitive
processes are accompanied by temporally correlated and synchronized processes
within distributed networks of interconnected cortical areas (Bressler 1995; 1996;
Singer& Gray 1995).

The temporal aspect of neural activity is also important as it seems to be
more likely to contribute to a consciously perceived whole when integration is
sustained over time periods in the range of hundreds of milliseconds. The
phenomenon of so-called perception without awareness shows that very short-
lasting stimuli may lead to a behavioural response even though they are not
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consciously perceived (Marcel 1983). Attention on the other hand, is able to provide
enhancement and increased salience of stimuli by selectively amplifying
corresponding neural responses and by strengthening corresponding interactions
(Maunsell 1995). Studies on determining the temporal threshold at which a stimulus
reaches conscious awareness also support the notion that neural activity has to be
sustained for a minimum time in order to account for conscious experience (Libet
1993; Ray et al. 1999). Thus, sustained neural activity may facilitate the integration
of activity in distributed brain regions that is necessary in order to generate a
coherent mulitmodal and stable perceptional whole.

Integrated and sustained neural activity over distributed brain areas is still not
sufficient to account for the emergence of conscious experience. This is
demonstrated by the fact that during epileptic seizures, when the affected person is
unconscious, widely distributed neurons fire in a highly active and synchronized
manner. Similarly, during slow-wave sleep, neurons of the thalamocortical system
fire synchronously in a stereotyped burst-pause pattern. Again this type of sleep is
not associated with conscious experience and it is rare to obtain vivid conscious
reports comparable to those during dreaming. Although such hypersynchronous
firing indicates strong and distributed neural interactions, it is obviously not sufficient
to generate consciousness. By contrast, the EEG pattern in waking and REM-sleep
states shows low-voltage globally synchronized fast changing and complex firing and
is associated with vivid conscious experience (Steriade et al. 1994; Kahn et al.
1997). Thus, the repertoire of available neural states seems to be large and diverse
during waking and dreaming and this reperioire seems to be reduced during
slow-wave sleep and epileptic seizures. Edelman & Tononi (2000) infer from this that
conscious experience requires not only integrated and distributed neural activity but
also continually changing and spatially and temporally differentiated neural activity.
There is also some evidence from visual perception that temporal variance of neural
activity is essential to support conscious perception. The phenomenon that exposure
to featureless and stabie visual images results in fading of visual experience is an
example. Visual stimuli may be rendered invisible if they are immediately preceded
or followed by another so-called masking stimulus (Macknik & Livingstone 1998).
Thus, visual stimuli and their corresponding neural responses must vary sufficiently
in time in order to be sustained in consciousness.
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12. OPERATIONALISATION OF NEURAL INTEGRATION AND
COMPLEXITY

One of the main advantages of the model of Edelman and Tononi is that it provides
operationalised concepts of integration and differentiation of neural activity that can
be measured using PET fMRI or EEG/MEG data. By analysing the degree of
differentiation and integration of a neural system (a real or simulated one) insights
about the characteristics and dynamics of the neura! processes related to conscious
experience can be obtained. The measures Edelman & Tononi (2000) propose are
statistical concepts derived from information theory and have also gained wider
applications in other fields {Tononi et al. 1994 and 1998).

In order to determine the degree of integration in neural processes, Edelman
& Tononi {2000) assume a system with distributed elements and measure their
interaction by the statistical dependence or independence between subsets within
the system. According to their theory a subset of elements within a system gives rise
to an integrated process if, at a given time scale, these etements interact much more
strongly among themselves than with the rest of the system. If this is the case these
elements form a functional cluster. The statistical dependence (i.e. the interaction)
between two subsets e.g. a subset and the rest of the system is expressed by their
mutual information Mi:

MI{X*;X - X' )= H(X ")+ H(X - X})~H(X) (1)
where X*is a subset of the system X, made up of k elements, X - Xj* represents the
rest of the system and H(X) is the entropy of the system. Mutual information is zero
for the case of statistical independence, as the sum of the entropies of both subsets
equals the entropy of the whole system. The more dependent the subsets are, the
lower is their total entropy H(X) as the variability of states they can assume becomes
more limited and the occurrence of overlapping states increases.

In order to measure the total statistical dependence among all elements of a
system integration I(X) is defined as a quantity derived from mutual information.
Integration I(X) measures the total entropy loss and is defined as the difference
between the sum of the entropies of the individual elements H,; and the entropy of
the entire system, H,:

I(X)=D H(x,)- H(X) (2)
=l
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Integration is zero if the elements of the system are statistically independent
and positive whenever there are dependencies among them. As with mutual
information, so for integration: the more overlapping states between the different
elements that exist, the higher the integration. This is in line with the intuitive notion
of integration that it is highest when all elements of a system interact strongly among
each other. The key difference between mutual information and integration is that
mutual information captures the interaction between two subsets or elements of a
system; integration captures the interaction between all individual elements of a
system and is therefore more general and involves the global interactions in the
brain.

Having introduced the concepts of mutual information and integration it is now
possible to define a measure that takes functional segregation into account. The key
idea is to consider different subsets of different sizes and to determine their extent of
the integration and the mutual information they exchange between each other and
the rest of the system. If a system is composed of functionally segregated elements
then the average integration for small subsets is low. This means that such elements
are relatively independent and provide the system with different sources of
information. If the same system shows cooperative behaviour on a global level, then
the average integration for large subsets is high. This means that on a giobal level,
large subsets are relatively dependent on each other as they are integrated into a
coherent whole. Taken together both ideas can be captured by defining a measure
called neural complexity that can be used to determine quantitatively the coexistence
of functional specialisation and integration. Defined in terms of integration, utilizing
the ensemble average (<>) of integration values for subsets composed of an
increasing number of neural elements neurat complexity, Cy, is given by:

MESEDY CAORIER)] (3)

with & is the number of elements (subset size) and n as the number of
subsets. Cx(X) is high when the integration of the whole system X is high and at the
same time the average integration for small subsets is lower than would be expected
from a linear increase over increasing subset size. Thus, neural complexity is low
when the integration of the whole system is low and functional segregation prevails,
but it is also fow when integration of the whole system is so high that the subsets are
highly dependent. That is, neural complexity is highest when integration and

10
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segregation are at an intermediate level. Neural complexity can also be defined in
terms of mutual information:
ni2
Cy(X)= Y (MI{x ;X ~ X¢)) @)
k=1
Thus, neura! complexity is high when the mutual information between any subset
and its complement is high.

1.3. THE DYNAMIC CORE HYPOTHESIS

Having introduced the phenomenological and neurobioclogical arguments for the
characteristics of consciousness and having defined the theoretical concepts in order
to capture these characteristics, Tononi & Edelman (1998) proposed a hypothesis to
unify these ideas into a theoretical framework. They make several concrete
predictions about how a change in neural complexity integration and functional
clustering can be accounted for by changes in conscious states. They suggest that a
group of neurones can contribute to conscious experience only if it is part of a
distributed functional cluster that achieves high integration in hundreds of
milliseconds. And, in order to sustain conscious experience it is essential that this
functional cluster be highly differentiated as indicated by high levels of neural
complexity. This functional cluster is termed a "dynamic core” in order to emphasise
both its integration and its constantly changing activity pattern. The dynamic core
would typically include the thalamo-cortical system using re-entrant connections, but
it deliberately does not refer to a restricted invariant set of brain areas. Thus, the
composition of the dynamic core changes constantly; the same group of neurons
may at times be part of it and underlie conscious experience while at other times it
may not be part of it and, consequently, will not contribute to conscious processes. In
line with the initial claim of Edelman & Tongni (2000}, the dynamic core accounts for
a neural process rather than for a thing or a location. It is also supposed to account
for the phenomenological properties of consciousness. Privateness and unity of
conscious experience are realised by the dynamic core as its integration must be
high whilst at the same time, its mutual information with other parts of the system is
low, thereby creating a boundary between what is part of it and what not. The
requirement of high neural complexity for the dynamic core implies that it is highty
differentiated and is able to select conscious states or activity pattern out of a large
repertoire. Finally the selection of different conscious states and their integration into

11
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a coherent whole must take place over a certain time scale and sustained over time.
The predictions of this hypothesis according to Edelman & Tononi (2000) were:

1. During cognitive activities involving consciousness there should be evidence
for a dynamic core i.e. a large but distinct set of distributed neuronal groups
interacting {over hundreds of milliseconds) more strongly among themselves
than with the rest of the brain.

2. Certain disorders of consciousness, like dissociative disorders and
schizophrenia, should be reflected in abnormalities of the dynamic core and
may even result in the formation of muitiple cores.

3. Neural complexity should correlate with the conscious state i.e. neural
complexity should be higher during waking and REM sleep compared to
slow-wave sleep and it should be extremely low during epileptic seizures.

4. Neural processes underlying automatic behaviour should have lower neural
complexity than neural processes underlying consciously controlled
behaviour.

5. Cognitive development should be accompanied by a systematic increase in
neural complexity.

Although the critical parameters of Integration and Complexity are explicitly
operationalised to an extent uniqgue amongst models of consciousness, some
aspects of the Dynamic Core Hypothesis remain unspecified. Most important of
these is that the way in which information is transferred between different brain
regions remains uncertain. Some attempts have been made to test the hypothesis
using functional imaging methods, but whilst it is possible to show that different brain
regions share information using these methods, the time scale over which this can
be done might not simply be too slow. For if the constituent elements of the dynamic
core changes every few hundred milliseconds, then functional connectivity measured
over periods of several seconds might not be relevant.

Currently, only EEG and MEG have sufficient temporal resolution to monitor
mutual information in the brain over such short time periods. Using these methods,
however, presents other problems. How is information coded in the brain and how
does this relate to the EEG. For example, is information exchanged via amplitude or
a phase or through some other metric?

It is also possibie that the critical transfer of information occurs within some
EEG frequency ranges, but not others. Given the proposed role of gamma

12
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oscillations in perceptual feature binding (Singer & Gray, 1995), it might be
reasonable io speculate that this frequency range should have a particular
importance. Unfortunately, although the Dynamic Core is clear about the critical role
of mutual information, when it comes to specifying how this information can be
measured, the hypothesis is silent.

1.4. TESTS OF THE DYNAMIC CORE HYPOTHESIS

Much of the evidence for the importance of the concept of neural complexity were
derived from computer simulations {e.g. Tononi et al. 1994 and Lumer et al. 1997)
but some supporting evidence has also been provided by functional imaging data
(e.g. Friston et al., 1995; Edelman & Tononi, 2000).

Functional imaging, however, does not provide sufficient temporal resolution
to test the Dynamic Core Hypothesis and computer simulations, no matter how
sophisticated, need to be grounded in physiology. Consequently, the only practicable
ways of testing the Dynamic Core Hypothesis is to use EEG or MEG.

To date, there have been only three studies applying neural complexity
measures on EEG or MEG data {van Putten & Stam, 2001; van Cappellen van
Wallsum et al., 2003; Burgess et al., 2003). Van Putten and Stam (2001) compared
levels of neural complexity in EEG data in two pathological states, generalized
seizures and post-anoxic encephalopathy, with healthy controis. During generalized
seizures, consciousness is absent, information processing is severely decreased
and the EEG shows periodic oscillations at all recording sites with a fundamental
frequency of 3Hz. With post-anoxic encephalopathy there is severe neuronal
damage, especially in cortical areas, due to a temporary reduction of oxygen in the
brain with the result that consciousness and information processing are severely
impaired and the EEG shows a burst suppression pattern with a typical pattern of
high and low voltage activity. According to the predictions of the dynamic core
hypothesis, these pathological states should be accompanied by low neural
complexity, as consciousness is severely reduced in both. Surprisingly, van Putten
and Stam (2001) found higher neural complexity and integration in these two
pathological states than in healthy controls.

Van Cappellen van Walsum et al. (2003) measured neural complexity in
patients with Alzheimer's disease and in healthy age-matched controls using MEG.
As connectivity in the brain in Alzheimers disease is reduced due to

13
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neurodegeneration and information processing is impaired (manifest in memory
deficits), it was expected that neural complexity would be low in the patient group.
Unexpectedly, the contrary was found. in the lower frequency bands (2-8Hz), neural
complexity was significantly higher in patients with Alzheimer's disease than in
controls although there were no differences in the other frequencies. Another finding
of this study was that neural complexity was reduced in the eyes open condition
compared to the eyes closed condition. The authors infer that this is not in line with
the hypothesis either as it suggests higher neural complexity due to visual
information processing in the eyes open condition. It is questionable however, as to
whether neural complexity must necessarily be higher in the eyes open condition. It
is always unknown to the experimenter what participants think in simple eyes open
or eyes closed conditions information processing could therefore be high as well
without visual input depending on how "complex" the thoughts of participants are.

This issue was also discussed in the third study testing the dynamic core
hypothesis. Burgess et al. (2003} determined neural complexity, integration and
functional clustering in EEG data recorded during the perception of 3D images in
random dot stereograms. Neural complexity integration and the number of significant
functional clusters were increased when the participants perceived the hidden 3D
image compared to when they simply viewed the stereogram. Unexpectedly
however, the level of neural complexity and integration in the 3D case was no higher
than in the resting condition. This could be due o the fact that participants were free
to think about other things in the resting condition, which could elicit high levels of
information processing and neural complexity unrelated to the task. This is supported
by the fact that this condition was not characterised by any specific pattern of
functional clustering. However it would be useful to determine the level of variance in
neural complexity during resting conditions in order to determine if the observed
differences were within this range or not.

On the evidence of van Putten & Stam (2001) and van Cappellen van
Wallsum et al. (2003), it seems fair to conclude that Edelman & Tononi (2000)’s
prediction that neural complexity should correlate with conscious states is not
supported. Such a conclusion is premature, however as Burgess et al.'s (2003)
study broadly supported the Dynamic Core Hypothesis. The main difference
between the two is that van Putten & Stam (2001) and van Cappellen van Wallsum
et al. (2003) used between subject designs whereas Burgess et al. (2003) compared
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mental states within-subject. It could be the case, for instance, that consciousness is
not the only process that gives rise to neural complexity. The Dynamic Core
Hypothesis does not predict that all complex systems are conscious, nor are
integration and differentiation liley to be sufficient to account for consciousness.
Therefore, it is possible that some disease processes in the brain can produce
maladaptive patterns of connectivity that increase neural complexity, as defined by
Edelman & Tononi (2000), even though consciousness is impaired. For this reason,
a stronger test of the Dynamic Core Hypothesis would be to develop Burgess et al.’s
(2003) approach and look for within-subject correlations between changes in neural
complexity and conscious state. The main limitation of this approach is that it is
unclear how to quantify levels of consciousness in alert and awake individuals.

Another limitation of the tests of the Dynamic Core Hypothesis up until now
concerns the ways in which neural complexity has been measured. Although
Edelman & Tononi (2000)'s hypothesis is fully operaticnalised at a mathematical
level, it is not clear which measures of information are most appropriate at a
physiological level. All the studies reported so far (van Putten & Stam, 2001; Burgess
et al., 2003; van Cappellen van Wallsum et ai.,2003) used the amplitude of
oscillatory activity in the EEG or MEG to estimate the degree of linear connectivity
between different brain regions. There is some reason to suggest, however, that it
would be more appropriate to measure phase and non-linear connectivity. It might
also be the case that neither MEG nor EEG give an accurate reflection of functional
connectivity in the cortex, but if so, then there is no way in which the Dynamic Core
Hypothesis can be tested with existing technology at present.

The aim of the following studies is to test the Dynamic Core Hypothesis using
within-subject changes in the state of conscious awareness with both linear and
non-linear measures of functional connectivity using amplitude and phase.
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2. Changes in Neural Complexity during Spontaneous
Finger-Movement

2.1. INTRODUCTION

The aim of the first study was to test the predictions of the dynamic core hypothesis
with the paradigm of spontaneous finger-movement introduced by Benjamin Libet.
Libet et al. (1983) used this paradigm for a different purpose but its design is useful
for this study as it involves, or is at least supposed to involve, a spontaneous change
in conscious awareness and a subjective judgement about the timing of when the
change occurred. Here, Benjamin Libet's experiments using this paradigm and the
long-standing and controversial debate about their significance and interpretation are
reviewed in order to provide a theoretical background of the paradigm.

Benjamin Libet’s aim was to study spontaneous voluntary action and its
conscious awareness and relate it to coinciding cerebral processes. His starting
point was the readiness potential (RP) or "Bereitschaftspotential”, first discovered by
Kornhuber & Deecke (1965). The Bereitschaftspotential is a slow, negative potential
that precedes self-paced voluntary motor acts by about 1000ms. It can be measured
at the midline vertex or over the motor cortical area contralateral to the performing
hand. In order to obtain a Bereitschaftspotential, it is necessary to average EEG
traces for at least 20 trials in order to be able to distinguish it from the background
noise. It can, therefore, be regarded as an event related potential (ERP) which is
aligned to the time point of hand movement, usually captured by an electromyogram
(EMG) of the appropriate muscle. Libet et al., (1983} was interested in the temporal
relationship between the onset of the Bereitschaftspotential and the first consciously
experienced intention to perform the movement. The paradigm he used was the
following (Libet et al. 1983). Participants were requested to watch a Wundt clock, a
fast revolving spot {2.56s/revolution) serving as a clock hand projected on a setting
similar to a clock face. In each trial they were asked to make a sharp movement of
their wrist whenever they spontaneously felt the urge to do so after the clock had
finished at least one revolution but otherwise the timing of the movement was
entirely ad libitum. They were instructed to be spontaneous and not to pre-plan the
movement. After each of a total of 40 trials, parlicipants were asked to report the
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position of the clock hand when they first felt the "wish" or the "urge” to move. The
reported time point is defined as the W-time and it is derived entirely through
introspection and is supposed to reflect the time point when the participant was first
aware of his or her intention to perform the movement. Libet et al., (1983) and his
colleagues found that these self-initiated acts were indeed preceded by a
Bereitschaftspotential with an onset of its main negative shift at about 550ms before
the beginning of the motor act ("zero time"). The authors distinguished two types of
Bereitschaftspotential, one with onset at -550 ms and without any preplanning
involved {called "type II") and another one having its onset at about 1050ms before
the movement and involving some kind of general preplanning or preparation
reported by the participants (called "type I"). Only the first type of
Bereitschaftspotential (type 1) shall be considered here because only this type can
be regarded as being accompanied by a completely spontaneous act. The averaged
W-time was found to occur about 200ms before the activation of the hand muscles
derived from the EMG. That is, while the Bereitschaftspotential accompanying the
motor act started at about 550ms before the movement, participants reportedly
become consciously aware of the urge to move only 200ms before the activation of
the appropriate muscle.

Libet et al., {1983 1985) also took into account the fact that there might be a
discrepancy between the judged time point of the first consciously experienced
intention to move and the actual time point of this intention. That is there might be a
bias or "error” in the participants’' reports and a possible latency between the
conscious experience of the urge to move and the visuai experience of the clock
position as both has to be simultaneously introspectively observed. In order to
determine this bias a control condition was introduced. A skin stimulus was delivered
at irregular randomised times after the start of each trial and participants were asked
to judge the time of the stimulus (S-time) using the same procedures as before. The
discrepancy between each participant's reported time and the actual stimuius time
was determined and subtracted from the W-time. This shifted the W-time by 40ms,
on average, towards the time point of movement and therefore reduced the time
interval between W-time and time point of movement. Another control condition was
introduced considering that the conscious experience of a skin stimufus might be
judged differently than the conscious experience of an endogenous mental event.
Additionally, the initiation of the final motor output would be expected to take some
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time as well and produce a latency of movement after the conscious urge to move
arose. Under the same experimental conditions as for the self-initiated acts
participants, were asked to report the clock position for the time that they actually
moved (M-time) instead for the awareness of wanting to move. M-times were found
to precede the actual movement by an average of 80ms, again reducing the time
interval between W-time and actual movement when subtracted. Nevertheless the
conscious intention to move (W-time) occurred about 350ms later than the onset of
the Bereitschaftspotential even after having been corrected with the S-time.

Libet (1985) drew several inferences from his findings, some of which if true,
would have profound implications for our understanding of free will and responsibility
of action. First, Libet (1985) concluded that the Bereitschaftspotential that precedes
a voluntary act initiates it. In his opinion, the Bereitschaftspotential generally
associated with voluntary movement is a "valid indicator of minimum onset times for
cerebral processes that initiate the voluntary act. Second, as the conscious
awareness of the intention to move occurs about 350ms later than the onset of the
Bereitschaftspotential he concluded that the initiation of an apparently voluntary act
arises unconsciously. In Libet's view, the brain "decides” to initiate or, at least, to
prepare to initiate the act before there is any reportable subjective awareness that
such a decision has taken place. If voluntary actions are initiated unconsciously, why
does the conscious awareness of the intention to move occur at all? in Libet’s view,
the experience of the conscious intention o act would "arise as a secondary
outcome of the prior unconscious initiating process" playing a role either in
completing the initiation process {what he calls a "conscious trigger"} or in blocking
its progression ("veto"). He argued that in the interval between the W-time and the
actual movement, conscious awareness of the intention to move can exercise its
function by either rejecting ("vetoing”) the unconsciously risen “decision” to move or
by actively allowing the movement to be executed. With regard to the concept of free
will, he concludes that free will does not have a role in initiating action but rather in
selecting and controlling volitional outcome.

Unsurprisingly Libet’s experiments and his interpretations have given rise to a
longstanding and controversial debate among psychologists, neurophysiologists and
philosophers. The arguments and interpretations in this debate are too numerous to
consider in full, but with regard to experimental issues, the subjective judgement of
the first intention to move poses a problem as it is questionable how reliable this
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report is as it cannot be controlled by an external observer (Latto 1985).
Unfortunately, as there is no other means to determine conscious awareness other
than by that of introspection, the scientific investigations of consciousness have to
rely on subjective reports as a matter of necessity.

it has also been questioned as to how much "free will" participants are able to
exercise in this paradigm and how “voluntary®” their movements really are
(Bridgeman 1985; Naatdnen, 1985). As participants are instructed to move their
hand during the experiment in several trials, their only choice was about when they
moved and not about the act itself.

Libet's contention that the fact that the Bereitschaftspotential precedes
movement is proof of unconscious initiation is also not well supported. Correlation
does not imply causation and the fact that the Bereitschaftspotential is associated
with, and precedes a motor act and the conscious awareness of its intention does
not imply that it is responsible for their occurrences (Rugg 1985; Doty 1985). In fact,
if one assumes that conscious awareness is based on underlying brain processes it
is not surprising that there are brain processes occurring prior to conscious
awareness (Merikle and Cheesman 1985). The crucial problem here is rather to
delineate the exact relationship between mental events and coincident brain
processes.

Furthermore, the assumption that the Bereitschaftspotential is specific for
conscious and voluntary acts was refuted in a study by Keller and Heckhausen
(1990) who showed that RPs also precede nonconscious movements. Recently, new
light has been shed on this issue by Haggard and Eimer, (1999). They made the
assumption that if there is a causal relationship between the Bereitschaftspotential
and the W-time they should covary. That is, trials with early W-judgements should be
associated with early Bereitschaftspotentials and trials with late W-times should
show late Bereitschaftspotentials. Haggard and Eimer (1999) measured not only the
Bereitschaftspotential at Cz they also measured the lateralised readiness potential
(LRP) which captures the additional negativity contralateral to the movement. The
LRP has been shown to reflect the output of cortical processes that select a specific
movement and is therefore regarded as a more specific index of motor preparation
than the RP (Eimer 1998). They found that the onset of RP and the W judgements
did not covary although the onset of LRP and the W judgements did. The authors
suggest that W judgements may, therefore, be related to a specific movement rather
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than to more abstract representations of action. However, even if the LRP bears a
causal relation to W judgements, it is a relatively late event in the physiological chain
leading to action and can therefore, not be regarded as the starting point of the
processes that culminate in voluntary movement.

Finally, Libet's conclusions about the function of conscious awareness have
been challenged. The hypothesis that "the brain" decides, apparently out of
nothingness, to initiate a movement and only switches to conscious awareness in
order to influence behavioural outcome (implying that the conscious processes seem
to be able to anticipate the outcome of the initiated action) reflects a rather simplified
view similar to that of an homunculus planning actions independently in our brains.
As Doty (1985) put it, “Consciousness is relegated to an intuitive process of guessing
what it may be that the brain is up to and being ever on the alert that the demons of
the unconscious do not set in motion some act inappropriate to the conscious plan®
This view might be in line with Freudian tradition but cannot be regarded as
scientifically convincing.

In summary, although Libet’s interpretations of his findings have flaws, his
experiments have started an interesting and necessary discussion about the function
of consciousness in behaviour, about the timing of cerebral events and conscious
awareness associated with behavioural outcome. The paradigm he introduced is
useful and can be utilized to investigate the relationship of conscious awareness and
brain processes in a wider context than that which he originally defined.

In Experiment 1, the aim was to use a variation of Libet’s paradigm in order to
investigate the refationship between the W-time and changes in neural complexity.
The W-time involves, by definition, a conscious state, in this case, the time at which
a decision to move was made, and consequently, it should be associated with a high
level of neural complexity. Therefore, it should be expected that there should be a
significant positive correlation between the timing of high neural complexity and the
W-time.
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2.2. METHODS

2.2.1. Participants

Participants were 21 healthy individuals (11 women and 10 men) aged between 20
and 39 years of age (mean 25.8 years). Two were left-handed, one had mixed
handedness and the rest were right-handed. Regardless of their handedness all
participants performed the task with their right hand. Participants with any physical or
mental health problems that were likely to affect either their task performance or
EEG were excluded through a brief screening interview. Prior to commencing the
study, ethical approval was obtained and all participants provided informed, written
consent. Participants were recruited by advertisement and paid an honorarium of
£20 for their time.

2.2.2. Procedure

EEG was recorded while participants were required to undertake a self-paced
spontaneous mavement following a paradigm similar to that employed by Libet at al
(1983) and Haggard & Eimer (1999). Participants sat 0.9m in front of a computer
monitor that displayed a clock face (radius = 4cm} with a hand rotating every 2.56s.
The task for the subject was to pull the trigger of a joystick (Saitek™ MX-734), with
their right-hand, whenever they chose so to do, and coincidentally to note the
position of the clock hand either at the fime when they first felt the “urge” or intention
to make the movement (“W-time”) or when they actually made the movement
(“M-time”). Instructions were given to allow the clock hand to rotate at least once
before pulling the trigger. The clock hand rotated for a further random period upto
2560ms after the trigger-pull in order to stop the participant from simply noting the
time of the movement. Following the cessation of the clock hand, a prompt was
given for the participant to type in the position of the clock hand at either the W-time
or the M-time. At their own pace, participants could initiate the start of the next trial
by pulling the joystick trigger. Five practise trials were undertaken followed by 60
W-trials and 60 M-trials.

2.2.3. EEG Recording

Participants were seated in a sound-attenuated and electrically shielded testing
chamber whilst EEG was recorded from 28 scalp sites using an ECI electrode cap
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fitted to the participant's head. A ground electrode was placed 1.5 ¢cm anterior to the
vertex and vertical and horizontal electrodes were placed above and below the right
eye and laterally from both eyes. EEG was recorded referenced to left ear and
re-referenced off-line to the average of left and right ears. Electrode impedances
were below 5 kV. Recording and digitisation were carried out using a Neuroscan
Synamps amplifier with signal bandpass 0.1 — 100 Hz with a sampling rate of 500Hz.

2.2.4. EEG Data Preparation

Only EEG data of the experiment with W-judgement was analysed and shall be
considered here. The raw EEG data were divided into epochs from -3000 to
+1094ms around the time of movement. Baseline correction was performed using
the period from -2600 to -2500ms (Haggard & Eimer, 1999). Eye movement artefacts
were reduced using the method of Croft and Barry (2000). The data from 26
electrodes were analysed (FP1 and FP2 were excluded in all participants because of
eye residual movement artefacts). Epochs including values outside the amplitude
range of +100uV were automatically excluded and remaining epochs with movement
artefacts were excluded by hand. In order to obtain a Bereitschaftspotential data
from -2000ms to +50ms around the trigger were low pass filtered at 10 Hz and were
averaged across trials and across participants.

For the calculation of Complexity, EEG data, measured as electrical potential,
were first converted to scalp current density (SCD) using the method of spherical
splines (Perrin et al., 1987). The object of this transformation was to reduce the
effects of volume conduction between nearby electrodes. As this conversion may
give rise to aberrant values at electrodes on the edge of the montage, electrodes
FP1, FP2, F7, F8, T3, T4, T5, T6, O1, O2 and Oz were excluded from further
analysis. The remaining electrodes were centred on the vertex (Cz) and overlay
those areas of the cortex that are believed to be critical for spontaneous movement
such as the primary motor and pre-motor areas. Complexity and Integration values
were calculated for the remaining electrodes for each subject using both phase and
amplitude values at time intervals of 50ms in the range of -2000 to +1000 ms around
the finger movements. Instantaneous phase and amplitude were calculated for each
time point using the method of complex demodulation (Clochon et al., 1996). The
amplitude, in this case, was not the amplitude of the real signal but the amplitude
modutation (AM) of the signal, which is a value proportional to the square root of the
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instantaneous power in the signal. Complexity was calculated for the full frequency

range and for the following frequency ranges: delta 0.5-2.9Hz; theta 3-7.9Hz; alpha
8-12.9Hz; beta 13-29.9Hz and gamma 30-48Hz which were obtained by band-pass
filtering of the signal using a FFT. For each 50ms time period, SCD data were

obtained and concatenated across trials for each electrode giving a data matrix of a

maximum of 60 trials by 17 electrodes for each participant. These matrices were

used as the basis of the calculation of neural complexity, the method of which

differed for phase and amplitude modulation values.

i)

Linear AM-Complexity. For each individual, at each 50ms interval between
-2000ms and +1000ms around the time of movement, the correlation in
amplitude between each electrode was calculated resulting in a 17 x 17
matrix. Integration and neural complexity were calculated according to the
method described by Tononi et al., (1994), Equation 2. For multivariate
normally distributed {i.e. linear) systems, Integration can be estimated from
the sample correlation matrix, CORR(X), thus:

-1 CORR(X
where| .| |indicates the determinant. Complexity can be estimated using

equations (3) or (4} but in this case an equivalent method based on the
integration of bipartitions of the system was used, thus:

cv= 3k lx; )~ H o) ©

where <H(X;")> is the mean entropy of all possible subsystems of & elements
and »n is the total number of elements in the whole system

Non-linear AM-Complexity. The non-linear neural complexity of the EEG
was estimated using the Kozachenko-Leonenko {K-L) estimate of differential
entropy. The K-L estimator can provides a robust estimate of entropy based
on the distance between each observation and its nearest neighbours and
can be readily generalized to r dimensions (Victor, 2002).

rd 5, (N -1 ¥
HdiﬁzN;logzﬁj+logz[ . )]+ln(2) (7}
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where, where N is the sample size, 4 is the observed distance from xto its

%
nearest neighbour, 4is the Euler constant, S, = r[r—”— and I is the Gamma
r
-+ l]

Function. Given an estimate of the non-tinear entropy, it is a simple matter to
estimate Integration and Complexity using equations (2) and (6)

Phase Complexity. As the distribution of phase is non-Gaussian, the
standard method for the calculation of neural complexity is not appropriate.
Consequently, the following procedure was used. First, for each individual, the
mutual information between each electrode was estimated using the method
described by Darbellay(1999). The mutual information values thus obtained
were then transformed to correlation coefficients using the following formula:

_ (=2Mi1)
r= 1_e (8)

where r is the correlation co-efficient and MI is the mutual information. In all
cases, the positive square root was taken. This equation converts the mutual
information value to a correlation value equivalent to the magnitude of
correlation that would have been obtained had the mutual information been
derived from data with a bivariate Gaussian distribution. Correlation matrices
produced in this way are not necessarily positive definite and for this reason,
Tononi et al's {1994) method could not be used without some adjustment. To
overcome this problem, if a matrix was not positive definite, the eigen values
were calculated, and values <0 were replaced by .001 and the correlation
matrix was recalculated from the revised eigen values. If the values in the
leading diagonal of the revised matrix were all equal to one, the revised matrix
was accepted. If not, all values in the leading diagonal that were set to 1 and
the process repeated as necessary. Usually only a few iterations of this
process were required. The resulting matrices were positive definite and
deviated only modestly from the observed matrix. The mean root mean
squared error of estimation between the observed and the adjusted
correlation matrices was 0.0291(sd=.0065; 95%C! 0.018 to .043) and did not
differ significantly by time or frequency band or between participats. The
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adjusted correlation matrices could be used to calculate Integration and
neural complexity using equations (2), (5) and {6).

2.2.5. Statistical Analysis

As the timing of maximum and minimum Gomplexity was not normally distributed,
non-parametric statistics were used throughout. Spearman’s p was used in order to
determine the correlation between the timing of extrema in neural complexity and
W-time. As the hypotheses were directional, one-tailed tests were used. Differences
in timing between events were compared using the Wilcoxon matched pairs test.

As neural complexity was calculated at 50ms intervals, the timing of the
maxima and minima was only approximate. In order to improve these estimates,
piecewise cubic spline interpolation was used to estimate the timing of maxima and
minima to the nearest millisecond. The analyses reported below were also
performed on the raw data with essentially the same results, but are not reporied
here.

Structural equation modelling was performed using AMOS version 3.6. Each
structural equation model was evaluated by using both indices of the statistical
significance and indices of goodness of fit. Statistical significance may be
interpreted as the probability that the observed data could have been obtained given

that the hypothesised modet is correct so low x2 values and high p-values indicate a
good fit. Models were also assessed by the xz value divided by the degrees of
freedom, ledf, where values less than 2 indicate a good fit of the model and by the

root mean squared error of approximation which is reported here with the 90%
confidence intervals. For a good fit, the RMSEA should be less than .05.

2.3. RESULTS

2.3.1. Behavioural Results

Of the 21 participants, two were excluded from analysis: one due to a data recording
error and the other because his reported W-times were extreme outliers being on
average more than 5 standard deviations from the mean of the other participants.
The mean W-time was -175ms (sd=94.1) and the M-time was -82ms (sd=56ms).
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Figure 1. Grand Average event-related potential

2.3.2. The Bereitschaftspotential
The grand average event-related potential is shown in Figure 1. As can be seen,

there is a smalt negative deviation from the baseline starting approximately 800ms
before movement.

2.3.3. Linear Amplitude Complexity

The change in linear AM-Compiexity over time for each frequency band is shown in
the left-hand column in Figure 2. The neural complexity values are z-scores derived
from the mean and standard deviation of the neural complexity values observed in
the —1500ms to —1000ms interval. For the broad frequency range, delta and theta,
there is no clear variation in linear AM-Complexity over time. For alpha and beta,
from -1000ms onwards there was a consistent negative deflection in linear
AM-Complexity, which in alpha became more marked just after the movement. For
gamma too, there was a negative deflection, but this was not apparent until just prior
to the movement.

In order to determine whether there was any relationship between W-time and
neural complexity, the timing of the maximum and minimum neural complexity values
for each frequency band in the -500ms to Oms interval was correlated with the
W-time. From the original formulation of the Dynamic Core Hypathesis, it would be
expected that any significant correlations with W-time would be with the times of
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maximum neural complexity, but as several reports have indicated that the
relationship might be the opposite of this (van Putten & Stam, 2001; van Cappellen
van Wallsum et al.,2003), it was decided to consider both maximum and minimum
values. The time window -500ms to Oms was chosen to cover the range of
participants’ W-times. For Linear AM-Complexity, however, there were no significant
correlations with W-time in any frequency band.

2.3.4. Non-linear Amplitude Complexity

The change in non-linear AM-Complexity over time for each frequency band is
shown in the central column in Figure 2. For the broad frequency and Delta
frequency ranges, non-linear AM-Complexity tended to increase before the
movement and to become substantially higher than the baseline mean in the period
immediately following the movement. In contrast, alpha and beta non-linear
AM-Complexity tended to decrease before the movement and become substantially
lower than the baseline mean just after the movement. For theta and gamma, there
was no consistent pattern of change around the time of movement.

There was a significant correlation between the timing of the maximum
nonlinear AM-Complexity in the gamma frequency range (YAMwmax) and W-time
(p= .46, p< .024). YAMuax OcCCurted, on average, 256ms before the movement (95%
C.l.-344ms to -179ms) and was significantly earlier than the W-time (mean
difference= 90ms; z= 1.97, p< .049). There was also a trend towards a significant
correlation between the timing of the minimum neural complexity in the theta
frequency range (6AMwmin) and W-time {p= .36, p<.07). The 6AMwmin occurred an
average of -220ms before the movement (95% C.1.= -281ms to -157ms} and did not
differ significantly from W-time (mean difference= 43ms, z=.049, p< .117).

Although 8AMuyin and YAMumax Complexity in the 500ms preceding movement
appear to be significantly related to Wish Time, it is worth noting that they were only
local extrema. Outside the ~500 to Oms interval, there were extrema with greater or
lesser absolute values of Complexity, but none were significantly correlated with W-
time.
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2.3.5. Phase Complexity

The change in Phase-Complexity over time for each frequency band is shown in the
right-hand column in Figure 2. For the broad frequency and Delta frequency ranges,
Phase-Complexity tended to decrease just prior to movement reaching a minimum
around 200-300ms after movement before returning to baseline levels. For theta,
Phase-Complexity fell below baseline values from -500 to —400ms but otherwise
showed no consistent clear variation over time. Simitarly, for the alpha, beta and
gamma frequency ranges, there was no clear pattern of variation over time in
Phase-Complexity.

There was a significant correlation between the timing of the minimum phase
neural complexity in the gamma frequency range Yomin and W-time (p= .45, p
< .026). Yomin Occurred, on average, 180ms before the movement (95% C.I. -243ms
to -115ms) and was essentially coincident with W-time (mean difference=4ms,
z=-0.24, n.s.). Unexpectedly, there was also a strong negative correlation between
the timing of the maximum phase neural complexity in the theta frequency range
Odmax and W-time (p= -.57, p< .006). Bdmax Occurred at -267ms (95% C.I. -338ms to
-195ms) and tended to be a litle earlier than the W-time (mean difference 111ms,

=-1.81, p< .07)

As was the case with AM-Complexity, 8¢max and ypuin were only local extrema.
Outside the -500 to Oms interval, there were extrema with greater or lesser absclute
values of Complexity, but none were significantly correlated with W-time.

2.3.6. Integration
In most studies that have been reported, there has been a significant positive

correlation between neural complexity and Integration. For this reason, in those
cases where significant association between neural complexity and W-time were
found, the relationship between Integration and W-time was also examined but in no
case was a significant correlation found. This suggests that the relationship between
neural complexity and W-time is not simply a reflection of changes in the overall
levels of functional connectivity.
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2.3.7. The relationship between Non-linear AM-Complexity and
Phase-Complexity

For both Non-linear AM-Complexity and Phase Complexity, significant associations
were found between extreme values of neural complexity in the theta and gamma
frequency ranges and W-time but the direction of association between these
variables was not consistent. In order to elucidate the relationship between these
different variables, an exploratory structural equation model was constructed. Three
of the variables, YAMmax 8AMuin and Oémax all occurred, on average, earlier than
either the W-time or the yomin and for this reason they were included as exogenous
variables for the model. W-time and the yomin were included as endogenous
(dependent) variables. The initial model allowed each of the endogenous variables to
covary with each other and to predict each of the endogenous variables. The
relationship between Yémin and W-time was modelled by regression with W-time
being the dependent variable. Thus, the initial model was exhaustive and was used
as the basis for a more parsimonious mode! that was produced by excluding all
non-significant pathways. Given the relatively small sample size used, significance
for this model was taken to be p< .10. The resulting model is shown in Figure 3. The

model provides an excellent fit to the data (x’= 4.20, di= 5, p< .52; y /df= .841;
RMSEA= .00, 90%C.l.= .00 to 0.30). The model indicates that the time of yAMy,,

has a direct positive effect on W-Time, independent of other factars. For theta, the
situation is more complex. The timing of g¢y, and eAM,;, were negatively

correlated and neither had a direct influence on W-time. Both, however, had an
indirect effect on W-time via yépq.

Figure 2. Changes in neural complexity before and after spontaneous finger movement for different
frequency ranges. Time. The left column shows Linear AM-Complxity, the middie column Non-finear
AM-complexity and the right hand column Phase-complexity. Time is in milliseconds before and after
the spontaneous finger movement that occured at time 0. All neural complexity values were
normalised using a z-transformation of the data based on the mean and strandard deviation of the
neural complexity values observed in the —1500ms to -1000ms interval. Horizontal dolted lines
indicate +2 standard deviations from the baseline mean. The vertical dotted line indicaies the mean
W-time mean.
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Figure 3. Summary of the relationship between YAMuax, Twmin, Oumax, 0AMui, and W-time. Rectangles
indicate observed variables. One-headed arrows indicate regression between variables, two-headed
arrows indicate covariance and the adjacent numerical values indicate the relevant standardised
regression coefficient or correlation. R? values indicate the proportion of variance of the endogenous
{dependent) variables accounted for by the exogenous (independent) variables. The position of the
variables is in approximate order of their sequence of occurrence.
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24. DISCUSSION

In this study, we have replicated Libet et al.'s (1983) observation that the intention to
make a spontaneous movement is preceded by several hundred milliseconds by a
negative deflection on the EEG. Unlike Libet et al. (1983) our interest was not in
events preceding the intention to move but with identifying correlates of the decision
making process. In particular, we were interested in the role of neural complexity in
making free-willed movements. One of the main limitations of this study was that the
number of participants and the number of trials per participant were fewer than might
be ideal for calculating neural complexity. Although 21 participants is quite
respectable for an EEG study, and larger than reported in Libet's original work, given
the unexpectedly complex nature of the relationships between neural complexity
maxima and minima in the theta and gamma frequency ranges, the numbers were
only just sufficient. In addition, neural complexity values for each person were
calculated on very few trials, which meant that the estimates of neural complexity
were noisy. Given the importance of our findings, it should be a priority to replicate
this study with a larger sample size and a larger number of trials. In addition, it would
be valuable to give participants a wider choice of movements and to measure the
lateralised readiness potential, which provides a more specific index of motor
preparation than that provided by the Bereitschaftspotential.

The primary aim of this study was to test Edelman & Tononi (2000)’s Dynamic
Core Hypothesis. The rationale was that the awareness of the intention to make a
spontaneous movement is a conscious state and should, therefore, be associated
with a change in neural complexity. The main result of this study is that such
associations do indeed exist. To be precise, the timings of extremes in neural
complexity correlate significantly with the W-time, the time at which the participants
became aware of their intention to make a movement. Furthermore, these changes
in neural complexity did not correlate with M-time (the participants estimate of the
time of the movement) nor did they coincide with the Bereitschaftspotential. Thus far,
the results seem to provide good support for Edelman & Tononi (2000)’s hypothesis.
However, the direction and timing of the changes in neural complexity suggest that
such a simple interpretation of these resuits is inappropriate. According to Edeiman
& Tononi {2000), conscious states should be associated with high levels of neural
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complexity but in only one case was such a relationship found, YAMuax, In this case,
however, the maximum occurred significantly earlier than the W-time and not
contemporaneously as would be expected from theory. If, as Liibet et al. (1983,
1985) suggest, that there is a bias in the subjective estimate of the W-time by as
much as 80ms, then the time difference becomes even greater. However, given that
neural complexity was estimated at 50ms intervals, a bias of 80ms is at the limit of
detectability in this study.

Assuming that there was no bias in the subjective estimate of the awareness
to move, then the only significant, positive and contemporaneous association
between neural complexity and W-time was with yomin i-€. the time at which neural
complexity was at its minimum. Although this finding is not consistent with Edelman
& Tononi (2000)'s hypothesis, it is consistent with a number of previous studies in
which lower rather than higher levels of neural complexity are associated with higher
levels of consciousness (van Putten & Stam, 2001; van Cappellen van Wallsum et
al.,2003). In short, although Edelman & Tononi (2000) may stili be correct in their
belief that complexity is a neural correlate of consciousness (this remains to be
proven), they do seem to be wrong about the direction of that association.

The role of theta neural complexity also requires some explanation. Although
there was a trend towards a positive association between W-time and 6AMu, in the
case of 8dmax the relationship was clearly negative. This means that the earlier the
maximum in theta neural complexity occurred, the later the W-time occurred and
vice-versa. It is far from obvious how such an observation couid be explained using
Edelman & Tononi (2000)'s hypothesis but a useful insight into this relationship was
obtained from structural equation modelling (Figure 3). From this model it is clear
that the correlation between 8¢max and W-time can be accounted for entirely by the
relationship between yomin and 8émax and no direct link between 8¢max and W-time is
required. That there is a relationship between theta and gamma oscillations has
been often noted before. Computational models of hippocampal function have been
proposed in which gamma oscillations occur in bursts nested within the slower theta
rhythm (Lisman & Idiart, 1995; Jensen & Lisman, 1995ab) and this prediction has
been confirmed by electrophysiological recordings from the hippocampus, entorhinal
cortex and neocortex of rats (Bragin et al., 1995; Chrobak & Buzsaki, 1998; Fisahn et
al., 1998; Penttonnen et al.,, 1998) and more recently in EEG recordings from
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humans {(Burgess et al., 2003; Schack, 2003). Consequently, finding that the 8¢max
is negatively correlated with ywmin, which it precedes by 87ms (half the period of a
6Hz theta oscillation) should perhaps come as no surprise. The exact nature of the
relationship between theta and gamma remains to be elucidated, but two possible
explanations should be considered. One possibility is that the 8¢max has a direct
causal influence on the timing of ydmin, which is a neural correlate of the decision to
move (i.e. the W-time). If this is the case, then like Libet et al'.s findings, it suggests
that motor preparation is occurring before any conscious decision to move has been
made. Alternatively, the relationship between 8¢max and W-time might be artifactual.
This could arise if the oscillatory processes in gamma that give rise to Ywmin and
which coincide with the W-time are most likely to occur in a given phase relationship
to theta. This would mean that yomin Would be reliably preceded by 0¢max even though
they are not causally linked.

Although the timings of some maxima and minima values of neural complexity
were correlated with W-time, there was nothing very remarkable about the absolute
values of these extrema. Outside of the time period of interest, larger and smaller
neural complexity values were clearly visible in all the participants tested. Only
movement itself appeared to be associated with large changes in neural complexity
levels. What is critical, however, is that only those extrema in the ~500ms to Oms
interval showed a significant correlation with W-time and this makes this time period
unique. The existence of other maxima and minima is unsurprising, and if Edelman
& Tononi (2000)'s hypothesis is correct, this reflects activity in the Dynamic Core,
which in turn reflects our conscious processes, which are ongoing for most of our
waking lives. The unremarkable nature of these extrema does mean, however, that
the timing of key events of interest cannot be determined from an examination of the
changes in neural complexity over time on their own. Rather, critical changes in
neural complexity can only be revealed by the fact that they correlate with some
observable behaviour.

One of the difficulties in testing the Dynamic Core Model is that it is not clear
which measure of neural complexity is most appropriate. In this study we used both
linear and non-linear measures and both phase and amplitude modulation values. All
the significant effects found were with non-linear methods (non-linear AM-Complexity
or Phase-Complexity), which is good evidence for the efficacy of non-linear methods.
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With regard to phase and amplitude modulation, the resuits are less clear and
although phase and amplitude could, in principle, be independent, it is apparent from
our results that in practice, they are not. Several significant correlations between the
AM-complexity and Phase Complexity were found (see Figure 3 for examples) but
no simple interpretation of the pattern of results has been found with these data. One
reason for this is that the two methods are differentially sensitive to noise.
AM-complexity is derived from EEG amplitude values that may have a very skewed
distribution and include extreme outliers that are overly influential on any analysis of
the signal. Phase, by contrast, is calculated from a limited range of values between
-z and +=x, which naturally limits the influence of outliers. In the absence of further
information, it would be wise to continue using both phase and AM values for the
calculation of neural complexity and both have been valuable here.

If the results of this study are substantiated, the implications of these results
are profound as neural complexity provides a correlate of the conscious awareness
of the decision to act. It is still premature to suggest that neural complexity is a
neural correlate of consciousness, as proposed by Edelman & Tononi (2000), nor is
it yet clear that we are measuring the construct in the most appropriate way. These
results, however, do confirm that neural complexity is a potentially useful measure of
cortical connectivity and one that is sensitive to changes in mental state. For these
reasons alone, neural complexity deserves to be studied more extensively.
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3. Changes in Neural Complexity during Cued
Autobiographical Recall

3.1. INTRODUCTION

The choice of experimental paradigm in Experiment 1 was guided by two important
needs. First, it was necessary for the participant to experience a significant,
spentaneous change in the state of conscious awareness, in this case the
awareness of the decision to make a freely willed movement. Second, it was
necessary to be able to indicate to an external cbserver when that change occurred,
and this was achieved using a Wundt clock. Although this task has some desirable
features, for example it permitted the correlation of intemal mental events with
objectively measurable events (i.e. changes in neural complexity), it also required
the participant to self-observe in a way that was artificial and which introduced a
secondary task in to what was intended to be a spontaneous action. In an attempt to
avoid this problem, the second experiment was chosen to be one in which the
participant is simply required to report a change in mental state without the need to
self-cbserve exactly when the change occurred. Although this has the advantage of
being a more naturalistic task, it does mean that much information about the timing
of events is lost.

The task selected was essentially the same as the memory assessment
technique pioneered by Sir Francis Galton in the late 19" century (Galton, 1879) and
revived much later by Crovitz & Schiffman (1974). Essentially, participants are
required to recollect a specific, autobiographical memory in response to a single
word cue. In recent years, variants of this task have been much studied and the
memories produced have been subject to analysis in terms simple parameters such
as the latency of response or subject to more detailed analysis of content.

The Galton/Crovitz task has two main advantages. First, the cognitive
processes involved in generating specific autobiographical memories have been
studied extensively and explicit models of the processes involved have been
produced. Second, neuropsychological evidence suggests that recoliection requires
the activation of widely distributed neural networks and this makes it a likely
candidate to give rise to changes in neural complexity that will be detectable using
the EEG.
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3.1.1. Cognitive Approaches to Autobiographical Recollection
Autobiographical memory is a form of explicit memory in that the recollection

experience is a conscious one. It remains controversial, however, as to whether
autobiographical memory is synonymous with episodic memory, the memory for
events that are associated with a specific time and piace (e.g. Tulving, 1983}, or
whether it is a distinct subtype {e.g. Brewer, 1986). This debate is not critical for the
present study and so it will not be considered further here. What is critical, however,
is that the process of recollection is an active, re-creative one, rather than a simple,
passive reading from a memory trace. This idea was first proposed by Frederick
Barlett who wrote, “..remembering is not the re-excitation of innumerable fixed,
lifeless and fragmentary traces. It is an imaginative reconstruction or construction.”
Bartlett (1932). The same ideas, formulated in more modern psychological terms
are now quite prevalent. For example: “..memories are dynamic mental
constructions created by central processes modulating the activation of knowledge in
long-term memory.” Conway (1997). Detailed examination of the recollection
processes involved in the Galton/Crovitz task has indicated that there are several
processes involved. Williams & Hollan (1981), using a “think aloud” procedure,
identified three stages in autobiographical recollection:
1. Context: the establishment of the retrieval context to constrain the type of
information accessed
2. Search: the searching of long-term memory records
3. Verification: where the product of the memaory search is tested for accuracy
and consistency with other memories.
More recently, Burgess & Shallice {1996), using a similar method, proposed that
there are three consciously controlled stages and one automatic stage. These were:
1. Descriptor: the attempt by the participant to define the type of information that
would meet the task requirements (similar to Wiliams & Hollan's, 1981,
‘Context’ process).
2. Editor: The selection and verification of the product of the memory search
(similar to Williams & Hollan's, 1981, ‘Verification’ process).
3. Mediator: this involves a range of more general cognitive processes such as
problem solving that are not memory-specific.
And one automatic process: Search.
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Presentation of
Cue Word
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Set the context C .
for the search onscious
¥ Search Unconscious

Is the memory
accurate &
consistent

Conscious

Response Conscious

Figure 4. Schematic diagram indicating the critical processes involved in generating an
autobiographical memory to a semantic cue

The critical importance of these ideas for the present study is that
autobiographical recollection is an active recursive process involving both conscious
and unconscious processes {Figure 4). This means that many memories may be
recollected before one is produced that meets the search criteria.

3.1.2. Neuropsychological Approaches to Autobiographical
Recollection

The second advantage of the Galton/Crovitz tasks is that the exisitng
neuropsychological evidence suggests that autobiographical recall involves
activation of widespread regions. This is advantageous because if the Dynamic Core
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Hypothesis is correct, this widespread activation should give rise to increases in
neural complexity across the cerebral cortex that should be readily detectable using
the EEG.

That memory storage involves widely distributed networks is now well
established. Karl Lashley’s unsuccessful search for the ‘engram’, or memory trace,
provided some early evidence that this was the case. After more than two decades
of research attempting to locate the engram, by observing the effects of systematic
brain lesions on previously learned behaviours (e.g. maze learning), he concluded:
“This series of experiments has yielded a good deal of information about what and
where the memory trace is not. It has discovered nothing directly of the real nature of
the memory trace. | sometimes feel, in reviewing the evidence on localisation of the
memory trace that learning is just not possible. It is difficult to conceive of a
mechanism that can satisfy the conditions for it. Nevertheless, in spite of such
evidence against it, learming sometimes does occur’. Lashley (1950).

Lashley’s (1950) nihilistic interpretation of his findings was never widely
accepted and ironically, one of his own students, Donald Hebb, provided the first
satisfactory explanation of his findings. In ‘The Organisation of behaviour’ Hebb
(1949) proposed that memories are stored as distributed networks across wide areas
of cortex and that memory storage is encoded by the strengthening and weakening
of synaptic associations. Lashley failed to find the engram, therefore, because his
systematic, localised lesions were unlikely to disrupt anything other than a small part
of such a widely distributed storage system.

Hebb's theory is now the dominant view on the storage of memory and more
recent studies of the effects of cerebral lesions in humans and functional imaging
has broadly supported his ideas. Indeed, with only a few exceptions, there is no
specific region of the brain that results in the loss of established memoaries. These
exceptions are, however, of interest. The damage to the medial temporal lobe
structures such as the hippocampus, may result in a profound anterograde amnesia
but only mild retrograde amnesia. That is, new memories cannot be laid down, but
existing memories, apart from those formed in the few weeks or months prior to the
injury, are usually intact. This suggests that the medial temporal lobe structures are
important for forming and consolidating memaries but are not critical for their
long-term storage or retrieval. Consistent with this interpretation, Piefke et al,
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(2003), using functional magnetic resonance imaging, found hippocampal activation
associated with the recollection of recent but not remote autobiographical memories.
The other example of specific memory loss following brain injury involves loss of
specific categories of semantic knowledge. In most cases, these have involved
damage to the left temporal cortex although the interpretation of these specific
semantic amnesias remains controversial (Mayes, 2000).

It might seem that functional brain imaging would have much to offer in terms
of identifying brain regions involved in recollection of autobiographical information
but only a few such studies have been reported and the results have not been
entirely consistent with each other. For example, Fink et al., (1996) demonstrated
that recollection of autobiographical events results in the activation of a primarily
right-sided network incorporating the temporo-lateral and temporo-mediai cortices,
the amygdala, hippocampus, parahippocampal gyrus, insular, posterior cingulate,
temporo-parietal and prefrontal cortices. Other studies have confirmed that
autobiographical recollection invoives a widely distributed network of activation but
there have been differences in the specific regions involved. For example, Maguire &
Frith (2003) found a much more bilateral distribution of activation than Fink et al.,
(1996) and they also reported significant differences between young and old
participants. Such discrepancies between studies should come as no surprise.
Autobiographical memory involves the recollection of many different modalities of
information (visual, auditory, olfactory etc) with different affective tone that come
from different periods of time in the participant’s life. This suggests that the
recollection of each autobiographical memory is likely to give rise to different areas
of activation. Indeed, perhaps the surprising thing is that these different studies have
come up with such similar patterns of cerebral activation.

Such issues, however, are not our concern. The object of using the
Galton/Crovitz task was simply to be abie to measure neural complexity, as
measured using the EEG, at the time when a specific autobiographical memory is
recollected, with an equivalent time when no such recollection occurs. The rationale
for this is that, on the basis of the Dynamic Core Hypothesis, it would be expected
that recollection would be associated with high levels of neural complexity.

As memory has been extensively studied using the EEG, it is also possible to
make predictions about the EEG frequency ranges that are most likely to be
affected. Klimesch (1996, 1999) has long advocated the view that desynchronisation
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in the upper alpha frequency range is a marker of the activation of semantic memory
networks. On this basis, as the Galton/Crovitz task involves the elicitation of
autobiographical memory through the presentation of a semantic cue, it seems
reasonable to expect that changes in neural complexity in the upper alpha frequency
range would be found. Similarly, Klimesh et al. (1997) and others (Burgess &
Gruzelier, 1997; 2000) have provided evidence to show that the theta frequency
range is associated with episodic memory and working memory processes and
consequently, changes in theta neural complexity might also be expected.

3.2. METHOD

3.2.1. Participants
Twenty-one healthy participants {11 female) were recruited for the study (two

left-handed; one mixed). Mean age was 25.8 years (range 20 - 39). Prior to
commencing the study, ethical approval was obtained and all participants provided
informed, written consent. Participants were recruited by advertisement and paid an
honorarium of £20 for their time.

3.2.2. Procedure
EEG was recorded while participants were required to undertake a cued

autobiographical recall task. Participants sat 0.9m in front of a computer monitor
upon which word-stimuli were presented. The task for the subject was to elicit a
specific autobiographical associated with the cue word. For example, if the word was
‘bread’ an appropriate memory might be “| went to the bakers last Tuesday and they
gave me the wrong change”. Semantic associations (e.g. “Bread is used to make
sandwiches”) or autobiographical memories that were not linked to a specific time or
event {e.g. “My mum used to give me jam sandwiches for tea” or “When we used to
go on holiday to France, we would have some really nice bread’) were not
acceptable. The precise instructions were:

You will be shown a range of words showing up on the screen. They are all
concrete nouns. For each word, | would like you to think of an event that happened
to you in your life that the word reminds you of. The event could have happened
recently (like yesterday) or a long time ago (e.g. in your childhood). It might be an
important event or a trivial event.
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I am only interested in a specific personal episode in your life that the word
reminds you of, not just a general association with this word.

As soon as you think of such an event, press the joystick button as quickly as
possible. Then I will ask you to describe the episode briefly (in 2 or 3 sentences) and
rate it for vividness according to the rating scale. Have a little rest and when you are
ready for the next word to come up on the screen, press the fire button again.

The participants were only allowed to proceed to the next stage once they had
successfully completed four practice trials. The procedure for each trial is shown in
Figure 5. Participants initiated the start of each tria! by pulling the trigger of a joystick
(Saitek™ MX-734), with their right-hand. 1000ms after this, the cue word appeared
on the computer monitor and the participant was required to search for a specific
autobiographical memory associated with that cue. As soon as they had recollected
a specific episodic memory, they were required to indicate this by puliing the joystick
trigger with their right hand. After 1000ms, a message appeared on the screen
prompting the participant to relate the memory to the experimenter and to rate each
memory for vividness (1 = perfectly clear (as if you were there); 2 = very clear; 3 =
moderately clear; 4 = not clear but recognisable; 5 = vague and dim). The
participants were then required to take a short rest and to resume the next trial with
another trigger-pull whenever they so desired.

3.2.3. Stimuli
Stimulus sets were 40 concrete nouns chosen from the MRC Psycholinguistic

Database, Coltheart (1981) and were balanced for concreteness, familiarity,
imageability and Kucera and Francis (K-F; 1967) frequency. Words with a K-F
frequency within the range of 10 - 200 and whose concreteness, imageability and
familiarity ratings were in the 5.00 — 7.00 range were chosen. Ratings for
concreteness were based on a 1-7 rating scale where 7 indicated high concreteness
and the mean of all words in the MRC database was 4.38 (s.d.=1.20). Ratings for
imageability were also on a 1-7 rating with 7 indicating high imageability (MRC
database mean 4.50; s.d.=1.08). Similarly, Familiarity was rated on a 1-7 rating scale
where 7 indicated high familiarity (MRC data base mean = 4.88; s.d. = .99). That is,
compared with the MRC database, the words used in this study were familiar,
concrete and readily imageable.
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Word lengths were in a range of 3-7 letters {letter height = 22mm). Stimuli
were presented for 1000ms. Two stimulus sets were employed, each presented to
half of the participants on a randomly assigned basis. An example stimulus set of
the words employed is: ball, bill, bird, bottle, bread, bridge, brush, chair, clock, coat,
coffee, ear, farm, film, foot, gift, glass, grass, hat, hil,, jail, kid, lake, lamp, letter, lock,
milk, pen, phone, plane, rain, salt, shell, ship, shirt, song, star, stove, thunder, ticket,
tin, wind, wind and window.

Memary Coe Tstruction Coe
® Tell us the memory
® Rateit
BREAD * Wait a while STIMOLE

* Ni e Aoy < -4
et Mooy Debricfing
—ANAN 2000ms o 1000WT AN 2000ems g 1000ms m____,nw_e:tiagﬂ__,n
subject rating
of vividness
Press Jowtick button to Press Joystick button to RESPONSES
indicate readiness for next indicstc Autobiographical
Memory cue Memory Adhieved

Figure 5. Showing the sequence of evenis on each trial. Motor responses were self-paced. The
occurrence of the participants' responses defined the time periods of interest with the time of
movement being defined as Oms. The Memory condition included the period —2000ms to +1000ms
around the time of the finger movement made to indicate that an autobiographical memory had been
successfully recalled. The Next condition included the period —2000ms to +1000ms around the time of
the finger movement made to indicate that the subject was ready to proceed to the next trial.

3.2.4. EEG Recording
Participants were seated in a sound-attenuated and electrically shielded testing

chamber whilst EEG was recorded from 28 scalp sites using a EC! electrode cap
fitted to the participant's head. A ground electrode was placed 1.5 cm anterior to the
vertex and vertical and horizontal electrodes were placed above and below the right
eye and laterally from both eyes. EEG was recorded referenced to left ear and
re-referenced off-line to the average of left and right ears. Electrode impedances
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were below 5 kV. Recording and digitisation were carried out using a Neuroscan
Synamps amplifier with signal bandpass 0.1 — 100 Hz with a sampling rate of 500Hz.

3.2.5. EEG Data Preparation
The raw EEG files were divided into epochs -3000ms to 1094ms around the

response triggers (memory and control conditions). Baseline correction was
performed using the entire epoch. EEG from 26 electrodes was analysed, data from
electrodes FP1 and FP2 having being excluded because of eye movement artifact.
Remaining eye movement artifact was reduced using Croft and Barry's method
(Croft and Barry, 2000) and any remaining epochs that included values outside the
+100 mV range were automatically excluded.

SCD was calculated in the same way as Experiment 1 and the peripheral
electrode sites (FP1, FP2, F3, F4, T3, T4, T5, T6, O1, O2 and Oz) were excluded
from further analysis. That is, Complexity and integration were calculated from the
instantaneous SCD phase values from the following electrodes: F3, F4 C3, C4, P3
P4, Fz, Cz, Pz, Oz, FTC1, FTC2, TCP1, TCP2, CP1, CP2, PO1 and PO2.

In comparison with Experiment 1, there was a large degree of movement
artifact such that an attempt to calculate neural complexity and integration in 50ms
intervals was unsuccessful as there were too few acceptable epochs to provide
reliable estimates of Complexity and Integration. Consequently, for each participant,
the time intervat —2000 to +1000 was divided into six 500ms blocks and
instantaneous SCD phases values, sampled at 50ms intervais, were concatenated in
order to provide more observations for the calculation. Consequently, Complexity
and Integration were calculated for the following time periods only: -2000 to
-1550ms; -1500 to -1050ms; -1000 to —550ms; -500 to -50ms, 50 to 500ms, 550ms
to 1000ms.

3.2.6. Statistical Analysis

As Complexity was not normally distributed, non-parametric statistics, Wilcoxon
matched pairs test, was used to compare neural complexity and integration between
the memory and the next conditions.



615

ﬁ@:a Two tests of the Dynamic Core Model
3.3. RESULTS

3.3.1. Behavioural Results
The mean self-rating by participants for the vividness of their autobiographical

memories was 2.27, s.d. = 0.27 (i.e. very clear to moderately clear). Mean time
from cue to, recollection was 3.64s (s.d. = 1.46s). All elicited memories were judged
by the observer to be specific and autobiographical so all were included in the
subsequent analysis.

3.3.2. Neural Complexity
Neural complexity in the pre-movement phase was compared for the ‘Memory’ and

the ‘Next’ conditions in each frequency band. There was no significant difference
between the two conditions in the broadband {z = -1.368, p < .171}, delta (z = -1.046,
p < .295), alpha (z=-.845, p < .398), beta (z = -1.690, p < .091) or gamma
(z =-.523, p < .601) frequency ranges. There was, however, a significant difference
between conditions in theta (z = 2.374, p < .018) with greater theta neural complexity
occurring in the Memory condition (Figure 6). The same pattern was seen with
Integration where theta was the only frequency range where there was a difference
between conditions (z = 1.972, p < .049), although the size of the effect was slightly
lower than for neural complexity.

Figure 7. shows the difference in neural complexity between the two
conditions in Theta. There were significant differences in the —2000 to —-1550ms
(z=2.093, p < .036) and —1500 to —1000ms (z = 2.616, p < .009). As before, greater
neural complexity was seen during the memory condition. Integration showed a
similar pattern with a trend towards a significant difference in the —2000 to —1550ms
period (z = 1.851, p .064) and a significant difference between —1500 and —1050ms
(z = 2.294, p < .022). That is, in each case Integration showed the same pattern of
effects as Complexity but with smaller effect sizes.

Aithough theta neural complexity was greater in the pre-movement phases
during the Memaory condition than during the Next condition, the absolute levels of
neural complexity were not exceptionally high in either case. For example, even for
the largest effect seen (i.e. the pre-stimulus Memory condition), individuals were on
average, only 0.23 standard deviations above the mean neural complexity they
showed during an Eyes Open resting condition. That is, the mean neural compiexity
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seen during the memory condition is well within the range of spontaneous
fluctuations observed during rest.
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Figure 6. Boxplot showing the difference in Theta neural complexity between the Memory and
Next Conditions in the Pre-movement period (-2000 to --50ms)

10

Difference in Complexity

-10

Figure 7. Showing the difference in Theta Complexity between the Memory and Next
Conditions in the Pre-movement period (-2000 to —50ms) by Time. Error bars indicate the 95%

confidence intervals of the mean difference; * indicates a significant difference, p<.05
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3.4. DISCUSSION

As predicted by the Dynamic Core Hypothesis, participants showed an increase in
Complexity around the time they experienced the recollection of an autobiographicat
memory. That the change was seen only in the theta frequency range is also
consistent with this interpretation as theta has so often been implicated with episodic
memory processes.

There were, however, some limitations to this study that should be considered
before this interpretation of the findings is accepted. First, the level of movement
artifact throughout these trials was high which meant that estimates of neural
complexity were based on fewer trials than Experiment 1. The reason for this high
degree of artifact is uncertain but it might be that asking people to search their
memories provoked the movement. It is known, for example, that people sometimes
make characteristic eye movements and changes in body posture in response {o
cognitive challenge. If this were the case here then there would be a systematic error
in the study design and this would create significant difficulties in interpreting our
findings. This is unlikely to be the case, however, for two reasons. First, eye
movements were removed using the highly effective algorithm of Croft & Barry
(2000), so any task-specific eye-movements should have been eliminated. Second,
the main problem with artifact was seen during the Next condition and not the
Memory Condition. Our speculation is that the period prior to the ‘Next’ cue was
taken by participants as not being task-related and was used as an opportunity to
shift position and make themselves comfortable ready for the next trial. Overall,
although the high level of artifact was a problem in that it reduced the signal to noise
ratio, our judgement is that is does not significantly affect the way in which these
results should be interpreted.

It might be argued that the comparison carried out between the Memory and
Next conditions was not well matched. Whilst it is true that both periods were well
matched in terms of stimulus presentation and motor output (both included the -2000
to +1000ms around a spontaneous motar response and there no stimuli were
presented during the time periods of interest), the mental state of the participants are
likely to have been quite different between the two. Of course, it was the intention of
the experimental design to induce different mental states in the two conditions but
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although we can argue with confidence that neural complexity differed between the
two, the reason why it did is so open to question. In the Memory Condition it was
expected that participants would enter into a recursive search (unconscious} and
validation process (conscious) — see Figure 4. What is less certain, however, is what
was going on in the participants’ minds during the Next condition. In part, they would
be engaged in some task-related activity i.e. deciding when to press the joystick
button, but they are also likely to have been engaged in other non-task-related
mental activity of which we have no knowledge. Although it seems likely that making
the decision to press the joystick button to initiate the next trial and pressing it in
response to the successful validation of a memory search are similar in terms of their
demands on conscious processing and, therefore, will have resulted in similar
changes in neural complexity, this is not certain. Interpretation of our results also
depends critically upon the assumption that the memory-related search-verification
cycle will induce either higher levels of conscious awareness, or more frequent
episodes of conscious intervention, than the non-task-related mental activity present
during the Next condition. In short, to be able to interpret our results in terms of the
Dynamic Core Hypothesis, we need to assume that the Next condition reflects a
‘lower’ state of consciousness than the Memory condition. It is our contention that
the vividness of active recollection of specific autobiographical memories makes this
assumption plausible, but not beyond contention.

4. GENERAL DISCUSSION

In the preceding two experiments, we have presented two tests of Edelman & Tononi
(2000)'s Dynamic Core Hypothesis. Most previous studies in this field have
compared individuals in different groups who are presumed to have different levels
on consciousness {van Putten & Stam, 2001; van Cappellen van Wallsum et al.,
2003) and the results have failed to confirm the hypothesis. In fact, both van Putten
& Stam (2001} and van Cappellen van Walsum et al. (2003) found that neural
complexity was higher in disease states that impair consciousness (post-anoxic
encephalopathy, generalised seizure and Alzheimer's disease) than in healthy
controls, which clearly contradicts the Dynamic Core Hypothesis. The only study to
support the Dynamic Core Hypothesis was that by Burgess et al. (2003) who used a
within subject design, similar in concept to those reported here. Although the
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predictions of the Dynamic Core Hypothesis are not confirmed for between group
differences, that does not mean that it needs to be completely rejected. It might be
the case that absolute levels of neural complexity are not critical, and may be
influenced by other factors that are unrelated to consciousness per se, such as the
disease process. That is, complex patterns of communication between different brain
regions are not necessarily adaptive but may also reflect pathological processes
such as epilepsy. If this is so, despite Edeleman & Tononi's (2000) explicit
predictions, then between-subject comparisons might not be the best way to test
their hypothesis. Rather, looking for correiations between changes in neural
complexity and consciousness within participants would be a more appropriate test.
The problem with the with-subject approach is that it is not always clear how to
quantify leveis of conscious experience. For example, is deciding to move ones
finger a higher level of consciousness than simply sitting at rest, where the
processes of mentation are unknown? One of the assumptions made in these
studies is that much of our mental activity is carried out with little or no conscious
intervention but certain tasks {i.e. deciding to move or experiencing a specific
autobiographical recollection) are necessarily conscious. Consequently, if it is
possible to design studies where it is necessary for participants to be consciousness
in some identifiable pericd but not necessary in others, then we should be able to
test the hypothesis by comparing the two. This has been the aim of the experiments
reported here.

The other feature that is important is that the paradigms used should be ones
in which the change in conscious state be allowed to emerge spontaneously.
Although event-related paradigms could be used, and have the advantages of
providing greater experimental control, the interesting feature of consciousness is
that it is a self-organising emergent property of the brain and as such, it is our

ae CONtention that its emergence should be
% observed rather than driven. By way of analogy,
>4 if we wanted to study lions, we could place them
in a laboratory and run them though a range of
highly controlled experimental paradigms, but we
’ would learn little about their natural behaviour.

Our view is that, depending upon the questions
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asked, it might be better to go to the Serengeti and watch lions in the wild. We hope
our studies go some way towards adopting this approach.

The results of the present studies provide mixed support for the Dynamic Core
Hypothesis. The results of Experiment 2, taking into account the limitations outlined
in the Discussion, do seem to provide support for the Dynamic Core Hypothesis in
that autobiographical recollection was associated with higher levels of neural
complexity. The resuits of Experiment 1 are more ambiguous. Certainly, they provide
good evidence that Complexity is associated with changes in consciousness but the
direction of that association is not what was predicted. According to Edelman &
Tononi (2000), conscious states should be associated with high levels of neural
complexity but in only one case was such a relationship found, YAMuax, In this case,
however, the maximum occurred significantly earlier than the W-time and not
contemporaneously as would be expected from theory. This might be because the
time taken to monitor the Wundt clock takes some time and introduces a bias into
the estimate of the W-time, but how big this bias is likely to be is unknown
{Bolbecker et al. 2002). The only significant, positive and contemporaneous
association between neural complexity and W-time was with yomin i.€. the time at
which neural complexity was at its minimum. Although this finding is what would be
predicted from Edelman & Tononi (2000)'s hypothesis, it is consistent with a number
of previous studies in which lower rather than higher levels of neural complexity are
associated with higher levels of consciousness (van Putter & Stam, 2001; van
Cappellen van Walsum, 2003).

One of the difficulties in testing the Dynamic Core Hypothesis is that it is not
certain how best to characterise neural compiexity using the EEG. All previous
studies have used linear correlations between the amplitudes of the EEG or MEG
signal at different sites. in these studies, although we used these same measures,
we also used non-linear methods, phase as well as amplitude and SCD as well as
electrical potential. This made it possible to compare the different methods.
Certainly, all the main results reported here were obtained using either non-linear
measures of connectivity or phase {which is also non-linear). This suggests that
using non-linear methods is worthwhile. Additionally, most but not all of the
significant effects were found using phase relationships rather than amplitude. This
may be because phase relationships are the means by which information is carried
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by the EEG or it could be that phase is more noise-resistant than amplitude. At this
stage, it would be premature to place too much emphasis on phase relationships,
although they do look the most promising. The other innovation was to use SCD
rather than electrical potential. This change might be the most significant of all as it
has the effect of reducing the effects of volume conduction. Although it is often
assumed that the electrical activity detected at a specific electrode site conveys
information about electrical activity in the underlying cortex, this is not the case
(Nunez, 1981). Given the poor conductivity of the skull, even focal EEG activity will
be blurred with the result that the activity will be detected not only at the nearest
electrode but also at more distal sites. This effect is known as volume conduction
and it has the effect of artificially increasing the apparent connectivity between
electrode sites. The main advantage of SCD is that it reduces volume conduction
and attenuates the inflation of covariance between electrodes seen with electrical
potential, which means that SCD is more likely to provide an accurate picture of
neural complexity in the cortex. This is one reason why previous studies have may
have failed to support the Dynamic Core Hypothesis.

The role of volume conduction may also explain why most previous EEG
studies have found strong correlations between neural complexity and integration.
From simulations, it is known that there should be a curvilinear relationship between
the two but in all empirical studies to date, a positive relationship has been reported.
With high levels of volume conduction, clusters of connectivity, which are a
necessary feature of neural complexity, will be difficult to discriminate from
generalised increases in neural complexity. Although the present studies also found
a positive correlation between Integration and Complexity, the effect was much less
than has been reported before. The resuit was that many of the significant effects
found were found for neural complexity but not for integration. Using SCD makes it
easier to discriminate between changes in Complexity and Integration than has been
possible before.

One feature of both studies that is worth commenting upon is that although
there were statistically significant relationships between neural complexity and state
of consciousness, in no case was the level of neural complexity remarkable
compared to levels observed in a rest condition. This should come as no surprise
given that resting conditions are likely to involve much conscious mentation. Indeed,
REST is sometimes half-jokingly referred to as an acronym for Relaxed Episodic
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Silent Thinking (R.E.S.T). The importance of this observation is that absolute levels
of neural complexity are likely to be fluctuating all the time and we can only tell if a
change in neural complexity is meaningful by its relationship to some directly
observable event.

These studies have elucidated some aspects of the Dynamic Core Hypothesis
and made some methodological advances. Our results give some support for the
Dynamic Core Hypothesis but the support is not as simple or straightforward as
advocates of the mode! might wish. Nevertheless, the results so far are encouraging
enough to suggest that further investigation in this field is fikely to prove fruitful and
that studies of spontaneous changes in consciousness, like those reported here,
appear to be of value. One limitation of the present studies was a relatively poor
signal to noise ratio. This can be overcome by using a larger sample size with maore
trials for each individual. Although the EEG has been fruitful in this area so far,
significant advantages might accrue from using a similar methodology with dense
array EEG or MEG. In short, we have the research question and the methods to test
it so, in the words of Winston Churchill,” Give us the tools and we will finish the job'.

5. CONCLUSIONS

In these two studies we have shawn that, as predicted by the Dynamic Core
Hypothesis, changes in conscious state are paralleled by changes in neural
complexity. The direction of change, however, was not always what would have
been expected on the basis of the hypothesis but it is unclear as to whether this is
due to a failure of the hypothesis or to an inappropriate operationalisation of the
measure of neural complexity used. What is clear, however, is that neural
complexity, which is essentially an index of the degree of ‘clusteredness’ of the
pattern of functional connectivity, is sensitive to changes in mental state and is
worthy of study in its own right.
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