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Abstract

Author: Collins G. Assisi

Title: Theoretical and experimental studies of multisensory
integration as a coupled dynamical system.

Institution: Florida Atlantic University

Thesis Advisors: Dr. Viktor K. Jirsa and Dr. J. A. Scott Kelso

Degree: Doctor of Philosophy.

Year: 2005

Perception and behavior are mediated by a widely distributed network of brain areas.
Our main concern is, how do the components of the network interact in order to give us a
variety of complex coordinated behavior? We first define the nodes of the network, termed
functional units, as a strongly coupled ensemble of non-identical neurons and demonstrate
that the dynamics of such an ensemble may be approximated by a low dimensional set of
equations. The dynamics is studied in two different contexts, sensorimotor coordination
and multisensory integration. First, we treat movement coupled to the environment as a
driven functional unit. Our central hypothesis is that this coupling must be minimally
parametric. 'We demonstrate the experimental validity of this hypothesis and propose a
theoretical model that explains the results of our experiment. A second example of the
dynamics of functional units is evident in the domain of multisensory integration. We
employ a novel rhythmic multisensory paradigm designed to capture the temporal features
of multisensory integration parametrically. The relevant parameters of our experiment are
the inter-onset interval between pairs of rhythmically presented stimuli and the frequency of
presentation. We partition the two dimensional parameter space using subjects perception
of the stimulus sequence. The general features of the partitioning are modality independent
suggesting that these features depend on the coupling between the unisensory subsystems.
‘We develop a model with coupled functional units and suggest a candidate coupling scheme.
In subsequent chapters we probe the neural correlates of multisensory integration using fMRI
and EEG. The results of our {MRI experiment demonstrate that multisensory integration is

mediated by a network consisting of primary sensory areas, inferior parietal lobule, prefrontal
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areas and the posterior midbrain. Different percepts lead to the recruitment of different areas
and their disengagement for other percepts. In analyzing the EEG data, we first develop a
mathematical framework that allows us to differentiate between sources activated for both
unisensory and multisensory stimulation from those sources activated only for multisensory
stimulation. Using this methodology we show that the influences of multisensory processing

may be seen at an early ( 40-60 ms) stage of sensory processing.
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1.1 A) Shown is the window over which the auditory and visual stimuli cannot
be resolved. B) The window of integration depends on the distance between
the observer and the event. (Sugita and Suzuki, 2003) C) The visual stimulus
is ‘ventriloquised’ towards the auditory stimulus. . . . . ... ... ... ... 6
1.2 Temporal differences between auditory and visual stimuli measured in ms are
shown along the axis. Each marked point on the axis is a different estimate
of the point where the auditory and the visual stimuli cease to be perceived

as simultaneous. . . . . . . . .. e e e e e, 7

2.1 The intrinsic dynamics of a node. The nullclines are in gray. For low values
of z;, (solid cubic nullcline), the trajectory (solid line) settles to a fixed point.
Higher values of z; (dashed cubic nullcline) lead to limit cycle oscillations.
(dashed trajectory) . . . . . . . . . 18
2.2 Schematic of different scenarios for a population of coupled neurons in the
phase space spanned by the variables x and y. Each dot represents the state of
a neuron. (a) All the neurons settle to a fixed point. (b) The neurons oscillate
in-phase. (c¢) Some neurons perform sub-threshold oscillations around a fixed
point. Others oscillate along a limit cycle. (d) Anti-phase clustering for K < 0. 18
2.3 Contour map of the amplitude of the mean field calculated using 100 neurons
for different values of the coupling strength K and the parameter dispersion
o. Only positive values of K are shown. See text for details . . ... ... .. 19

2.4 The timeseries of a population of 100 neurons for various (K — o) values . . . 19
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2.6

3.1

3.2

3.3

3.4

Contour lines of equal mean field amplitude in (K — o) space. The mean field
is calculated from the low-dimensional mode description. . . . . ... ... ..
The evolution of the time dependent coeflicients, £1(t) (dashed line) and &»(¢)

(solid line)is plotted for various (K — o) values as a function of time. . . . . .

Plot of the Arnol’d tongue structures seen for the parametrically driven oscil-
lator system described by equation (3.9).Along the x-axis are the frequencies
of the driver € and along the y-axis are the strengths of the parametric cou-
pling termes. The lighter regions are Arnol’d tongues. The widest Arnol’d
tongue corresponds to a 1:2 coordination mode. The next widest region is
thel:1 mode. Other modes correspond tow/§) = k, where, k = 3/2,2... are
progressively smaller. In the experiment we move from the 1: 1 to the 1:2
coordination mode as the driving frequency (2 is increased along the arrow
shownin the figure.. . . . . . .. .. ... .. ... o
Plot of the amplitude associated with the most dominant frequency of the
oscillator w as the frequency of the driver () is increased. The nonmono-
tonic behavior of the curve is characteristic of the resonance structure of the
oscillator system. . . . . . . ..o e
Phase plane trajectories (position vs velocity) obtained from equation (3.9)
with an additive Gaussian noise term. a) Single metronome condition: The
frequency of the oscillator coincides with the frequency of the metronome.
A metronome beat is present only at flexion (w = 2, = 2) b) Double
metronome condition: The frequency of the oscillator is half that of the

metronome. A metronome beat is present at flexion and extension. (w =

2, Q= 4). The other relevant parameters are e = 0.1, =3, . .......

Classification of coordination patterns. The smooth curves are the trajecto-
ries of finger movement and the rectangular pulses represent the metronome.
Amplitude is measured in units of the angular displacement (degrees). (a) An
example of a pattern that was classified as 1:1 coordination and (b) Example

of a pattern that was classified as 1:2 coordination. See text for details.
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3.5

3.6

3.7

3.8

3.9

The circles show the frequency ratios for five trials at each frequency plateau,
and the bars represent the standard deviation(see text for details). w is the
frequency of finger movement and ) is the frequency at which the metronome
is presented. The data shown in a, b and c are from three subjects and are
representative of the patterns seen across all nineteen subjects. . . .. .. ..
Plotted are the frequency of the driver £ vs the ratio % for three possible
coupling scenarios between stimulus and movement. The dashed line repre-
sents the profile due to purely linear driving obtained by setting ¢; = 0.1
and ez = 0. The solid line indicates parametric driving obtained by setting
€1 = 0.1 and €3 = 10. The dotted line shows the behavior of a the oscillator
which, above a maximum threshold frequency, exhibits a constant frequency
of oscillation regardless of the frequency of the driver.The other parameter
values are from Eq. 39 are A=15B=1v=0Lw=4 ...........
Plotted is the width of the 1:1 (empty circles) and 1:2 (filled circles) Arnold
tongues as the strength of the parametric coupling term, eo, is varied. See
text fordetails. . ... ... ... ...
Each bar corresponds to a subject and the height of the bar corresponds to
the width of 1:1 (a) or 1:2 (b) frequency conditions. See text for details.

a) Plot of the mean amplitude as a function of the frequency of the metronome.
The mean is obtained for each frequency plateau using data from nineteen
subjects. The error bars show the standard deviation across nineteen subjects
for all trials. b) The data are from one subject and averaged across five trials.
Here, we can see the presence of two peaks at 2.5 Hz and 7 Hz. These features

may correspond to the positions of the 1:1and 1:2 Arnol’d tongues . . .. ..

xii
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3.10

3.11

3.12

3.13

Experimentally obtained phase plane trajectories of finger movement for one
subject at frequencies of 4Hz and 8Hz respectively. The boxes indicate the
regions of peak flexion and extension. a) At 4Hz (10A) the subject performs
a 1:1 mode of coordination and a metronome beat is coincident with peak
flexion. b) At 8Hz the subject performs in a 1:2 coordination mode and the
metronome is coincident with both peak flexion and extension. ¢) Standard
deviation of the points of peak flexion and peak extension are shown. The
white bar shows peak flexion and the black bars show peak extension. Fre-

quency plateaus where the standard deviation of extension is significantly

higher than flexion (p < 0.05) are marked with an asterisk . . ... ......

a) Standard deviation of the phase of finger movement as a function of the
metronome frequency for one subject. Error bars represent the deviation of

these values across five trials. b) A plot of the ratio % vs. €} for the same

subject. Seetext fordetails . .. . ... ... ... .. . . .. . .

a) A plot of the phase of finger movement relative to the stimulus onset for one
subject. A segment of the data on the border of thel:1 mode of coordination
is chosen. The behavior shows three distinct regions: a 1:1 coordination
mode; a region where the drift is initiated; and a region between the 1:1 and
1:2 modes of coordination. Each point corresponds to the phase associated
with one cycle of finger movement. b) Plot of the phase of finger movement
at points of the movement coincident with a metronome beat obtained from

a section of the experimental data for one subject. The data shows phase

slippages at t = 35 sec and resetting at t =40sec . ... ... ... .....

Two kind of phase transitions. a) Time series of a coupled oscillator system
showing a phase mediated transition. The trajectories are obtained by inte-
grating the HKB model (equations 3.1, 3.2 and 3.3 ). The transition takes
place over a few cycles without a significant change in the amplitude of the
oscillation. The solid and the dotted lines are the time series of each oscilla-

tor of the coupled oscillator system b) Time series of a parametrically driven

oscillator given by equation (3.9) showing an amplitude mediated transition. .

xiii
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3.14

3.15

3.16

4.1

4.2

4.3

Two mechanisms of phase transitions in rhythmic coordination, an amplitude
and a phase mediated transition in the plane spanned by the amplitude, r,
and the phase, @. . . . . . ..
Plot of the time series of the amplitude, r, (a) and the phase, ¢, (b) during
an amplitude mediated transition obtained by simulating Equations 3.19 and
3.20. A drop in the amplitude is accompanied by a jump in the phase through
ananglem. A=15B=1L~v=16=01=3w=2 ...........
Plots of the amplitude, 7, and the phase, ¢, as a function of increasing the
strength of the linear coupling, e;showing the mechanism of an amplitude
mediated transition for the equations (3.19,3.20). The solid dots represent
the fixed points of the system. The arrows show the approximate direction

of the flow in the space spanned by the amplitude, r, and the phase, ¢. See

text for details. . . . . . . L

Shown is an example of the stimulus sequence for A (auditory) and V (visual).
The parameters of the experiment are dT, the inter-onset interval between
two stimuli of a multisensory pair and ISI, the time difference between two
consecutively presented stimuli of a particular modality. Similar stimulus
sequences were used for Haptic-Visual and Haptic-Auditory stimulation.

a) Shown are the probabilites that subjects perceive AV, VA, S or drift in
different parts of the parameter space. The contour lines connect points where
the probability that subjects report a given percept are equal. b) probabilites

that a given subject perceives HV, VH, S or drift ¢) probabilites that a given

subject perceives HA, AH, Sordrift. . . . ... ... ... ... .. ......

The mean width of the S region across subjects for different pairs of stimuli

as a function of presentation frequency. The asterisk indicates the widiths

that are significantly different at a significance level of p<0.05. . .. ... ..
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4.5

4.6

4.7

Shown is a measure of the symmetry of the S region as a function of frequency
for the three different stimulus sequences. The black line indicates the number
of S responses to the left of the dT=0 line and the blue line indicates the
number of S responses to the right of the dT=0 line a) Auditory-visual stimuli.
The black line is significantly higher for frequency = 2Hz and 3.5Hz indicating
that the S region tilts towards the AV region. b) The black line indicates the
tilt of the S region towards the HV region and the blue line indicates the tilt
of S towards VH. c) The black line indicates the tilt of S towards HA and the
blue line indicates a tilt towards AH. . ... ... ... ............
Shown is the architecture of the model implemented here. 1 and 2 are the
two excitable elements coupled to each other. Temporal delays, 71 and 7 ,
are introduced into the coupling between the excitable elements. The delays
73 and 74, between the excitable elements and the convergence zone is set to
zero. The outputs from the two excitable elements are fed into a convergence

zone that classifies the relative dynamics to a prescribed percept. See text

fordetails. . . . . . . . e e

Phase space of the Fitzhugh-Nagumo equations. The dashed lines indicate the
x and the y nullclines. The blue lines show different trajectories with different
initial conditions. A small perturbation from the fixed point (intersection
of the nullclines) causes the system to return after a small deviation. A
large perturbation leads it along a long trajectory in phase space. Here the

parameters are, a = 0.7, b = 2, ¢ = 3. The parameter b determines the slope

of the y nullcline given by the straight line in the figure. . . . ... .. .. ..

Shown are examples of convergent and divergent dynamics. Each trajectory
is associated with an excitable element. The red trajectories indicate that the
two elements are coupled while the black trajectories indicate that the two
are uncoupled. a) An example of convergence. The trajectories of the two
elements come closer to each other for the coupled case than for the uncoupled

case. b) The trajectories for the coupled case diverge in comparison to that

for theuncoupled case. . . . . . . . . . . ...
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4.8

4.9

5.1

5.2

Contour plots showing the regions of convergence and divergence in the dT-ISI
parameter space. The coupling is instantaneous. 71 = 75 = 0 a) Contour map
using the parameter b =2, indicating a slow intrinsic dynamics b) Contour
map using the parameter b = 0, indicating a fast intrinsic dynamics. . . . . .
The contour map is similar to that shown in figure 4.8. The asymmetry is

due to an asymmetric time delay. 71 =0and m=7ms. . .. .. ... .. ..

(A). Experimental design. A visual (V) stimulus is presented after an audi-
tory stimulus (A) a time interval At (intra-stimulus interval) and repeated at
a rate f (stimulation rate). Behavioral response in the space of At and f: the
negative values of At imply that the visual stimulus (V) precedes the auditory
stimulus (A) and the contour levels represent the normalized response (num-
ber of reponses divided by the total possible responses). Depending on these
timing parameters, the participants reported the perceptions of AV (sound
before light), VA, S (synchronous) and D (drifting order), thereby partition-

ing the space into four distinct regions. Notice the asymmetry of S-region,

extended more toward theregion of AV. . . . ... . ... ... .. .. ...,

Activations related to crossmodal processing (p<0.001). Areas: inferior frontal
(I), superior temporal gyrus (II), middle occipital gyrus (III), inferior pari-
etal lobule (IV), and posterior midbrain (V). The activation in the posterior
midbrain (V) in the region of superior colliculus was obtained by a negative
contrast of task versus rest. The color intensity represents t-statistics and
the activations are overlaid on the Montreal Neurological Institute (MNI)

structural template brain in the neurological orientation for display of the

-maps. . .. e e e e
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5.3 (A-C). Activations related with the perception of asynchrony (p<0.001) and
the associated mean BOLD responses for the following conditions: (A) (At,
f) = (200 ms, 0.5 Hz), ( B) (-200 ms, 0.5 Hz) (C) (100 ms, 1.0 Hz). The
inferior parietal lobule (IPL) was active as an area of the sub-networks for
this percept. The overall signal change between the task and the rest is
about 0.3 % (p < 0.01). The error bars represent the standard error mean.
All subjects were able to establish the perception of asynchrony except for
the condition (100 ms, 1.0 Hz), where only nine subjects were able to do
that in the scanner. On the other hand, the inferior parietal cortex was
not active for (At100 ms, 3.0 Hz), where there was no fixed percept. (D)
Activation associated with the perception of synchrony (p < 0.001) and the
associated mean BOLD response.The negative contrast (18) of the task versus
rest activated the posterior midbrain (PM) in the region of superior colliculus
for the condition (100ms, 1.0 Hz). The subjects were instructed to get the
perception of synchrony and nine subjects could establish the percept. Here,
the time series increases continuously during the on-condition upto 6 seconds
after the stimuli were turned off and then decreases. The overall signal change
between the rest and the task is about 0.3 % (p < 0.01). This activation also
indicates that the activity in the superior colliculus was correlated with the

perception. . . . . . L e e e
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5.4

6.1

6.2

6.3

6.4

Hlustrative diagram of the sub-network of active cortical and subcortical brain
areas (indicated in red) for crossmodal processing in the perception of asyn-
chrony, synchrony and when there was no clear percept (drift). Based on
the brain activations (19) under bimodal conditions, the perception of asyn-
chrony is associated with the sub-network consisting of frontal (F), auditory
(A), visual (V), and parietal (P) areas, the perception of synchrony with the
sub-network consisting of frontal (F), auditory (A), superior colliculus (Sc)
and visual (V) areas. When there was no clear percept formation, active sub-
network consisted of frontal (F), auditory (A) and visual (V) areas. (Here,
the cortical surface of the MNI brain and MNI single brain template have

been used with markers (red and green) to indicate approximate locations for

illustrative purposes only). . . . . . . . . ...

An example of the stimulus sequence and the parameters of the experiment.

Similar stimulus sequences were used for Haptic-Visual and Haptic-Auditory

stimulation. . . . . . . . e e e e e e e,

Overview of the behavioral experiment. The contours depict the probability
that a subject reports a particular percept for a given point in dT-ISI space.
The boxes represent the stimulus conditions that were presented to subjects in
the EEG experiment. The red box indicates a condition where we compared
the subjects response to two different sets of instructions without changing
the physical stimulus (See text for details). . . . . . . ... ... ... ....
Principal components corresponding to auditory-only and visual-only stimu-
lation for one subject. The number above each figure represents the percent-
age of variance explained by the corresponding mode. The arrows adjacent

to each figure point in the anterior-posterior direction marked as A and P

respectively. . . . . L. e e

Shown is a comparison between Ggpatiqiand Gsummative across subjects for

each experimental condition. . . . . . .. . ... ...
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6.5

6.6

6.7

6.8

Al

Comparison between the summative model (right column) and the time series
obtained by projecting AV'(t) onto the modes ¢4and ¢y (left column) and
reconstructing the time evolution AV(¢) . .. ... . ... ... ... ...
First principal component of the residual time series Rav,,,, 0o+ Each topo-
graph corresponds to one subject. The temporal evolution of the components
are shown below the respective topographs. The normalized eigenvalues are
shown indicated above each component. . . ... ... ... ..........
Shown is Pspatiq as a function of frequency. Each color represents a different

subject. . ... e e

Two different sets of topographs corresponding to the residual signal .ngn chAsynch

is represented by the black trace in panel C of the figure. The topographs in
panel A are associated with the first peak of R?gymh Asynch, €xtending from a
latency of 80ms to 150ms. The top two topographs in panel A show different
views of the first principal component of Rgynchasynch for the first peak. The
bottom two topographs in panel A show different views of the second principal
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Chapter 1

Introduction

The issue of functional localization in the brain was a matter of long standing debate,
divided between strict cortical localization and holism as diametrically opposite positions
(Finger, 2001). A resolution of this controversy came through a redefinition of the notion of
function (See Luria (1980) for a detailed account). Function is usually interpreted to mean
one of two things: the function of a particular organ such as liver cells, for example, is to
secrete bile. This conception of function implies a static relationship, a direct immutable
causal connection, between the organ or group of cells and what it does. In psychology and
neurophysiology function has taken a second meaning— to quote Luria “...it is based on
a complex dynamic constellation of connections, situated at different levels of the nervous
system, that, in the performance of an adaptive task, may be changed with the task itself
remaining unchanged”. Large scale cortical networks are a prerequisite for high level func-
tions underlying cognition. Therefore, a major issue that must be addressed is the problem
of cortical coordination dynamics (Bressler, 1995; Bressler and Kelso, 2001). How do the
components of the network work together to give us a wide variety of complex coordinated
behaviors?

The role of large scale brain networks is particularly evident in multisensory integration.
Events in the environment are characterized by different physical properties. Sounds travel-
ing at 340 m/s via transverse compressions in the air provide energy to vibrate the tympanic
membrane, light falls on the retina, leading to a complex photochemical process that con-

verts light energy to voltage modulations, while physical vibrations impinge on the sensory



receptors of the skin leading to a cascade of processes that gives us our tactile sensation.
Each of these sensory receptors are tuned to a particular form of energy and no other. How-
ever, our experience of the external world is a coherent, multisensory experience. The brain
combines these different energies and identifies it with a particular event or object. This
propensity to find a commonality in the simultaneous origins of different physical energies
may produce startling illusions (Bertelson and Radeau (1981)). Clearly, the ability of the
brain to process information in the form of different sensations into a coherent whole, has
significant behavioral advantages. Consider for example, the reduction of the reaction time
in response to a multisensory stimulus compared to a unisensory stimulus. Multisensory
integration must involve mechanisms that put together information from sensory receptors
and brain areas that are widely separated.

In this thesis we will examine different aspects of large scale neuronal networks. The
nodes of these networks, termed as a functional units, will be instantiated by a strongly
coupled ensemble of neurons. The dynamics of these functional units and their interactions
will be examined in the context of sensorimotor coordination and multisensory integration.

We wish to address the following questions,

1. What is a mathematically tractable approximation of the functional units?

2. How does the dynamics of functional units manifest itself in behavior and perception

?

1.1 An approximation of functional units

The observables of current brain imaging techniques, like EEG, MEG and local field poten-
tials result from the coordinated activity of ensembles of neurons. These measures do not
provide us with detailed information regarding the activity of individual neurons though it
highlights their commonality (da Silva, 1991). These measures are known to be indicators
of cognitive functions that require the participation of multiple cortical areas. We define
a cortical area as a functional unit in the sense of Bressler and Kelso (2001), i.e. as an

organized set of locally interacting neuronal populations that receives synaptic inputs and



sends axonal projections. An important question that must be addressed pertains to the
dynamics of these functional units. Local populations of neurons are strongly connected
within a small volume of cortical tissue and have been approximated as the functional units
of cortical processing (Sporns et al., 1989). These volume elements are often described using
low dimensional models that may be interpreted as ‘effective neurons’ (Buhmann, 1989).
In general a coupled network of dynamical elements may exhibit a rich variety of behavior,
ranging from completely synchronized oscillatory and chaotic states (Monte et al., 2003)
to clustered oscillations and oscillator death(Strogatz and Mirollo, 1993; Yamaguchi and
Shimizu, 1984) . The literature on large networks of coupled dynamical systems may be
broadly classified into two categories— One deals with the collective behavior of ensembles
of identical dynamical elements, a simplification that often allows the analysis of complex
connection topologies (Pecora and Carrol, 1998). The second approach uses non-identical
elements at the nodes of the network but is limited to addressing rather simple connec-
tion topologies, for example all to all connections or nearest neighbor coupling topologies
(Monte et al., 2003; Ott et al., 2002). In general, the neurons that constitute a functional
unit posses different intrinsic properties including distributed firing thresholds (Aradi and
Soltesz, 2002), different spiking characteristics such as single spikes (Fitzhugh, 1961) and
bursts (Hindmarsh and Rose, 1994) among others. Any mathematical model that aims to
capture the dynamics of functional units must therefore include non-identical neurons. A
tractable mathematical description would require a reduction in the effective dimensionality
of the system, that is, though the system may consist of a large number of interacting parts,
the collective behavior of the system may be described by a smaller number of equations
than would be required to describe all the individual parts. This approach has often been
applied to obtain a low dimensional description of globally coupled dynamical systems that
are characterized by an all to all connection topology (Kuramoto, 1984). In such networks,
also referred to as mean field coupled networks, the summed activity of all the elements is
used to drive the activity of each node of the network. Such a low dimensional description
would be ideal in describing an ‘effective neuron’. Most traditional approaches have been
restricted to studying the synchronized state of the system in addition to small deviations

from synchrony(Monte et al., 2003). Synchronous behavior is only one of many possible



collective states of the system. Large deviations from synchronized state such as clustering
are seen the collective behavior of coupled dynamical systems and cannot be captured by
traditional methods.

A goal of this thesis is to obtain a tractable mathematical description of functional
units. This will be the content of Chapter 2 where we propose a method to obtain a low
dimensional description of the dynamics of globally coupled networks that include non-
identical neurons capable of complex collective behavior. The proposed methodology will
be sufficiently general in that it does not assume a specific instantiation of a dynamical
system at the nodes (Assisi et al., 2005b). The main contribution of our methodology is its
ability to deal with collective behavior that is not synchronous. Given a low dimensional
approximation of functional units we then turn to examining the dynamics of these functional
units under different conditions. In what follows we will first examine driven functional
units in the context of sensorimotor coordination. Second, the phenomenon of multisensory

integration will be seen as resulting from the dynamics of interacting functional units.

1.2 Dynamics of functional units.

In order to relate the sensorimotor coordination to the functional units defined above one
must first transcend different levels of organization (Jirsa et al., 1998; Kelso et al., 1999;
Fuchs et al.,, 1999). Our experiments concern the rhythmic movement of a finger coordi-
nated with an external auditory metronome, a macroscopic behavioral level of organization
(See chapter 3 for details). The functional units are local ensembles of strongly coupled
neurons. This level will be termed a neural level of organization. The relationship between
the two levels of organization, that is, a mapping between the behavioral and the neural
level, is clearly not a simple one. In certain coordination scenarios, especially for the case of
rhythmic coordination, brain dynamics (the neural level) may be mapped onto the dynam-
ics of movement (behavioral level) (Fuchs et al., 1992; Kelso et al., 1998). The existence of
such a mapping allows us to attribute properties of the functional units to the dynamics of
movement. Many aspects of rhythmic movement has been described successfully using limit

cycle oscillators, a canidate functional unit. One of the first oscillator models of coordina-



tion behavior is the HKB model (Haken et al., 1985). This model provides a description
of experimentally observed bistability and phase transitions in bimanual coordination ex-
periments (Kelso, 1984). In these experiments, subjects were asked to move their index
fingers rhythmically in opposite phases (involving simultaneous activation of the flexor and
extensor muscles) in time with a metronome. The frequency of the metronome was progres-
sively increased. At a threshold frequency subjects exhibited a spontaneous transition to
an in-phase mode of coordination (simultaneous activation of homologous muscle groups).
Such transitions have also been noted in a number of other coordination situations and pro-
vide a mechanism that affords the system alternate coordination strategies under changing
environmental conditions. The effects of the external environment are not explicit in the
original HKB model. The coupling between rhythmic movement and an external metronome
has been described using linear (Schéner and Kelso, 1988¢c) and parametric driving terms
(Fink et al., 2000; Kay and Warren, 1998; Jirsa et al., 2000). Our experiment, detailed in
chapter 3, tests whether the coupling may be described by a parametric driving term. A
necessary feature of parametric driving is the existence of coordinative states where finger
movement is subharmonically entrained to the metronome. Outside these states known as
Arnol’d tongues (see chapter 3 for details) frequency and phase locking between the fin-
ger and rhythmic movement is lost. In our analysis of sensorimotor coordination we treat
rhythmic finger movement as a driven functional unit. The existence of different states of
coordination are not restricted to sensorimotor coordination alone, but has also been noted
in experiments on audio-visual perception (Recanzone, 2003; Shipley, 1964).

Thus far we have delved into an example of driven functional units and its relation to
sensorimotor coordination. We now consider another example of the dynamics functional
units. Specifically, we deal with the interaction between functional units and its relationship
to multisensory integration. Multisensory integration is defined as the ability of the brain to
combine information from different modalities into a coherent picture of the external world.
We will examine the parallels between the dynamics of functional units and multisensory
perception. The relationship between the two is particularly evident in the perception of
simultaneity.

The perception of simultaneity is an important issue in experimental psychology Spence



and Squire (2003). The problem may be posed as follows— we know that light travels six
orders of magnitude faster than sound in air. The initial processing of auditory stimuli is
faster than visual processing since audition is not encumbered by sluggish chemical processes
like the slow molecular changes in the retinal photopigment. The different temporal delays
cancel out when the distance between the multisensory event and the observer is within a
radius of ten meters, the so called ‘horizon of simultaneity’. But most multisensory events
do not occur at that distance. How then, do we perceive events that occur simultaneously as
simultaneous? This conundrum lies at the heart of experimental psychology (Levitin et al.,
2000; Boring, 1923) because the perception of simultaneity provides us with a particularly
salient cue that two different physical energies emanate from the same object or event.
That simultaneity is an important cue, is evident from illusions like ventriloquism where the
information from two modalities is simultaneous but spatially incongruent (Bertelson and
Radeau, 1981). We tend to mislocalize the position of the actual speaker and attribute the
voice to a different source. A number of studies has examined the different mechanisms that
may provide us with clues into how the brain perceives two events as simultaneous, though
they may fall on different sensory organs at different times. Figure 1.1, from Spence and
Squire (2003) provides us with an overview of the findings in the behavioral literature on
the perception of simultaneity.

The perception of simultaneity in the case of temporally incongruent events has often
been attributed to the inability of the brain to resolve two temporally disparate events within
a certain window of time. The existence and the nature of this window of simultaneity is
a matter of lively debate in the literature. Recently Sugita and Suzuki (2003), based on
the results of their behavioral experiments, proposed that the temporal window may be
a function of the spatial distance between the event and the observer. This claim has
recently found critics in the literature (Arnold et al., 2005) and whether such a distance
dependent window exists is still an open question. The width of the window, in particular
for auditory-visual stimulation has a long history (Levitin et al., 2000) and has been shown to
be notoriously susceptible to variability across subjects and experimental paradigms. Figure
1.2, a representation of the different estimates obtained by various researchers, gives us some

clue as to the variability of this window.
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Figure 1.2: Temporal differences between auditory and visual stimuli measured in ms are
shown along the axis. Each marked point on the axis is a different estimate of the point
where the auditory and the visual stimuli cease to be perceived as simultaneous.

A sharp difference between the estimates relates to the ecological validity of the stimuli
presented to subjects. FEcologically valid stimuli, for example, audio-visual speech, signifi-
cantly increase the width of the window. Levitin et al. (2000) argue that human simultane-
ity perception involves anticipatory mechanisms. Cues suggesting that information in one
modality may be followed by another triggers these anticipatory mechanisms. For example,
the sight of a falling boulder makes us anticipate the sound of it as it hits the ground. A
second, and related mechanism of simultaneity perception, is known in the literature as
temporal ventriloquism. Morein-Zemir et al. (2003) suggest that the brain corrects for asyn-
chronous auditory-visual inputs by ‘ventriloquizing’ the perception of the visual stimulus
into temporal coincidence with that of the auditory stimulus. Evidence that the presenta-
tion of an auditory stimulus affects the perception of visual stimuli has been demonstrated
in a number of psychophysical experiments. Shams et al. (2000), in a recent article, demon-
strated that presenting two auditory stimuli along with a single visual stimulus led to the
perception of two visual stimuli. Shipley (1964) demonstrated that the perceived frequency
of a rhythmically presented visual stimulus locks on to an auditory stimulus though the
actual frequencies of both the stimuli may be slightly different. An interesting aside to Ship-
ley’s experiment was that beyond a certain frequency the frequency locking phenomenon is
lost. Following is his quote describing the subjective experience of the flicker-flutter illusion

“,..The light and sound were initially pulsating strongly together; as the flutter (auditory)



frequency changed, the apparent flicker (visual) frequency followed right along with it until
some point was reached where an apparent asynchrony intruded. It was seldom clear, except
at very low frequencies, which sensation, sight or sound, was going faster and which slower,
but the rather sudden asynchrony was fairly definite.” This emphatic statement about the
perception of asynchrony is particularly interesting in the context of our own behavioral
experiments and modelling efforts (see chapter 3). The ability of the brain to perceive two
related sources of information from different sensory modalities as synchronous and the loss
of synchrony beyond certain limits as seen in flicker-flutter illusion has interesting parallels
with the dynamics of functional units. In the previous section we noted the existence of mul-
tiple states of sensorimotor coordination contingent on the frequency of an external driver.
In the flicker-flutter illusion the perception of the auditory stimulus may be seen as driving
the visual perception. Beyond a certain frequency difference the frequency locking between
the auditory and visual perception of the stimulus is lost akin to the loss of entrainment
noted in sensorimotor coordination.

In order to understand the nature of multisensory integration one must first define the
coupling between the functional units. There is a great deal of evidence to suggest that
multisensory integration is mediated by a large network of brain areas. Some of this literature
will be reviewed in the following section. The communication across these widely separated
nodes of the network is subject to temporal delays. Typical times for the propagation
of an action potential along myelinated axons are approximately 6-9m/s. Time delays in
propagation across adjacent gyri separated by distances of approximately lcm are of the
order of 1ms. However, the delays along long axons ( 20cm) connecting the frontal and
occipital regions are of the order of 50-100 ms which is a significant communication delay
(Nunez, 1995). In unmyelinated axons the speed of signal conduction is approximately
1m/s (Kandel et al., 1991). A distance of a millimeter between neurons would lead to
the conduction time delay of approximately 4% of the period of an oscillation assuming
40Hz oscillations which seems to be an important time scale in feature binding (Tallon-
Baudry et al., 1996). Therefore, in trying to understand the mechanisms of multisensory
integration, which requires communication across distributed networks, one must account

for the temporal scales associated with the individual modalities and the temporal delays



associated with the communication across distinct areas of the brain. We examine this aspect
of multisensory integration in detail in Chapter 3. In particular, we will be interested in the
asymmetries of temporal scales which may manifest itself as asymmetries in the perception
of multisensory stimuli. The existence of multiple intrinsic temporal scales and time delays
provides us with additional constraints within which we must examine the interaction of
functional units. In what follows we will motivate a plausible architecture to couple these

functional units.

1.3 Structure and temporal evolution of the multisensory net-

work.

1.3.1 Evidence of multisensory convergence zones

Current understanding of multisensory integration is motivated by extensive anatomical,
neurophysiological and behavioral evidence suggesting a hierarchical model of sensory pro-
cessing. The hierarchy here implies that simpler features of an object are processed first
followed by more complex attributes. An example demonstrating the nature of this hierar-
chical processing scheme is evident in visual processing (Felleman and Essen, 1991). The
receptive fields at successive levels of this hierarchy encode increasingly high level features
of the visual stimulus (Hubel and Wiesel, 1965). Receptive fields become larger as the fea-
tures they represent become progressively more complex. Mesulam (1998} in a recent review
suggests that the entire cortical surface may be divided into five distinct zones: i) Primary
sensory/motor areas; ii) Unimodal association areas; iii) Multimodal association areas; iv)
Limbic areas and v) paralimbic areas. The processing of information starts with transfer
from the primary sensory areas to unimodal association areas which receive projections ex-
clusively from modality specific areas of the cortex. Lesions to unimodal association areas
are known to result in modality specific deficits. The next stage of processing occurs in
heteromodal association areas that receive convergent inputs from more than one modality.
Lesions to these areas result in multimodal behavioral deficits. The final limbic zone regu-

lates motivation, memory and emotion. Mesulam’s (1998) remarks are of particular interest
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in the context of multisensory integration:

“One of the most important principles in the organization of the primate cerebral cortex is
the absence of interconnections linking unimodal areas that serve different sensory
modalities. ...many of these unimodal association areas receive monosynaptic feedback
projections from heteromodal cortices which are responsive to both auditory and visual
stimuli. The sensory-petal (or feedback) projections from heteromodal cortices therefore
appear to display a highly selective arrangement that actively protects the fidelity of
sensory tuning during the first four synaptic levels of sensory-fugal processing”.

Given the specificity of primary sensory and unimodal association areas (Seltzer and
Pandya, 1989), the process of multisensory integration must be attributed to multisensory
convergence zones. Neurophysiological and anatomical studies have identified cortical re-
gions in the superior temporal sulcus (Benevento et al., 1977), the parietal cortex (Seltzer
and Pandya, 1989), and the frontal cortex (Bodner et al., 1996) that receive inputs from
more than one modality. One of the most well studied convergence zones is the superior
colliculus (Meredith, 2002; Stein and Meredith, 1993), a laminated midbrain structure. The
upper three layers of the superior colliculus receive inputs primarily from the retina and the
primary visual cortex. Receptive fields of neurons in this layer are retinotopically organized.
The deeper four layers also receive input from extraprimary visual cortex. Neurons in these
layers have receptive fields that map the body surface and auditory space (Meredith, 2002;
Stein and Meredith, 1993). Each cell in the superior colliculus contains a map of sensory
space, one for each modality to which it responds. The receptive fields of maps from dif-
ferent modalities show some degree of spatial overlap. These cells display ‘multisensory
integration’ in the following sense: When two or more sensory cues from different modalities
appear in close temporal and spatial proximity, the firing rate of these multisensory cells can
increase multiplicatively, i.e. beyond that expected by summing the impulses exhibited by
each modality. These crossmodal enhancements are maximal when the individual stimuli are
minimally effective (a phenomenon called inverse effectiveness, Stein and Meredith (1993)).
By contrast, disparate crossmodal cues can produce a profound response depression.

A dominant theme in studying multisensory integration at the cortical level has been to

translate these cellular properties to measures that relate to the activity of cortical areas.

These cellular properties of multisensory convergence zones translate to the following cri-
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teria applied into the local blood oxygen level dependent (BOLD) effect observed in fMRI
(Calvert et al., 2001): brain areas show activations when each modality is presented sepa-
rately. They should show BOLD responses that are significantly greater than the sum of the
individual modalities (supra-additivity) during temporally close stimuli and significantly
weaker activations during asynchronous stimulation (sub-additivity). Functional imaging
studies have also suggested multisensory effects in what are traditionally considered unisen-
sory areas (Calvert et al., 1999). The interactions in these areas have been attributed to
feedback processing from multimodal association areas in the hierarchy of sensory process-
ing. In this section we have presented evidence of the existence of regions in the brain,
termed as convergence zones, that receive inputs from the unisensory areas and perform the
task of integrating these inputs. This provides a plausible architecture to couple multiple
functional units, the dynamics of which must then provide us with clues into the nature of

multisensory integration.

1.4 Early interactions in multisensory processing.

Thus far we have presented evidence to suggest that mutisensory integration is mediated
by a widely distributed network of brain regions. In addition, we provide a plausible ar-
chitecture that subserves multisensory processing consisting of inputs from unisensory areas
into convergence zones where information from different modalities is integrated. Recent
evidence suggests that the unisensory areas may interact via direct connections, rather than
only through feedback connections from the convergence zone. In this section we examine
the nature of these early connections. The term early, used in describing multisensory inter-
actions is connected to two seemingly related contexts. In the first case early is derived from
the anatomical literature, where projections between what has traditionally been considered
primary sensory and unimodal association areas of distinct sensory modalities have been
found. These areas occur early within the sensory processing hierarchy. In the second case,
the notion of early interactions relate to the time at which multisensory processes become
evident or the time at which the response to a multisensory stimulus deviates from the re-

sponse to a unisensory stimulus. There is a great deal of anatomical evidence for projections
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between unisensory areas. In addition there is also evidence that the time at which multi-
sensory interactions manifest itself is as early as 40ms. However, it is not yet clear whether
the early temporal modifications in the unisensory areas due to multisensory processing can
be attributed to the presence of anatomical connections between the unisensory areas.

Over the last six years or so, propelled by some recent anatomical and electrophysiological
evidence, the notion of a strict separation between the specific sensory modalities at the
early stages of sensory processing has been questioned. In this regard, the work of Falchier
et al. (2002) and Rockland and Ojima (2001, 2003) is particularly significant. Falchier
et al. (2002) demonstrated the existence of projections from the primary auditory cortex
and the polysensory area of the temporal lobe (STP) to the primary visual cortex. These
multisensory connections are particularly prominent for that part of V1 subserving the
peripheral visual field and are absent for the central visual field. Earlier investigations of
the connectivity of area V1 have concentrated primarily on the operculum that subserves
the central visual field and may have missed connections to the peripheral visual field.
Falchier et al. (2002) posit that these peripheral connections to V1 imply that Al and STP
could participate in a foveation mechanism toward a peripheral sound source. The areas V1
and V2 receive cortical connections not only from visual areas as was previously believed,
but also from several parietal and auditory association areas (Rockland and Ojima, 2003,
2001). That these projections have been previously overlooked could be in part due to
the inaccessibility of the calcarine fissure. Also, projections, in particular to area V1, are
sparse and can be missed because they cannot be distinguished from the background using
older tracing techniques (Rockland, 2004). Schroeder et al. (2001) using electrophysiological
measures, noticed evidence of somatosensory inputs into the auditory cortex of macaques.
They note that the parts of the auditory cortex receiving somatosensory inputs include
the caudomedial belt region and may include other belt and parabelt regions but not the
primary auditory cortex. These inputs are at the second stage of the auditory processing
hierarchy, merely one synapse away from the primary auditory cortex.

That multisensory processes occur early in time has been demonstrated by Giard and
Peronnet (1999) and Molholm et al. (2002) in their EEG experiments. Most EEG studies

use the summative model of multisensory integration, particularly for the first 200ms post
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stimulus. The summative model states that the activity due to multisensory stimulation may
be seen as the sum of the activity due to unisensory stimulation in each modality in addition
to the activity due to uniquely multisensory processes. Uniquely multisensory processes were
attributed to the modulation of the activity of unisensory sources. The reasoning provided
by Giard and Peronnet (1999) is that the up to 200ms post stimulus, the scalp potentials are
not contaminated by late activities related to target processing or by response selection of
motor processes and may thus be regarded as the activity of the unisensory sources. Molholm
et al. (2002) using a similar but simpler experimental paradigm used the summative model
to suggest that the early auditory-visual interaction effects correspond to both uniquely
multisensory sources and the modulation of unisensory activity, in particular early visual

sensory processing.

1.5 Overview

In this thesis sensorimotor coordination and multisensory perception are studied as different
facets of the dynamics of functional units. In chapter 2 we approximate these functional
units by a globally coupled system of non-identical excitable units. Networks with non-
identical nodes and global coupling may display a large variety of dynamic behaviors such
as phase clustered solutions, synchrony, and oscillator death. The network dynamics is
a function of the parameter dispersion and may be captured by conventional mean field
approaches if it is close to the completely synchronous state. In this chapter we introduce
a novel method based on a mode decomposition in the parameter space, which provides a
low-dimensional network description for more complex dynamic behaviors and captures the
mean field approach as a special case. The example of globally coupled Fitzhugh-Nagumo
neurons is discussed. The low dimensional description thus obtained will be treated as a
specific realization of a functional unit. In later chapters we probe the dynamics of these
functional units in the context of behavior and perception.

In chapter 3 we study the nature of driven functional units in the context of sensorimotor
coordination using a theoretical model and an experimental paradigm designed to test the

predictions of the model. Our goal in this chapter is to capture the coupling between the
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rhythmic movement of a finger and an external metronome. We demonstrate through a
theoretical model and experimental results that the coupling between movement and the
external stimulus must be minimally parametric. Different states of coordination of the
movement-metronome system are conceived as patterns characteristic of the dynamics of
driven functional units.

A second example of the dynamics of functional units is illustrated in chapter 4. Here,
we develop a novel experimental paradigm designed to capture the temporal features of
multisensory integration parametrically. The relevant parameters of our experiment are
the inter-onset interval between pairs of rhythmically presented stimuli and the frequency
of presentation. We partitioned this two dimensional parameter space, based on subjects
perception of the stimulus sequence into regions of synchrony, asynchrony and a unique mul-
tisensory illusion where the perception of the stimulus sequence varies over the length of a
trial. We examine the organization and symmetries of this perceptual partitioning for differ-
ent pairs of stimuli. The general structure of the partitioning is independent of the stimulus
modalities involved, but the specific symmetries are modality dependent. This observation
suggests that the general features depend on the coupling between the unisensory subsys-
tems. We develop a model consisting of coupled functional units and suggest a candidate
coupling scheme that explains the features of the experimental data. In the following two
chapters we probe the neural correlates of multisensory integration using fMRI and EEG.
In chapter 5 we present the results of an fMRI experiment. The experimental conditions
in this experiment are a subset of the behavioral experiment described in Chapter 4. Here,
we are primarily interested in obtaining the structure of the network involved in multisen-
sory integration. We demonstrate that this network consists of the primary auditory, the
primary visual, inferior parietal lobule, prefrontal areas and the posterior midbrain. Differ-
ent experimental conditions, that is, different percepts of the stimulus, lead to the selective
recruitment of different areas and the disengagement of these areas for other percepts. In
chapter 6 we present the results of an EEG experiment. The experimental conditions, as in
the earlier fMRI experiment, are a subset of the behavioral experiment described in chapter
4. Here we are primarily concerned with the temporal evolution of networks involved in

multisensory integration. The activity measured on the scalp may be attributed to two
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factors, i) The activity of the unisensory sources. ii) The neural activity due to uniquely
multisensory sources. We first develop a mathematical framework that allows us to differ-
entiate between these two contributions. We then use this newly developed methodology to
demonstrate that the influences of multisensory processing may be seen in the putatively
unisensory cortices at an early ( 40-60 ms) in processing. Based on the topography of the
residual responses due to uniquely multimodal sources we hypothesize that the generators

of these potentials may be in the inferior parietal and frontal areas.
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Chapter 2

Synchrony and clustering in
heterogeneous networks with global

coupling and parameter dispersion.

Low-dimensional dynamics in high-dimensional networks is a ubiquitous phenomenon ob-
served in various physical, chemical and biological problems (Engel et al., 2001; Kuramoto,
1984; Nichols and Wiesenfeld, 1992; Kelso, 1995; Haken, 1983). In particular, networks with
dispersed parameters may show such dynamics as a function of the parameter dispersion, in-
cluding phase clustering and spatiotemporal quasiperiodic and chaotic dynamics (Matthews
and Strogatz, 1990). Heterogeneous networks (that is, networks with parameter dispersion)
with global coupling have been successfully described using a mean field approach (Monte
et al., 2003) which relies on a local expansion around the synchronized solution. Here two
sets of reduced equations are derived in which the first describes the dynamics on the syn-
chronization manifold and the second describes the deviations from synchrony. However,
because the approach is valid only in the neighborhood of the synchronous solution, global
network behaviors such as phase clustering cannot be described low-dimensionally (Rubin
and Terman, 2000; Strogatz and Mirollo, 1993) . For instance in the field of neuroscience,
local populations of neurons are strongly connected within a small volume of cortical tissue

and have been interpreted as the functional units of cortical processing (Sporns et al., 1989).
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These volume elements are described by a low dimensional ‘effective’ neuron (Buhmann,
1989), identical to the mean field, which will be only legitimate if the local network dynam-
ics is synchronized. Else, conditions are needed which, first, identify when the mean field
dynamics fails, and, second, provide alternative approaches to describe the low-dimensional
network activity. The aim of our work is to obtain such a general formalism that may be
used to approximate the effective dynamics of a high dimensional heterogeneous network of
globally coupled elements, which is not limited to synchronous behavior. We demonstrate
that the collective behavior of globally coupled dynamical systems with parameter hetero-
geneity may be captured using a mode decomposition. These modes are defined in the space
in which the parameter dispersion occurs and represent distinct patterns of collective be-
havior. Our approach successfully defines a low-dimensional approximation of the collective
dynamics of the system, including various types of asynchronous behavior.

This chapter is organized in two parts. First, we consider a heterogeneous network of
globally coupled excitable systems which are often used as toy models for neural behavior.
We derive a set of mode equations that approximate its dynamics and, in the process,
illustrate the core ideas of our approach. We generalize our formalism to be applicable to
networks with arbitrary dynamics at its nodes. One of the simplest examples of an excitable
system is the Fitzhugh-Nagumo model (Fitzhugh, 1961). Its variables, x and y operate on
slow and fast time scales respectively. A globally coupled network of N Fitzhugh-Nagumo

neurons is represented by the following equations

3
;c'i:c(xi—%+yi)+K(X—x¢)+czi (2.1)

. 1
vi = E(mi —by; + a) (2.2)

where i = 1, ..., N and K is the coupling strength. For an uncoupled network, K = 0. The
intrinsic dynamics of the i-th node is determined by the magnitude of the parameter, z;,
which may be interpreted as an external current or the degree of excitability of the
neuronal membrane. For low values of z; the i-th node has a stable fixed point. If a

transient increase in z; exceeds a threshold, the i-th neuron performs a large excursion in
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Figure 2.1: The intrinsic dynamics of a node. The nullclines are in gray. For low values of
2;, (solid cubic nullcline), the trajectory (solid line) settles to a fixed point. Higher values
of z; (dashed cubic nullcline) lead to limit cycle oscillations. (dashed trajectory)

Figure 2.2: Schematic of different scenarios for a population of coupled neurons in the phase
space spanned by the variables x and y. Each dot represents the state of a neuron. (a) All
the neurons settle to a fixed point. (b) The neurons oscillate in-phase. (c) Some neurons
perform sub-threshold oscillations around a fixed point. Others oscillate along a limit cycle.
(d) Anti-phase clustering for K < 0.
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Figure 2.4: The timeseries of a population of 100 neurons for various (K — o) values
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phase space before returning to a fixed point representing an action potential. Increasing
z; raises the cubic z—nullcline, destabilizing the fixed point leading to a stable limit cycle
(see Fig. 2.1). We introduce heterogeneity in the elements of the network by choosing the
parameters z; from a distribution g(z) with mean p, and standard deviation 0. The
average activity of the network, X = % Zfil Zi, is used to drive each element, implying
that every node is connected to every other node and the coupling strength between any
two nodes is % In dependence of K and the parameter dispersion, ¢, we obtain different
types of behavior, including a quiescent state (Fig. 2.2a), synchronous in-phase oscillations
(Fig. 2.2b), and anti-phase clustering (Fig. 2.2d). In Figure 2.2c, some neurons perform
subthreshold oscillations around a fixed point, while others perform supra-threshold
oscillations. A characterization of the different types of collective behavior in the
parameter space, K — o, is shown in Fig. 2.3. Only positive values of K, for which
anti-phase clustering is not seen, are shown in the figure. Our numerical simulations show
that at each point in the (K — o) space, the mean activity of the population, X (¢), is
either quiescent or oscillatory. We define the amplitude of the mean field as the difference
between the maximum and minimum values of X (t) after the initial transients have
settled. Fig. 2.3 shows the contour lines of constant mean field amplitude. Three different
regions of mean field dynamics are identified: (I) K < 0.5. Here, some of the neurons with
low values of z perform subthreshold oscillations around a fixed point, while neurons with
higher z values show phase locked supra-threshold oscillations. The dynamics in region I is
shown in Fig. 2.2c and Fig. 2.4c. (II) All the neurons settle to a fixed point. (Fig. 2.2a
and Fig. 2.4a) (III) The neurons perform supra-threshold synchronous oscillations (Fig.
2.2b and Fig. 2.4b). A transition from region III to region II, mediated by an increase in
the coupling strength, K, drives synchronously firing neurons to quiescence. For limit cycle
oscillators with dispersed frequencies this transition has been termed oscillator death
(Yamaguchi and Shimizu, 1984). An abrupt transition from region II to region III, fixed
point behavior to synchronous in-phase oscillations, is mediated by an increase in the
parameter dispersion ¢. Anti-phase clustered solutions are obtained for K < 0. Stable
phase clustered solutions have been demonstrated in systems of globally coupled inhibitory

neurons (Golomb et al., 1992; Rubin and Terman, 2000), Josephson junctions (Strogatz
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Figure 2.5: Contour lines of equal mean field amplitude in (K — o) space. The mean field
is calculated from the low-dimensional mode description.

and Mirollo, 1993) and may be particularly relevant for neurobiological systems (Engel

et al., 2001; Kelso, 1995).

The core idea of our approach is the following: The dispersion of the parameter z;
creates an ordering of the nodes with regard to the magnitude of z;, that is z,41 2 Vi.
We indicate this parametric dependence in the notation of the state vector *(t) of the i-th
node by writing ¢(t) = (z;(t),v:(t))’ = ( 1(2:,t), 2(zi,t)) with the new vector components

k(zi,t), =1,2,i=1,.., N parametrized by z;. The prime denotes the transposed vector.
In particular, if the number of neurons is sufficiently large, then it is justified to treat the
set {2;},4 = 1,..,N as a continuous variable z € R and the dispersed network state vector
(t) = (-+- k(z;,t)---) — (z,t) as a continuous vector field (z,t) : 2 — R in the limit
for large N. Then the mean field amplitude of the first component which couples the nodes

is defined as

X(t) = / T 92 1) 2 (2.3)

—0o0
where the parameter, z, is distributed according to the function, ¢g(z). The Eq. (2.1) can

now be rewritten as

w

'1(Z,t)=c(1~—3£— 2) +K[X — 1]+ecz (2.4)

‘Z(Zat) =

ol

(1—ba+a) (2.5)
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Figure 2.6: The evolution of the time dependent coefficients, 1(¢) (dashed line) and ()
(solid line)is plotted for various (K — o) values as a function of time.

Rewriting the network with heterogeneously distributed parameters as a vector field,
q(z,t), allows us to interpret the phenomena due to parameter dispersion as a spatiotemporal
pattern formation process in z—space. As a consequence, techniques become available, which
allow to decompose the field ¢(z,t) into its < N dominating patterns or modes ;(2) via

)
a(zt) =3 i(2) + R(z,1) (26)

=1\ ()
with their 2  time-dependent coefficients ;(t), ;(t). The remainder, R(z,t), represents
the spatiotemporal dynamics not captured by the modes ;(z). Spatial mode decompo-
sitions are not unique and are biased towards certain criteria such as the minimization of
the square error (principal component analysis, PCA) or the statistical independence (inde-
pendent component analysis, ICA). Other techniques utilize a priori knowledge about the
system’s dynamics to determine interpretable modes (Tesche et al., 1995). If the disper-
sion has multiple peaks in its distribution g(z), then a separation of the peaks via a mode
decomposition in z-space is suggestive. The traditional mean field approach (Monte et al.,
2003) is captured by the spatially uniform mode as a special case. In general, the modes will

not be orthogonal, but an adjoint basis system { J(z)} can always be defined to guarantee

23



biorthogonality

/oo vz(z)vj(z)dz = 4 (2.7)

-0

where ;; is the Kronecker symbol. If the normalized mean square error

_ Jr 20 Rz, t)? dz dt
[ alz )2 dzdt

(2.8)

is sufficiently small, then Eq. (2.6) may be truncated after the m-th mode to obtain a

low-dimensional description in terms of modes, m < N.

In our specific examples in Fig. 2.2, we choose the first two principal components, which
are approximately non-overlapping rectangular modes, as the spatial modes v1(z), v2(2)
motivated by the two different collective behaviors (sub- and supra-threshold oscillations).
The temporal evolution of the coefficients of the i-th mode, (£ (t),n:(t))’, is obtained by

projecting Egs. (2.4, 2.5) onto the mode v;(2).

. 3
@) =clei— 1S —m) +K( & &)+ (2.9
) 1
ni = z(fi —bni+a ) (2.10)
where, i, =1,2, 1= [% vi(2)*dz, 3 = [ vi1(2)dz, and ; = [0 2vi(2)dz. The cross

terms resulting from the nonlinearities in Eq. (9) disappear because the modes v1(z) and
vz(2) do not overlap. The constants and , modulate the coupling between the modes

and are given by

i = /oo g(2"v;(2)d7'. /oo vi(2)dz — 1 (2.11)
i = /oo g(2"v;(z")d7’. /oo vi(2)dz (2.12)

Egs. (2.9,2.10) define the reduced set of mode equations and represent a low-dimensional
description of the dispersed network dynamics. These equations are similar to those of two
coupled Fitzhugh-Nagumo neurons, justifying the approximation of the population mean

activity by “effective" neurons as postulated by (Sporns et al., 1989). To test the reduced
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equations computationally, we choose the distribution function, g(z), to be a Gaussian
with standard deviation o and solve the system numerically. Fig. 2.5 describes the
resulting different regimes of behavior in analogy to Fig. 2.3: (I) One mode, corresponding
to lower values of z, shows subthreshold oscillations while the other mode shows
supra-threshold oscillations. (II) Both modes settle to a fixed point. (III) The modes show
synchronous in-phase oscillations. A comparison between Figs. 2.3 and 2.5 shows that our
low-dimensional mode approximation provides a good description of the population
behavior. A goodness of fit, =1-— E, (using Eq. (2.8)) is computed to be 86% for
regime (I), 99% for regime (II) and 98% for regime (III). The time series of the modes

corresponding to each region in K — o space are shown in Fig. 2.6.

We can now generalize this framework to a globally coupled network with arbitrary

dynamical systems at its nodes. Consider a network of NV elements given by the following

equation
1 X
Xi= (xi,2)+K N;xj—xi (2.13)
where, x; = [xgl) e mgn)] € R" describes the -dimensional dynamics of the i-th node

and K € R" x R" is a diagonal matrix with nonzero elements of the same value, K. The
parameters, 2;, are dispersed according to the distribution function g(z). In the new space
defined by z, we introduce the vector field q(z,t) = [q1(2,t) - - gn(2,t)] where, g;(z,t) =
x§i)(t), j =1,..., . Then the corresponding dynamics can be written in terms of the new

variable ¢;(z,t) as follows

o«

Gi(ert) = j<q>+K[ | a2 - gy62.0 (2.14)

—0o0

Assume that the system can be described by a low-dimensional biorthogonal set of m
modes in z—space, {v¢(z), =1,...,m} and its corresponding time-dependent coefficients,
[{,gl) o .gé”)] € R™. Projecting Eq. (2.14) on each mode vz(z), we obtain the following

equations for the corresponding time dependent amplitudes

&= 10&D) + K [co(elgn + + Eugun) — (2.15)
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where R} ({x}) = B Uz.fg(q) depends on the set {&x}, g, = [, v};.g(z)dz and ¢,, =
I wl(2)dz.

In summary, we have provided a low-dimensional description of a heterogeneous network
of globally coupled dynamical systems. We demonstrated the existence of a phase transition
from quiescent to synchronous oscillatory behavior mediated by parameter dispersion in
a network of Fitzhugh-Nagumo neurons. The effects of parameter dispersion on neuronal
systems may be particularly significant. An example can be found in CAl stratum oriens
interneurones in the hippocampus. Evidence from electrophysiological recordings show that
hypothermia induced seizures in developing rats causes an increase in the variance of the
resting membrane potential without causing a change in the mean resting potential (Aradi
and Soltesz, 2002). One of the contributions of this letter is to provide a method to describe
phase clustering in networks of dynamical elements. The individual clusters are represented
by distinct modes and the interactions among these clusters may be described by the coupling
between the mode equations. Further, our method does not assume a particular form of
the parameter distribution function and is suitable to study networks with multimodal

parameter distributions.
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Chapter 3

Dynamics of multifrequency
coordination using parametric

driving: Theory and experiment.

3.1 Introduction

The coordination of movements in humans and animals may be viewed as ordered spa-
tiotemporal structures that arise in a system consisting of a large number of components
and processes organized over different spatial and temporal scales (Kelso et al., 1986; Schéner
and Kelso, 1988a). The behavior of the individual components of the system and the spa-
tiotemporal patterns observed at a macroscopic level of description are linked, using the
concepts of synergetics, by means of a few observables known as order parameters. These
order parameters in turn govern the dynamics at the microscopic level Haken (1983). Over
the past two decades or so, using concepts from synergetics and the mathematical tools
of nonlinear dynamics, a number of studies has addressed various aspects of the dynamics
of coordination, especially rhythmic coordination. Rhythmic movements are archetypes of
time dependent behavior in nature. In studies of rhythmic coordination, the elements of the
system are often modelled using coupled limit cycle oscillators (Haken et al., 1985; Kelso

et al., 1981; Yamanishi et al., 1980; Yuasa and Ito, 1990). External stimuli play an active
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role in the dynamics of such limit cycle oscillator systems. Examples range from firefly en-
trainment (Buck and Buck, 1976) to gait transitions in animals (Collins and Stewart, 1993;
Schéner et al., 1990). In the context of biological systems, especially in the area of move-
ment coordination, these can be seen as patterns generated by an action-perception system
(Kelso et al., 1990).

One of the first oscillator models of coordination behavior is the HKB model (Haken
et al., 1985). This model provides a description of experimentally observed bistability and
phase transitions in bimanual coordination experiments (Kelso, 1984). In these experiments,
subjects were asked to move their index fingers rhythmically in opposite phases (involving
simultaneous activation of the flexor and extensor muscles) in time with a metronome. The
frequency of the metronome was progressively increased. At a threshold frequency subjects
exhibited a spontaneous transition to an in-phase mode of coordination (simultaneous acti-
vation of homologous muscle groups). Such transitions have also been noted in a number
of other coordination situations and provide a mechanism that affords the system alternate
coordination strategies under changing environmental conditions. Because most of the de-
grees of freedom of a dynamical system are enslaved close to transition points (Haken, 1983),
the system dynamics becomes low-dimensional and hence provides a window into the struc-
ture and function of the system. In this chapter we explore different mechanisms that lead
to phase transitions in coordination. In recent experiments Fink et al. (2000) investigated
the role of environmental information in the dynamics of bimanual coordination. A central
finding that emerged from this study was that external information may serve to stabilize
states that would otherwise have switched to more stable modes of coordination. Jirsa et al.
(2000) accounted for this effect by coupling the external information parametrically to a
set of limit cycle oscillators. The main idea elucidated by the above studies is that percep-
tion and action, environmental information and the dynamics of movement, are inextricably
linked (Kelso et al., 1990). In this paper we present an experimental strategy to further
examine the assumption that action and perception are parametrically coupled. Further,
based on previous models (Haken et al., 1985; Jirsa et al., 2000; Kay and Warren, 2001;
Kelso et al., 1990; Kay and Warren, 1998), we derive a theoretical model for unimanual

coordination and compare the features of this model with the observed data.
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3.2 Background and motivation

In order to understand the dynamics of the sensorimotor system the following elements must

be specified.

1. The dynamics of the uncoupled movement system. After Schoner and Kelso (1988¢,b,a),
we refer to this as the intrinsic dynamics. For our specific experiment, the intrinsic
dynamics comprises the rhythmic movement of the finger without reference to the
metronome. A number of theoretical and experimental studies have addressed the
issue of intrinsic dynamics in different coordination situations. Rhythmic movement
of the end effector has been mapped onto the limit cycle of autonomous nonlinear
oscillators Kay et al. (1987). This captures the experimental features of reproducible
frequency-amplitude-velocity relationships. Kay et al. (1987) have demonstrated the
stability of human rhythmic movements through perturbation experiments. Based on

these studies a concrete limit cycle model can be formulated.

2. The environmental signal, here a rhythmic metronome. This is operationalized in the

present theoretical model using a sinusoidally varying function of time.

3. The coupling between the external stimulus and the movement system. This has been
variously described using linear (Schoner and Kelso, 1988c,b) and parametric terms
(Jirsa et al., 2000; Kay and Warren, 1998) to drive the limit cycle oscillator. In what
follows, we will argue that, given the hypothesis of a limit cycle model and a periodic
external signal, a linear driving is insufficient to characterize the dynamics of the

system, i.e. the driver must be coupled to the system by higher order terms.

As in Kelso et al. (1990), the present approach is based on a model of bimanual coordination
proposed by Haken, Kelso and Bunz in 1985 (Haken et al., 1985). The so-called HKB model
consists of two limit cycle oscillators coupled to each other via a nonlinear coupling term.

The equations of motion read,

$1+(A$Z2+B:r12— ~)1.:i+ zmi:fi(wlaxQ,ilan) (31)
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where,

filzy, 22, 21,22) = (21 — 22)( + (21 — 32)?) (3.2)

fo(z1, 00,21, 80) = (32 — 21)( + (21— 22)°) (3.3)

z1 and x5 represent the movement of the fingers. The system is symmetric under ex-
change of z1 and z2. The left hand side consists of a linear self-excitation, vz, a Van der

Pol term, z°

&, and a Rayleigh term, 3, for saturation. These competing influences define
the functional form of the oscillator. The right hand side consists of a nonlinear coupling
term depending on 1, T2 and their temporal derivatives. The equations (3.1, 3.2, 3.3) can
be reduced to their steady state amplitude and an equation describing the dynamics of the
relative phase, 1 — 2 (Haken et al., 1985), where ; and 9 are the phases corresponding
to 1 and z2, respectively. The amplitude terms are adiabatically eliminated by assuming
that the dynamics acts on a time scale much faster than that of the phase variable. The

system can then be described by specifying the steady state amplitude, , and an equation

governing the order parameter dynamics, here the dynamics of the relative phase, ,

2 v
== 3.4
A+ 3Bw? (8:4)
‘= —qgsin —2bsin2 (3.5)
where, @ and b are constants depending on , and 7. The phase equation (3.5) has fixed

points at 0 and  corresponding to in-phase and anti-phase modes of coordination seen in
the experiment. On increasing the frequency of movement, w, the anti-phase state becomes

unstable through a reverse pitchfork bifurcation. Beyond a threshold frequency given by,

ey o+ A
We = 3 5 (3.6)

the only stable fixed point corresponds to the in-phase mode of coordination. This is in

complete agreement with experimental results. In section 3.6 we will present examples of
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situations where an adiabatic elimination of the amplitude is not possible, and consequently,
show the existence of two routes via which a transition in the phase can take place. Notice,
in equations (3.1,3.2,3.3) the metronome makes only a non-specific contribution to the dy-
namics of the system, moving the system through various coordinative states via a change
in w, without actively participating in the dynamics. The HKB model does not account
for the presence of the metronome and in its original form can be described as a model for
the intrinsic dynamics of the system. Recent experiments by Fink et al. (2000) and Byblow
et al. (1994) have established that the metronome can modify the trajectories of movement.
Further, Fink et al. (2000) demonstrated that the presence of the metronome causes not only
local changes in the trajectory of movement but also introduces global effects to the dynam-
ics, such as a shift of the critical frequency at which a phase transition from anti-phase to
in-phase modes of coordination takes place. The local changes effected by the metronome, in
the context of unimanual movement coordination, will be addressed in subsequent sections.

In light of these experiments it becomes crucial to include the metronome into (3.1).
The HKB model correctly reproduces a number of experimentally observed phenomena
including phase transitions, hysteresis (Kelso, 1984), critical fluctuations (Kelso et al., 1986)
and critical slowing down Scholz et al. (1987) among others. Hence, it is prudent to retain
the HKB model at the core of other models that include environmental influences in a
description of the dynamics of unimanual (Kelso et al., 1990) and bimanual coordination.
For the latter, this was achieved by Schéner and Kelso (1988b) and Jirsa et al. (2000).
Schéner and Kelso (1988b) used an additive linear driving term to describe the effect of the
metronome. The environmental information was introduced as an additional force acting on
the order parameter, ¢, dynamics attracting it to the phase of the metronome Schéner and
Kelso (1988c). In order to account for the results of Fink et al. (2000) recent experiments,
Jirsa et al. (2000) used a parametric driving term to describe the effect of the metronome.
In the limit of negligible coupling to the metronome both these models reduce to the original
HKB equations. Using equations of motion proposed by Jirsa et al. (2000), the coupling

function becomes,
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fl(xl)x27ilai2551a62) = (331 - -’L'Q) X
(o + B(z1 — 22)2) + €1 cos Ut + exx1 cos Ot (3.7)
fZ(ml,mmi'l,j:Q,el,GQ) = (xQ - xl) X

(o + By — £2)?) + €1 cos Qt + egzg cos (Ut (3.8)

Where w is the frequency of the finger movement in (3.1), ) is the frequency at which the
metronome is presented. €; and ez are the strengths of the linear and the parametric coupling
terms respectively. In our description of unimanual coordination we will use (3.7,3.8). We
make the following assumption. The movement of one finger in response to a metronome
can be modelled by setting the movement amplitude in one of the oscillators from (3.7,3.8)
to zero. The equation of motion of a single finger performing rhythmic movement with a

metronome can now be written as follows,

i1 4 (Az? 4+ Bi? — )it + w?ry = € cos Qt + exzy cos Ot (3.9)

where,

A=A-8, y=7-a (3.10)

The crucial element here is the presence of a parametric driving term. Parametric driving
leads to characteristic properties of the €5 — Q parameter space. The parameter space can
be divided into stability and instability regions as shown in Figure 3.1.

The frequency of the metronome is plotted along the z-axis and the strength of the
parametric coupling term is shown along the y-axis. The lighter regions indicate points in
the parameter space where an oscillatory state of a given frequency, that is initially of small
amplitude, will grow exponentially. These regions, known as Arnol’d tongues, correspond to
coordinative states where the movement of the finger is phase and frequency locked to that
of the metronome. Each Arnol’d tongue corresponds to a particular frequency ratio. In the

wider tongue, marked 1 : 2, the frequency of the finger, w, is subharmonically entrained to
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Figure 3.1: Plot of the Arnol'd tongue structures seen for the parametrically driven oscillator
system described by equation (3.9).Along the x-axis are the frequencies of the driver ! and
along the y-axis are the strengths of the parametric coupling termes. The lighter regions are
Arnol’d tongues. The widest Arnol’d tongue corresponds to a 1:2 coordination mode. The
next widest region is thel:1 mode. Other modes correspond tow 2 = k, where, k =3 2,2...
are progressively smaller. In the experiment we move from the 1 : 1 to the 1 : 2 coordination
mode as the driving frequency ? is increased along the arrow shown in the figure.

the frequency of the metronome, §, that is, the oscillator completes one cycle for two cycles
of the metronome. In the 1 : 1 tongue both the oscillator and the driver have the same
frequency. Stable w : (Finger frequency: metronome frequency) coordination modes are

obtained for the following frequency ratios (Jirsa et al., 2000).

1
'.,—:k k="'1
’ 277

[N RN

(3.11)

Earlier experiments have studied the dynamics of multifrequency coordination (Kelso
et al., 1991; Treffner and Turvey, 1996; Peper et al., 1995) and theoretical models of bimanual
multifrequency coordination exist (DeGuzman and Kelso, 1991; Haken et al., 1996). Kay
and Warren (1998) have described multifrequency coordination using parametric driving to
explain the coupling between gait and posture. (see also Kay and Warren (2001))

The goal of our experiment is to drive the system through different coordination regimes,
i.e. different frequency ratios by increasing the frequency of the metronome along the di-

rection shown in Figure 3.1. In order to see frequency and phase locking in the experiment
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it is necessary that the Arnol’d tongue structures are wide enough so that the system does
not fall into a qualitatively different solution due to tiny perturbations that are inevitable
in any biological system. In our model, the broadest Arnol’d tongues correspond to the 1:1
and 1:2 modes of coordination and there are no other stable coordination modes in between.
Experimentally and operationally, we refer to these as the single and double metronome con-
ditions respectively. In the single metronome condition each cycle of the finger movement
corresponds to one cycle of the metronome, whereas in the double metronome condition

each cycle of finger movement corresponds to two cycles of the metronome.

3.3 Analytical and numerical results

As our starting point consider (3.9). For the single metronome condition we assume w = (2,
i.e. the intrinsic frequency of the finger coincides with that of the metronome. For reasons
of mathematical convenience, we write, = 20, that is, Q is half the metronome frequency.
Here, we are interested in solutions that lie within the 1 : 1 Arnol’d tongue. Consider the

following ansatz for the solutions,

z(t) = Ag(t) + Ay (t) ¥ 4 A ()" ~2 (3.12)

The oscillatory system evolves along a closed curve in a two dimensional phase space.
The shifts in the center of mass of the closed curve are described by a time dependent real
quantity, Ag. A; and A} are time dependent complex quantities that can further be split

into a real amplitude, r € R, and phase, 0 < ¢ < 27, as follows,

A®) =r(t) PO A1) = () 0 (3.13)

As a first approximation we can identify two relevant time scales, a fast time scale
corresponding to the frequency of the metronome, %, and a slow time scale corresponding
to the dynamics of the variables, r(t) and ¢(t). Hence, using the slowly varying amplitude

approximation, |A| << 20|A|, we obtain the following equations for the derivatives of (3.12),
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i = 2iQe? % L o

(3.14)
and,
&= (4iQA; — 40%4,)e®® + cc (3.15)
Inserting (3.12,3.14,3.15) in (3.9) we obtain terms of the form,
e2iQt, e-—Z’iQt (316)
and,
eGiQt, e—GiQt (317)

Contributions from (17) are negligible due to the rotating wave approximation (Haken,
1983).

By adiabatic elimination, Ag(t) can be expressed in terms of A; (¢) and A}(¢).

€ *
Ag = EL%(A:L + AY) (3.18)

Using these approximations and with the substitutions (3.12,3.13,3.14,3.15) in (3.9) we

obtain the following equations for the amplitude and phase of the system,

= (X2 gnogyr— (San2s B B
r—(2 8w29s1n2¢>)r {2aQ +2+4w4
(cos2¢ + 1)}r® — :—5 sin ¢ (3.19)
and
. w?—402 € €2
¢= o 857‘ cos ¢ — 1—“-2220—2(cos 20+ 1) (3.20)

The equation (3.20) for the phase consists of contributions from linear and parametric
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driving terms. In order to simplify the analysis, we assume that the contribution from the
linear driving term is negligible, that is, €; << €2, and r # 0 because the linear term enforces
monostability (see Jirsa et al. (2000)). In this section we consider a situation in which the
system is far from a phase transition. A complete description is provided in section 3.6. The
steady state value for the phase, ¢, is governed by the following equation,

4(w? — 40%)w? — €

cos2¢ = 5 (3.21)
€

which has two steady states corresponding to synchrony of the metronome with peak
flexion or peak extension. In order to destabilize one of the solutions, we require a contribu-
tion from the linear driving term. In our approximation, we set €; = 0, thus neglecting the
contribution from the linear driving. In section 3.6 we will elaborate on the different mech-
anisms of phase transitions when €; # 0. Note that our experiment is not designed to test
this prediction explicitly, which is open to future experimentation. Using (3.21) in(3.19), we

obtain a cubic equation of the form,

Ar—Br3=0 (3.22)

where the coefficients, A and B, are given by,

_y_ b 2 _ A02)V(e2 — 92 — 4022
A=1-— V2(w? — 402) (¢} - 2(w? — 402)w?) (3.23)
and,
_ 2, B g8
B=1200"+ 5+ o (3.24)
The amplitude is given by,
A

Figure 3.2 shows the amplitude response to a change in the frequency of the environ-

mental stimulus (Q) that drives the oscillator, obtained by integrating Eq. 3.9 for different
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Figure 3.2: Plot of the amplitude associated with the most dominant frequency of the
oscillator w as the frequency of the driver 2 is increased. The nonmonotonic behavior of the
curve is characteristic of the resonance structure of the oscillator system.

values of €. The spectral power was computed using a discrete Fourier transform on the
steady state time series associated with a particular driving frequency. As the frequency is
increased the system moves through the parameter space from thel : 1 to the 1:2 Arnol’'d
tongue along the line as shown in Figure 3.1. Within an Arnol'd tongue structure, the
amplitude shows an inverted U-shaped dependence with increasing driving frequency. Such

nonmonotonic behavior originates due to the finite width of the Arnol’d tongue.

3.3.1 Double metronome condition

Here we seek solutions such that, w = % = (), i.e. the frequency of finger movement is one
half that of the metronome. We use the following ansatz for the solutions within the 1 : 2

Arnol’d tongue,

z(t) = A1’ + A (3.26)

The analysis follows the lines of the single metronome condition. As before, 4; and A

are time dependent coefficients that can be split into amplitude and phase components.
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AL(t) = r(t)e®®  AL(t) = r(t)e"0® (3.27)

Performing the slowly varying amplitude and rotating wave approximations, with (3.26,3.27)

in (3.9) we obtain the following equations for the amplitude and phase of the oscillator,

- _§ 2, B3 i €2
r=( 2aQ + 2)r +(2 4Qsm2¢)r (3.28)
and,
. 2 _ (2
PRl UL BN (3.29)

2Q 40

Considering the steady state solutions of (3.28) and (3.29), we have, for ¢

2(w? — Q%)
€2

cos 2¢ = (3.30)

Replacing this in the (3.28) we obtain an equation describing the steady state amplitude.

Ar—Br®=0 (3.31)
where,
_Y_ X e e o
A= > " mVe 4(w? — 02) (3.32)
and
_3 2. B
B = 2aQ + 5 (3.33)

The steady state amplitude is given by,

r=4/2 (3.34)

As in the single metronome condition, here too, we observe an inverted U-shaped am-

plitude dependence. In Figure 3.2 the two humps correspond to the single and double
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Figure 3.3: Phase plane trajectories (position vs velocity) obtained from equation (3.9) with
an additive Gaussian noise term. a) Single metronome condition: The frequency of the
oscillator coincides with the frequency of the metronome. A metronome beat is present only
at flexion (w = 2,0 = 2) b) Double metronome condition: The frequency of the oscillator
is half that of the metronome. A metronome beat is present at flexion and extension.
(w=2, Q= 4). The other relevant parameters are €; = 0.1, €2 = 3,

metronome condition respectively.

3.3.2 Stochastic properties

A characteristic property of all biological systems is the presence of noise, the sources of
which are both internal and environmental. The movements are therefore not exactly re-
producible across trials or even across cycles of a single trial. In order to account for the
variability seen in the experimental data we must include noise into (3.9). The simplest way

to do this is by using an additive Gaussian noise, £(t), term with the following properties.

(E@®) =0, (EME(E+ 7)) = Q%(r), Q=0.01 (3.35)

Schéner et al. (1986) studied the effects of noise for the case of self-paced bimanual co-
ordination. For a parametrically driven oscillator the trajectories of motion are asymmetric
in phase space. The variability is distinctly lower at points of the trajectory that are coin-
cident with peaks of the external signal as compared to other points. In Figures 3.3a and

3.3b we summarize the results of a numerical simulation obtained from adding a Gaussian
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noise term to (3.9). Figure 3.3a describes the single metronome condition for a particular
driving frequency. The driving frequency is at the center of the 1 : 1 Arnol’d tongue (1.2Hz).
The points of peak flexion and extension are marked in the figure. Clearly, the trajectory
shows lower variability at peak flexion in comparison to peak extension. This effect can
be attributed to the presence of a stimulus at peak flexion which is absent at the opposite
reversal point. Figure 3.3b shows the effect of the stimulus on the trajectories of motion
for the double metronome condition. A frequency was chosen at the center of the 1 : 2
Arnol’d tongue. Here, unlike in the previous case, Figure 3.3a, the trajectories are symmet-
ric in phase space. In the double metronome condition, the environmental stimulus occurs
at both peak flexion and peak extension. Hence, the trajectories at the two reversal points
show similar variability. A discussion of these results will follow in the next section where

we compare the theoretical predictions of the model with our experimental observations.

3.4 Experiment

In the experiment subjects moved their index finger back and forth on a parasaggital plane
in accord with the frequency of an external metronome. As the frequency of the driver
was increased we expected subjects to move from a 1:1 to a 1:2 mode of coordination after

passing through a region of phase drift.

3.4.1 Participants

Nineteen right handed subjects ( 14 male and 5 female aged between 19 and 40 years.) took
part in the experiment. Most of the participants were volunteers from an undergraduate
class at Florida Atlantic University. All procedures were approved by the local Institutional
Review Board for the protection of human subjects and participants signed consent forms

before taking part in the experiment.

3.4.2 Apparatus

Participants placed the index finger of their dominant hand in a custom built manipulandum

that restricted the motion of the metacarpophalangeal joint to a single plane (see Kelso
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and Holt (1980) for a complete description). Unnecessary vertical and horizontal hand
movements were restricted by a padding placed against the sides of the hand. An angle
calibrated potentiometer situated above the axis of motion was used to measure the position
of the index finger. Finger movement was sampled at 128Hz using an ODAU analog-digital
converter connected to an OPTOTRAK 3010 system. The external metronome, consisting
of a sequence of comfortably sounding beeps, each of 40ms duration, was sent to the ODAU

unit and a pair of headphones.

3.4.3 Procedure

Handedness was first determined using the Edinburgh Handedness inventory. During the
experiment the frequency of the metronome was increased from 2.5 Hz to 12 Hz in steps
of 0.5 Hz. Thirty cycles of the metronome were presented at each frequency. At the end
of each block of thirty cycles, the metronome frequency was stepped up by 0.5 Hz. A
single trial consisted of twenty blocks (2.5 Hz to 12 Hz) that were presented continuously
in order of increasing frequency. Each subject performed five trials. Subjects were asked
to coincide peak flexion of the index finger of their dominant hand with the onset of the
auditory metronome. Since we did not perform a similar task asking subjects to coincide
peak extension with the metronome beat, we cannot test for phase transitions from extension
to flexion with our present experimental design, although such effects are well known (Kelso,
1984). Prior to the start of the experiment participants were told, “if the initial pattern of
movement changes, do not force yourself to go back to it. Just continue with the pattern

you find most comfortable”.

3.4.4 Analysis

We first analyzed the metronome signal to find the onset of the beeps. This information was
used to divide the movement data collected over a given trial into frequency plateaus. Each
frequency plateau was coincident with a block of thirty metronome beeps. We noted that the
finger movement over a given frequency plateau was almost sinusoidal. A discrete Fourier
transform was performed and a single dominant frequency was obtained for each frequency

plateau. The spectral power associated with other frequencies was relatively small. The
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Figure 3.4: Classification of coordination patterns. The smooth curves are the trajectories
of finger movement and the rectangular pulses represent the metronome. Amplitude is
measured in units of the angular displacement (degrees). (a) An example of a pattern that
was classified as 1:1 coordination and (b) Example of a pattern that was classified as 1:2
coordination. See text for details.

most prominent frequency for a given frequency plateau was chosen as the frequency of
finger movement, w, for that plateau.

In order to classify a particular frequency plateau asl:1 or 1:2 the following classification
scheme was used. Let tp denote the time of occurrence of a local maximum of the finger
movement and #y a local minimum. The time of onset of a metronome beat is denoted by tas.
The cycles in which the patterns or ¢ty < ty < tp <ty occur were classified as 1:1 coordi-
nation cycles. The cycles in which the subjects performed the patterns tyr < tp <ty <ty
or ty < ty < ty < tp were classified as 1 : 2 coordination cycles. Examples of cycles
that were classified as 1:1 or 1:2 are shown in Figures 3.4a and 3.4b respectively. If, during
a particular frequency plateau consisting of thirty cycles, more than eighty percent of the
cycles performed by the subject were 1:1 coordination cycles, then the frequency plateau was
classified as a 1:1 coordination plateau. Similarly, the 1:2 coordination plateaus consisted
of conditions in which more than eighty percent of the cycles werel:2 coordination cycles.
In our experiment, the task involved a range of metronome frequencies that were signifi-
cantly higher than is traditionally used in finger movement studies since we were looking for
subharmonic entrainment of the finger movement to the metronome. We sampled twenty

frequency plateaus per trial. The sequence of metronome frequencies were presented in suc-
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cession without a break in between frequency plateaus. Due to this experimental design,
we were compelled to restrict the number of cycles per trial to thirty so that fatigue would
not be a significant issue. However, using merely thirty cycles for higher frequencies implies
that the length of each frequency plateau is small (A 5 second plateau for a metronome
frequency of 6Hz and less for higher frequencies). Therefore, our frequency estimate has
reduced accuracy with increasing metronome frequency. Hence, a weak ordinal criterion to
identify mode locks (if 80 % of the cycles in a frequency plateau are 1:1 then the plateau is
classified as such) had to be employed. Thus, it cannot be said that a stable mode locking

was established.

3.5 Results

The results presented in this section will follow the steps in our theoretical analysis. In order
to characterize the oscillator system and the coupling between its components we considered

three aspects of the behavior.

1. The frequency of finger movement in relation to that of the metronome.
2. The phase of finger movement at the point of onset of the metronome.

3. The amplitude response for various driving frequencies.

3.5.1 Frequency

One of the primary goals of this experiment is to determine whether a consistent frequency
relationship exists between the metronome and the movement of the subject’s index finger.
In Figures 3.5a-c , Q) is the frequency of the metronome and w, the frequency of finger
movement as defined above. The regions in which the subject maintained a fixed frequency
ratio, g—, appear as horizontal plateaus in the figure.

Figures 3.5a-c presents the results from three subjects, representative of the broad range
of behavioral patterns seen across all nineteen subjects. The ratio of the frequency of

metronome to the frequency of finger movement, -g, was computed for each frequency
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Figure 3.5: The circles show the frequency ratios for five trials at each frequency plateau,
and the bars represent the standard deviation(see text for details). w is the frequency of
finger movement and Q) is the frequency at which the metronome is presented. The data
shown in a, b and ¢ are from three subjects and are representative of the patterns seen across
all nineteen subjects.

plateau. The plotted ratio is the mean of five thirty cycle plateaus with the same fre-
quency for a particular subject. The standard deviation across five trials for each subject is
shown as error bars in Figure 3.5a. Most subjects show a distinct 1:1 mode of coordination
followed by a region where the ratio —g— does not persist at a constant value. In the 1:2 regime
the behavior varies continuously across subjects, ranging from a strong pattern of frequency
locking (Figure 3.5a) to no apparent frequency locking (Figure 3.5b). Within the context of
driven limit cycle oscillators, we consider three possibilities for the type of coupling. These
are illustrated in Figure 3.6 which was generated by simulating a driven oscillator under

different conditions of driving:

1. The coupling between the metronome and the finger is purely linear (Schéner and
Kelso, 1988c). This is depicted by the dashed line in Figure 3.6. A linear coupling
implies that the frequency of finger movement always coincides with the frequency
of the driver. Hence, we would expect to see only one plateau in the figure, that of
1:1 coordination. This clearly violates the patterns of experimental results observed.

Hence, a purely linear driving term is insufficient to explain our experimental findings.

2. The subjects were able to move their finger in a 1:1 pattern until a certain thresh-

old frequency was reached beyond which they maintained a constant frequency. This
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Figure 3.6: Plotted are the frequency of the driver Q vs the ratio £ for three possible

w
coupling scenarios between stimulus and movement. The dashed line represents the profile

due to purely linear driving obtained by setting €1 = 0.1 and €2 = 0. The solid line indicates
parametric driving obtained by setting €; = 0.1 and e = 10. The dotted line shows the
behavior of a the oscillator which, above a maximum threshold frequency, exhibits a constant
frequency of oscillation regardless of the frequency of the driver.The other parameter values
are from Eq. 39are A=15B=1;7v=01Lw=4
is depicted by the dotted line in Figure 3.6. Here, we assumed that the oscillator
performsl:1 coordination until a threshold frequency of 5Hz, beyond which a con-
stant frequency is maintained throughout the range of frequencies of the driver. This
compares with the behavior seen in Figure 3.5b where the subject performed 1:1 coor-
dination until a frequency of 4.5Hz and then maintained an almost constant frequency
(mean = 5.4Hz, standard deviation = 0.37) throughout the rest of the trial. However,

this possibility alone does not account for the behavior seen in Figure 3.5a. Therefore,

we must account for another possibility.

3. The coupling between the finger and the external driver is achieved using a parametric
driving term. This is depicted in Figure 3.6 by the solid line. Here we see the existence
of two plateaus corresponding to a 1:1 and a 1:2 mode of coordination. Compare this
with the behavior seen in Figure 3.5a. Here the subject clearly shows the presence of

two plateaus corresponding to thel:1 and 1:2 modes of coordination.

The behavior seen across all nineteen subjects can be described in terms of varying con-

tributions from the latter two forms of coupling and can be compared with the theoretical
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Figure 3.7: Plotted is the width of the 1:1 (empty circles) and 1:2 (filled circles) Arnold
tongues as the strength of the parametric coupling term, e, is varied. See text for details.

4
5 3
o 2
4 g,
H g
g F
33 3°
[T w5
- -
- T4
32 g
z 1 2
1
0 0
0 5 10 15 20 0 5 10 15 20
subjects subjects

Figure 3.8: Each bar corresponds to a subject and the height of the bar corresponds to the
width of 1:1 (a) or 1:2 (b) frequency conditions. See text for details.

model given by equation (3.9).

Our model predicts that the width of the Arnol’d Tongue structures increases as a
function of the strength of the parametric (e2) driving term. This behavior is plotted as a
function of € in Figure 3.7 for both plateaus, 1:1 and 1:2 . In order to compute the width
of each Arnol’d tongue for a particular driving frequency, 1, we first performed a discrete
Fourier transform on the steady state time series obtained by numerically integrating Eq.
3.9. The most dominant frequency was then chosen as the frequency of the oscillator, w.
The width of the 1 : 1 Arnol’d tongue was determined by identifying the points within
lw — Q| < 0.1. Similarly we computed the width of the 1 : 2 Arnol’d tongue by identifying

the points within [w — | < 0.1
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In Figures 3.8a-b we describe the broad range of behavior seen across all nineteen sub-
jects. Each bar in the figure corresponds to a single subject. The height of the bar rep-
resents the number of frequency plateaus in which the subject demonstrated a 1:1 (Figure
3.8a) or1:2 (Figure 3.8b) mode of coordination. The procedure identifying the width of a
synchronization plateau is described in section 3.4.4. In Figure 3.8a-b, the subjects are ar-
ranged in ascending order of the number of frequency plateaus in which each subject showed
1:1 (Figure 3.4a) or 1:2 (Figure 3.4b) modes of coordination. Here, 14 out of 19 subjects
show significant plateaus (as defined in the section 3.4.4) of at least 1.5 Hz width for 1:1
coordination, whereas 11 out of 19 subjects show plateaus with at least 1.5 Hz width for 1:2
coordination. The variation of the width of the synchronization plateaus (Figures 3.8a-b)
may indicate a variation in the coupling strength across subjects. The relationship between

the coupling strength and the width of the plateaus for our model is shown in Figure3.7.

3.5.2 Amplitude

In this section we examine two aspects of the dynamics, the amplitude response to a change

in frequency and the effect of the metronome on the trajectory of finger movement.

3.5.2.1 Amplitude-Frequency relationship

As mentioned earlier, the movement is almost sinusoidal. Since the frequency variability
within a given frequency plateau is small, we may use the spectral power associated with
the most dominant frequency as a measure of the amplitude. Spectral power associated
with the neighboring frequencies does not cause a qualitative change in the amplitude re-
sponse function. Figure 3.9a shows the mean amplitude response to a change in frequency
for all nineteen subjects. As the frequency of the metronome is increased the amplitude
of finger movement decreases consistently across subjects. Different frequency-amplitude
relationships, other than monotonically decreasing, have been observed over limited ranges
of the frequency. Kugler and Turvey (1997) described an inverted U-shaped behavior for a
bimanual wrist-pendulum system. The existence of a non-monotonic frequency-amplitude
relationship has also been shown in single trials by (Beek et al., 2002). We found similar

frequency-amplitude relationships for some trials although this was quite variable across
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Figure 3.9: a) Plot of the mean amplitude as a function of the frequency of the metronome.
The mean is obtained for each frequency plateau using data from nineteen subjects. The
error bars show the standard deviation across nineteen subjects for all trials. b) The data
are from one subject and averaged across five trials. Here, we can see the presence of two
peaks at 2.5 Hz and 7 Hz. These features may correspond to the positions of the 1:1and 1:2
Arnol’d tongues

subjects. In Figure 3.9b, for example, the maxima of the amplitude roughly coincide with
the different frequency plateaus associated with the 1: 1 and 1 : 2 Arnol’d tongues in Figure
3.5a. Both these figures are obtained using data from the same subject. Parametric excita-
tion, as discussed in sections 3.3.1 and 3.3.2 provides a straightforward explanation of the
amplitude response behavior observed in Figure 3.9b. However, the data averaged across
subjects and trials shows only a monotonic decrease in amplitude (Figure 3.9a), and finer
structure that might resolve the peaks in the region associated with the 1 : 2 Arnol’d tongue
cannot be seen.

The experimental condition required subjects to coincide peak flexion with the metronome
beat. In frequency regimes where the subjects performed a 1 : 1 coordination pattern, peak
flexion coincided with the metronome. At the opposite reversal point, peak extension, the
metronome was absent. Figure 3.10a was generated using the data from one subject per-
forming in the 1 : 1 coordination mode at a frequency of 4Hz. Along the horizontal axis
is plotted the position, and along the vertical axis, the velocity of the finger. The boxes
show the regions corresponding to maximum flexion and extension in the phase plane. Com-

pare the spread of the trajectories in the box marked ‘flexion’ with that in the box marked
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Figure 3.10: Experimentally obtained phase plane trajectories of finger movement for one
subject at frequencies of 4Hz and 8Hz respectively. The boxes indicate the regions of peak
flexion and extension. a) At 4Hz (10A) the subject performs a 1:1 mode of coordination and
a metronome beat is coincident with peak flexion. b) At 8Hz the subject performs in a 1:2
coordination mode and the metronome is coincident with both peak flexion and extension.
¢) Standard deviation of the points of peak flexion and peak extension are shown. The white
bar shows peak flexion and the black bars show peak extension. Frequency plateaus where
the standard deviation of extension is significantly higher than flexion (p < 0.05) are marked
with an asterisk

‘extension’. The standard deviation is clearly lower (0.19) for peak flexion compared to
peak extension (0.40). The phase space trajectory at 8Hz is plotted in Figure 3.10b. Here
the subject performed a 1:2 mode of coordination. In the 1:2 mode of coordination, peak
flexion and peak extension are coincident with a metronome beat. This trajectory is more
symmetric than the one seen in Figure 3.10a. In Figure 3.10c, the standard deviation of
the position of the peaks of finger movement for a particular frequency plateau was first
computed and averaged across five trials. The white bars in Figure 3.10c show this av-
eraged quantity for a particular subject. The standard deviation of peak extension was
similarly computed and represented by the black bars in the figure. The standard deviation
at peak flexion for low frequencies(< 6Hz) that correspond to 1:1 modes of coordination
are markedly lower than for extension. A t-test was performed at a 95%confidence level.
The frequency plateaus where the standard deviation of extension was higher than flexion at

this level of significance are marked with an asterisk in Figure 3.10c. At higher frequencies

(> 6Hz) the standard deviation for flexion and extension do not show a similar relation-
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ship. Earlier studies in bimanual coordination experiments have also shown the presence
of this phenomenon, referred to in the literature as anchoring (Byblow et al., 1994). Fink
et al. (2000) showed that the presence of a metronome at both peak flexion and extension
reduces the propensity to switch from an anti-phase to an in-phase mode of coordination as
compared to when the metronome is present only at extension. Thus the presence of specific
environmental information affects not only local changes in the trajectory, but also induces
changes in the global behavior of the system. The anchoring phenomenon demonstrated in
our experimental results compares favorably with that seen in Figures 3.3a and 3.3b which
was obtained by numerically simulating equation (3.9) in the presence of a Gaussian noise

term.

3.5.3 Phase

The finger movement data for each subject were divided into frequency plateaus using the
onset times of the auditory metronome as a reference. We calculated the continuous phase
of the movement for each frequency plateau using a Hilbert transform. The points in the
continuous phase trajectory that coincided with the onset times of the metronome were
extracted. For each frequency plateau we obtained thirty such points corresponding to
thirty cycles of the metronome. This method of evaluating the phase is equivalent to the
commonly used point estimate of the phase for a given cycle, which is usually obtained
using the time difference between a peak of finger movement and the onset of the nearest
metronome peak. The trace in Figure 3.11 shows the standard deviation for each frequency
plateau for each trial, averaged across all trials for a given subject. Variability across trials
is denoted by the error bars. In Figure 3.11, the driving frequency, €, is plotted along the x-
axis and the ratio of the driving frequency to the finger movement frequency is shown along
the y-axis. The figure is obtained exactly as in Figures 3.5a-c (see section 3.5.1). The two
panels from Figure 3.11 are from the same subject and are shown together for comparison.

Figure 3.12a allows a further exploration of the causes of variability near the borders of
Arnol'd tongues. Shown is a section of the time series of the continuous phase strobed using
the onset time of the metronome. The segment of the time series shown corresponds to the

edge of the 1 : 1 mode of coordination and the region of phase drift. In the initial part of
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Figure 3.11: a) Standard deviation of the phase of finger movement as a function of the
metronome frequency for one subject. Error bars represent the deviation of these values
across five trials. b) A plot of the ratio % vs. ) for the same subject. See text for details

the time series, the subject performs a 1 : 1 pattern with respect to the metronome, that is,
the onset times of each metronome cycle coincide almost precisely with some phase of the
movement cycle. The standard deviation of the phase in this region is small as seen in Figure
3.11. The data in Figures 3.11 and 3.12a-b are from the same subject. As the frequency of the
metronome is increased, the subject departs from the 1 : 1 mode of coordination. (Between
40and 55sec in Figure 3.12a). This introduces a small frequency difference between the
finger movement and the metronome. Each cycle of the metronome strobes the movement
at a phase that systematically decreases over the successive cycles thus introducing a slope
in the time series shown in Figure 3.12a (between 40 and 55 seconds). The rate of the phase
drift is proportional to the difference in the frequency. In our experiment we are constrained
to use a maximum of thirty cycles per frequency plateau. Over thirty cycles, the strobed
phase is distributed between 0 and 27. However, due to the small frequency difference, the
entire [0, 27) interval does not get covered uniformly in thirty cycles. This is an artifact of
the small number of points that are used to sample this interval. A consequence of this non-
uniformity at the edge of an Arnol'd tongue is that, across trials, the variability of the phase

standard deviation becomes large compared to the variability within an Arnol’d tongue. For
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Figure 3.12: a) A plot of the phase of finger movement relative to the stimulus onset for
one subject. A segment of the data on the border of thel:1 mode of coordination is chosen.
The behavior shows three distinct regions: a 1:1 coordination mode; a region where the
drift is initiated; and a region between the 1:1 and 1:2 modes of coordination. Each point
corresponds to the phase associated with one cycle of finger movement. b) Plot of the phase
of finger movement at points of the movement coincident with a metronome beat obtained

from a section of the experimental data for one subject. The data shows phase slippages at
t = 35 sec and resetting at t = 40sec

higher metronome frequencies in the region of drift, the points of the continuous phase that
coincide with the onset of the metronome are distributed uniformly over the interval [0, 27).
Therefore, in the drift region the standard deviation across thirty cycles of the metronome
is large. However, due to the uniform distribution over the [0,27) interval, the variability
across trials is small. This leads to a maximum in the variability of the standard deviation
across trials at the edge of an Arnol’d tongue. Similar maxima are observed at the edge of
the 1 : 2 mode of coordination.

In a small region within the 1:1 coordination mode the subject showed phase drift and
then resumed in a 1:1 mode of coordination. An example is shown in Figure 3.12b. This
kind of behavior occurs in regions close to the edge of an Arnol’d tongue where a small
perturbation, due to intrinsic or environmental noise, plunges the system into a region

where the solutions are qualitatively different.
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3.6 Mechanisms of phase transitions

One of the crucial features of the HKB model is its ability to characterize the observed phase
transitions from anti-phase to in-phase mode of coordination that accompany scalar changes
in cycling frequency (Kelso et al., 1981; Kelso, 1984). This phenomenon has also been estab-
lished using more neurally based approaches (Nagashino and Kelso, 1992; Grossberg et al.,
1997; Jirsa and Haken, 1997). Kelso et. al. (1990) have demonstrated a similar transition
for the case of a single limb performing a rhythmic coordination task with a metronome.
Subjects were asked to perform an off-the-beat rhythmic task, that is, peak flexion was
coincident with a point between two metronome beats. As the frequency of movement
was increased subjects spontaneously shifted from an off-the-beat to an on-the-beat pattern
of coordination, analogous to a jump from an anti-phase to an in-phase coordination state
seen in bimanual experiments. Research conducted using EEG and MEG (Kelso et al., 1992,
1999; Mayville et al., 2001) have consistently shown that a phase transition in behavior from
an anti-phase to an in-phase mode of coordination is accompanied by changes in patterns of
neural activity. In this section we will examine how such a transition can be effected and in
the process postulate the existence of two types of transitions, a phase-mediated transition
and an amplitude-mediated transition. Consider the equations of motion of the system in

the plane spanned by the amplitude, r, and the phase, ¢.

F=f(re), ¢=g(r9¢) (3.36)

The above equations are referred to as the complete system. The complete system may
operate on different time scales, for example, the time scale of change of the amplitude
variable, r, may be radically different from that of the phase variable, ¢. The presence of
distinct types of transitions arise from a separation of time scales. The faster time scale can
be adiabatically eliminated and the slower time scale then dictates the subsequent behavior
of the system. For the case of a phase mediated transition the amplitude rapidly decays to

its steady state value and the entire dynamics can then be described by the phase variable
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Figure 3.13: Two kind of phase transitions. a) Time series of a coupled oscillator system
showing a phase mediated transition. The trajectories are obtained by integrating the HKB
model (equations 3.1, 3.2 and 3.3 ). The transition takes place over a few cycles without
a significant change in the amplitude of the oscillation. The solid and the dotted lines
are the time series of each oscillator of the coupled oscillator system b) Time series of a
parametrically driven oscillator given by equation (3.9) showing an amplitude mediated
transition.

(Haken, 1983).
r=rfi(¢) é=g(fi(e),9) (3.37)

The HKB model is an example of a system that exhibits a phase mediated transition (Haken
et al., 1985). Adiabatically eliminating the amplitude we arrive at the equations (3.4,3.5)
for the dynamics. The numerically generated time series in Figure 3.13a shows that the
transition takes place over a few cycles without any change in the amplitude.

For the case of an amplitude mediated transition the dynamics of the phase takes place
at a time scale much faster than that of the amplitude. The steady state value of the phase

can now be replaced in the amplitude equation to obtain the entire dynamics of the system.

7= f(r,g1(9) ¢ = q1(r) (3.38)

An example of an amplitude-mediated transition is seen in the equations for a parametrically
paced version of the HKB oscillators. Transitions in coordination are usually described in
polar coordinates, where the relative phase jumps through 7 and the amplitudes are positive.

Alternatively, the phase can be held constant while the amplitude crosses over to a negative
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Figure 3.14: Two mechanisms of phase transitions in rhythmic coordination, an amplitude
and a phase mediated transition in the plane spanned by the amplitude, r, and the phase,
@

value. This description has been advanced by Jirsa et al. (2000). The time series shown in
Figure 3.13a was obtained by numerically simulating equation (3.9). A phase transition is
achieved through an amplitude mediated mechanism where the amplitude of the oscillation
dies down and comes up again in the opposite phase.

Figure 3.14 illustrates the the two different mechanisms for phase transitions. Along the
horizontal axis is plotted the phase of the oscillator. The amplitude, r, is plotted along the
vertical axis. In a phase mediated transition, described by equation (3.37), the amplitude
remains constant while the phase performs a transition through 7. In an amplitude mediated
transition (3.38) the amplitude decreases and then grows, but in the opposite phase. With
this general description of phase transitions in hand let us now examine the kind of transi-
tions observed in our model. The equations of motion for the complete system are given by
Equations (3.19,3.20). Here, we consider only the single metronome condition, that is, the
frequency of finger movement coincides with that of the metronome. In the é equations we

notice contributions due to linear and parametric driving terms. A parametric driving term
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Figure 3.15: Plot of the time series of the amplitude, 7, (a) and the phase, ¢, (b) during an
amplitude mediated transition obtained by simulating Equations 3.19 and 3.20. A drop in
the amplitude is accompanied by a jump in the phase through an angle 7. A = 1.5; B = 1;
Yy=1€6,=01:e0=3w=2

leads to bistability, that is, there are two stable fixed points in the phase space of the system
and depending on initial conditions the system tends towards one of the fixed points. Linear
driving enforces monostability in the system by destabilizing one of the fixed points. The
state of the system, monostability or bistability, is determined by the relative contributions
of the two terms. From equation (3.20) we can see that the amplitude plays a crucial part
in the transition. The contribution from the linear driving term depends inversely on the
amplitude. As the amplitude of the oscillator approaches zero this contribution far outstrips
that of the parametric driving term and the system becomes monostable. The local dynam-
ics in the vicinity of a transition can be classified as an amplitude mediated transition. In
Figures 3.15a and 3.15b we numerically integrated the equations (3.19) and (3.20) to obtain
the time series of the amplitude and the phase of the complete system. Coincident with
the drop in amplitude (Figure 3.15a), the time series of the phase (Figure 3.15b) shows a
transition § to 5.

Due to the presence of the % term in the phase equation we cannot adiabatically eliminate
the phase for the entire time course. However, in the neighborhood of a phase transition
the trajectory in the 7 vs ¢ space does not show any change in the direction of the phase
variable, i.e. ¢ = 0. Figures 3.16a-c describe the dynamics of the system in the r — ¢ plane.

Consider the set of points with 7 = 0. These are called the 7 nullcline. The set of points with
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¢ = 0 are called the ¢ nullcline. The arrows shown in Figures 3.16a-c point in the direction
of the flow of the vector field given by equations (3.19,3.20). At points on the 7 nullcline
the r component of the flow is zero, that is, the arrows point in the horizontal direction. At
points on the ¢ nullcline the ¢ component of the flow is zero, that is, the arrows point in
the vertical direction. The intersections of the r and the ¢ nullclines are the fixed points of
the system.

Figures 3.16a-c show the nullclines and the flow directions in the r — ¢ plane for different
values of the strength of the linear driver, €;. As mentioned earlier, the relative contributions
of linear, €1, and parametric, €, driving terms determine monostability or bistability of
the system. In Figure 3.16a €; = 0.05. Here, the contribution due to the linear driving
term is negligible and the system shows the presence of three fixed points, two stable and
one unstable. As €; is increased to 0.1 in Figure 3.16c, one of the stable fixed points
and the unstable fixed point coalesce and disappear and all the trajectories converge to
the remaining stable fixed point, that is, the system becomes monostable. Preliminary
data from (DeGuzman et al., 2002) provide some confirmation of an amplitude mediated
transition mechanism for the case of bimanual coordination. The experiment compared
data from two experimental paradigms, that is, coordination of cyclical finger movements
with and without a metronome. DeGuzman et al. (2002) report that in the presence of an
external metronome subjects perform a transition from anti-phase to in-phase coordination
states via an amplitude-mediated mechanism in 70% of all trials examined. In contrast, in
the self-paced case, that is, coordination in the absence of a metronome, subjects showed
phase-mediated transitions in about 80% of the trials examined. The self-paced case, can be
clearly described using the original HKB equations. However, in order to describe the results
for the metronome-paced case, one would require the presence of a linear and a parametric

driving term.

3.7 Summary and conclusions

The chief motivation behind this study was to examine the nature of action-perception

coupling in the coordination dynamics of movement. Rhythmic movements, driven by a
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Figure 3.16: Plots of the amplitude, r, and the phase, ¢, as a function of increasing the
strength of the linear coupling, e;showing the mechanism of an amplitude mediated transi-
tion for the equations (3.19,3.20). The solid dots represent the fixed points of the system.
The arrows show the approximate direction of the flow in the space spanned by the ampli-
tude, r, and the phase, ¢. See text for details.
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periodic stimulus, present a paradigm that is ubiquitous in nature and has the additional
advantage of being accessible in terms of well studied ideas of oscillator theory. Numerous
experimental and theoretical studies have demonstrated the appositeness of this approach.
We employed a limit cycle oscillator, based on the Haken-Kelso-Bunz model, to describe
the intrinsic dynamics of the system. The external metronome was operationalized by a
periodic external stimulus. Our central hypothesis was that the coupling between the ex-
ternal metronome and the intrinsic dynamics of the system cannot be described by a purely
linear driver. Therefore, a minimal description of the system must use a parametric driving
term. Here, we described an experimental strategy to verify this hypothesis. Parametrically
driven limit cycle oscillators are characterized by the presence of Arnol’d tongue structures
(as shown in Figure 3.1). The experiment consisted of driving the system through different
regions of the parameter space in order to extract signatures of the Arnol’d tongue structures
using frequency, amplitude and phase measures. The synchronization behavior exhibited by
subjects clearly showed the presence of 1:1 and 1:2 coordination regimes. Signatures of the
1:1 and 1:2 Arnol’d tongue structures were also seen in the reduced standard deviation of
the phase associated with these regions (section 3.5.3). Experimentally observed anchoring
phenomena were shown to be a consequence of parametrically driving the limit cycle os-
cillator. The model presented accounts for bistability, and a transition from bistability to
monostability as observed in unimanual coordination experiments. The main new feature
of our theoretical model is the existence of two mechanisms via which a phase transition
can be achieved, an amplitude mediated transition and a phase mediated transition. The
transitions follow mutually orthogonal paths to a steady state. A possible quantification of
the degree of phase or amplitude mediation can be described by examining the movement
trajectories in the space spanned by the amplitude and phase of finger movement. Before
a transition, the fluctuations in the direction of the slower variable should be significantly
lower than that of the fast variable. This prediction is now open to further experimental

test.
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Chapter 4

Asymmetries in temporal

multisensory perception.

4.1 Introduction

Our experience of the external environment is influenced by the constant influx of sensory in-
formation into different sensory pathways. A task of the brain is to combine these seemingly
parallel streams of information into a coherent picture of the world. The reception, trans-
duction, and processing of sensory specific information is characterized by different temporal
and spatial acuities (Andersen et al., 2004). Although in our daily experience we perceive
information from different modalities coherently, that is, in spatio-temporal register, there is
evidence to suggest that different modalities are perceived with different temporal delays. In
addition, we know that multisensory integration is mediated by a widely distributed network
of brain regions (Calvert, 2001). The communication between these regions must necessarily
be subject to delays. In the present study we will be primarily concerned with the temporal
features of multisensory integration. How is information from different sensory modalities
combined inspite of the existence of temporal asymmetries in the perception of individual
modalities and delays in the propagation of information across distributed brain regions?
An ideal testing ground for the temporal features of multisensory integration is related to

the perception of simultaneity. The objects and events in our environment generate several
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simultaneous physical energies. A stone hitting the ground generates visual and audi-
tory cues in addition to vibrations of the ground that produce tactile cues Meredith (2002).
These physical energies do not interfere with each other as they impinge on the respective
sensory receptors. However, we associate these concurrent physical effects as emanating
from the same object or event. The simultaneity of these different physical energies provides
a powerful cue to determine whether they are associated with the same event or object. The
key issue in the context of audiovisual stimuli may be expressed as follows: Light travels
at a speed approximately six orders of magnitude faster than sound. However, the visual
system is sluggish relative to the auditory system in part due to slow molecular changes in
the retinal photopigment that are induced by light. These changes are in the microsecond
range. The temporal differences in propagation and conduction of auditory and visual stim-
uli cancel each other at a distance of 10 meters, the so called ‘horizon of simultaneity’. Most
physical stimuli that occur simultaneously do not occur at this distance. Nevertheless, the
stimuli are perceived as simultaneous (Spence and Squire, 2003).

A number of indicators of the difference in latencies between the auditory and visual
systems is provided by reaction time experiments. Kling and Riggs (1971) note that the
simple reaction time to a strong visual stimulus reaches a minimum of 150ms. In comparison
strong auditory and cutaneous stimuli yield reaction times that are 30-40ms shorter. Both
auditory and cutaneous stimuli are not constrained by lengthy intermediate processing as
seen in the retina. Afferent responses to touch, pressure and vibration are conducted by
large myelinated fibers in the peripheral nerves. Further, the latency of the first signature
of activity in the visual cortex, identified by the early C1 wave in event related potential
(ERP) studies is noted to be approximately 46ms (Foxe and Simpson, 2002). In comparison,
ERP studies using auditory stimulation demonstrate auditory cortex activity 15-20ms post-
stimulus. Temporal differences in conduction and processing of environmental inputs from
different modalities clearly exist. In a multisensory context, for example with an auditory-
visual or a tactile-auditory stimulus, these temporal asymmetries may lead to asymmetries in
perception. There exists a vast literature detailing temporal asymmetries in the perception
of auditory-visual multisensory stimuli in particular. The general findings, though divergent

in their specifics, consistently demonstrate asymmetries in the perception of auditory-visual
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simultaneity, with people more likely to perceive an auditory-visual stimulus as simultane-
ous if the auditory stimulus precedes the visual stimulus (Spence and Squire, 2003; Levitin
et al., 2000). The estimates are highly variable across subjects. The window of time and the
nature of this window over which the two stimuli are perceived as simultaneous is a matter
of much controversy (see Sugita and Suzuki (2003) and Arnold et al. (2005) for differing
points of view regarding the window of temporal multisensory integration). Differences in
the temporal latencies of perception are not restricted to different sensory modalities but
may also occur for different features within a particular sensory modality. For instance,
Moutoussis and Zeki (1997) showed in a series of experiments that the perception of color
precedes that of motion.

In order for different sensory modalities to interact, Stein and Meredith (1993) argue
that the inputs from these modalities must converge into neurons that respond to stim-
ulation from multiple modalities. Based on extensive anatomical and electrophysiological
evidence (Meredith, 2002), they identify the superior colliculus as a major ‘convergence
zone'. Neurons in the superior colliculus are known to be responsive to stimulation from
multiple modalities. Spatially and temporally congruent stimulation from multiple sensory
modalities generates neuronal firing that far exceeds what may be observed by summing
the responses obtained by stimulation in each modality. Neuroanatomical studies in pri-
mates have identified numerous areas where afferents from different senses converge. At the
cortical level, these so called multisensory convergence zones include the superior temporal
sulcus (STS), intraparietal sulcus (IPS), posterior insula and frontal regions including pre-
motor, prefrontal and anterior cingulate (AC) (Jones and Powell, 1970; Seltzer and Pandya,
1989; Mesulam and Mufson, 1982). Subcortical anatomical convergence zones include the
claustrum, the superior colliculus and the hippocampus (Mesulam and Mufson, 1982; Pear-
son et al., 1982; Mufson and Mesulam, 1984). Electrophysiological studies have shown that
many of these areas contain cells responsive to stimulation in more than one modality (Des-
imone and Cross, 1979; Vaadia et al., 1986). In particular, the cells in the superior colliculus
have been investigated in detail with respect to crossmodal integration (Stein and Meredith,
1993). Evidence from brain imaging studies for auditory-visual integration sites has been

found in the superior temporal sulcus using speech and the superior colliculus (Calvert et al.,
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2001) and intraparietal sulcus (IPS) (Bushara et al., 2001) using non-speech stimuli. Giard
and Peronnet (1999) found interaction effects in visual and auditory cortices resembling the
latency, polarity and topography of the sensory-specific visual and auditory responses to the
unimodal stimuli (visual P200 and auditory N100, respectively), suggesting multisensory
enhancement of, but not necessarily integration in the primary sensory cortices. Banati
et al. (2000) and Macaluso et al. (2000) used visual-tactile stimulation and PET to identify
the STS, IPS and frontal areas as potential multisensory integration sites. Given the above
neuroanatomical, electrophysiological and human imaging literature a pattern emerges indi-
cating that a network of STS, IPS, frontal cortex, insula claustrum and superior colliculus
act as multisensory convergence zones. There are also feedback connections to and between
primary sensory cortices (Rockland and Ojima, 2001, 2003; Falchier et al., 2002), but their
involvement in the actual multisensory integration process is an open question.

The evidence presented above suggests that multisensory integration is mediated by a
widely distributed network of brain areas. The communication between these brain areas
must necessarily be subject to temporal delays in propagation. Typical times for the pro-
pogation of an action potential along myelinated axons are approximately 6-9m/s. Time
delays in propagation across adjacent gyri separated by distances of approximately lcm are
of the order of 1ms. However, the delays along long axons ( 20cm) connecting the frontal
and occipital regions are of the order of 20-30 ms which is a significant delay in communica-
tion (Nunez, 1995). In unmyelinated axons the speed of signal conduction is approximately
1m/s (Kandel et al., 1991). A distance of a millimeter between neurons would lead to
the conduction time delay of approximately 4% the period of an oscillation assuming 40Hz
oscillations which seems to be an important time scale in feature binding (Tallon-Baudry
et al., 1996). Therefore, in trying to understand the mechanisms of multisensory integration,
which require communication across distributed networks, one must account for the tempo-
ral scales associated with the individual modalities and the temporal delays associated with
the communication across distinct areas of the brain involved in the process of multisensory
integration.

The goal of the present research is to understand the mechanisms of multisensory inte-

gration given the existence of multiple time scales of modality specific information processing
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Figure 4.1: Shown is an example of the stimulus sequence for A (auditory) and V (visual).
The parameters of the experiment are dT, the inter-onset interval between two stimuli of a
multisensory pair and ISI, the time difference between two consecutively presented stimuli of
a particular modality. Similar stimulus sequences were used for Haptic-Visual and Haptic-
Auditory stimulation.

and temporal delays that exist in the communication between brain regions. In this paper
we examine these issues along two directions. First, we report the results of a behavioral
experiment using pairs of rhythmically presented multisensory stimuli. Our experiments
are specifically designed to probe the temporal asymmetries and differential time scales as-
sociated with different sensory modalities and their interaction. Second, we examine our
results in the context of coupled dynamical systems with different intrinsic time scales and
temporal delays in communication that account for the experimental data and the results
of past explorations into the nature of temporal multisensory integration.

A generalized synchronization paradigm was developed in order to test temporal features
of multisensory integration parametrically. The stimulus sequence consisted of pairs of
rhythmically presented stimuli. Each stimulus of the pair belonged to a different sensory
modality (auditory, visual or tactile). The parameters varied during the experiment are the
interval between the onsets of two, dT, and the inter-stimulus interval (ISI) (See Figure 4.1).

This design leads to a two dimensional parameter space. Each trial of the experiment
samples one point in the dT-ISI parameter space. The experiment was repeated for all
stimulus pairs (auditory-visual, tactile-visual, and auditory-tactile). Subjects were required
to report their perception of the stimulus sequence according to a forced choice paradigm.
The reported perception of the subject for every sampled point in this space was used to
partition the parameter space, the symmetries of which, enable us to characterize some of the
temporal features of multisensory integration. In our experiment and subsequent theoretical

model we address the following question: How do differences in intrinsic time scales and
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temporal delays affect the multisensory perception? Our behavioral experiment employs
stimuli from three different sensory modalities (auditory, visual and tactile). We hypothesize
that asymmetries in the intrinsic time scales associated with the different modalities must

lead to asymmetries in perception.

4.1.1 Subjects

18 subjects with ages ranging from 24 to 40 participated in the experiment. All subjects
reported normal hearing and corrected to normal vision. The Institutional Review Board of
Florida Atlantic University approved all experimental procedures and subjects were required

to provide written consent prior to the experiment.

4.1.2 Stimuli

Auditory: The auditory stimulus consisted of a sequence of beeps presented through a
speaker placed in front of the subject at a distance of 2.3 meters. Each beep was a pure
tone (440Hz) lasting 30ms with an intensity of 64dB.

Visual: The visual stimulus consisted of a series of flashes from a red light emitting diode
placed at the same location as the speaker at the center of the visual field. The diameter
of the light emitting diode was 10mm and produced a stimulus with a luminous intensity of
300 millicandelas.

Haptic: The haptic stimulus consisted of a series of bursts of a 300Hz sine wave presented
using a MiniBuzzer placed on the subjects right index finger. The MiniBuzzer operated in a
voltage range between 1.5V and 3.0V. We used a stimulus of amplitude 2V. The maximum

response of the instrument was in the range of 300Hz to 500Hz.

4.1.3 Experimental conditions

The experiment was conducted over three sessions. Each session was held on a differ-
ent day. During a given session a single pair of multisensory stimuli (Auditory-Visual,
Tactile-Auditory, Visual-Tactile) was presented. The parameters of the experiment were the

inter-onset interval between each stimulus of the pair (dT) and the frequency of stimulus
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presentation (f = 1/ISI). A session consisted of 69 trials, each trial lasting 45 seconds. Dur-
ing each trial, a stimulus sequence with a specific dT and ISI was presented. The frequency
(f = 1/1SI) was varied randomly from 0.5Hz to 3.5Hz in steps of 0.5HZ. The inter-onset

interval within the stimulus pair was varied between Oms and 200ms in steps of 50ms.

4.1.4 Instructions

Throughout this section, unless stated otherwise, we will refer to a specific stimulus pair
(Auditory-Visual) for reasons of convenience. The set of instructions and experimental
conditions was replicated for the remaining two stimulus pairs, Haptic-Visual and Haptic-
Auditory.

Subjects were instructed to perceive the multisensory stimuli as synchronized events,
maintaining a constant level of attention toward either stimulus modality. Subjects were
told that it would not be possible to perceive the stimuli as synchronized events across all
trials. The instruction specifically addressed the issue of different strategies that subjects
may employ when presented with a stimulus sequence. We elaborate on this point later
in this section. Subjects were specifically instructed that their task was not to guess the
correct temporal precedence of the physical stimulus. It was to report their perception
of the stimulus sequence. At the end of each trial subjects were required to report their

perception of the stimulus using one of four options.

1. The auditory stimulus precedes the visual stimulus. (AV)
2. The visual stimulus precedes the auditory stimulus. (VA)
3. The two stimuli are simultaneous. (S)

4. Can'’t tell. (D)

The last option, ‘Can’t tell’ is associated with a unique multisensory illusion. In our pilot
studies we noticed that for certain points in the dT-ISI parameter space the perception of
the stimulus sequence did not remain constant. The temporal order of the stimuli changed
across the length of a 45 second trial akin to the drifting phase between two oscillators.

Subjects were asked to report option 4 if their perception of the stimulus changed any
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time during the trial. Typical reports of subjects on their perception include “the stimuli
drifted relative to each other”, “the auditory and visual stimuli appeared as two different
cbjects”. This is quite similar to a phenomenon in auditory perception, first reported by
van Noorden (1975), known as streaming. He used a set of tones, differing in frequency
and inter-onset interval, to elicit the perception of multiple streams. In some regions of
our experimental parameter space we observe a phenomenon that may be considered as a
multisensory analog of auditory streaming. However, it is important to note here that drift
and streaming are two different percepts, both of which are contained within the domain
of the ‘Can’t tell’ option. In his experiments on auditory streaming, Van Noorden reported
the existence of three qualitatively different perceptual domains (van Noorden, 1975). A
variation of stimulus parameters drove the perception of the stimulus from one domain to
another. An important feature of this change of perception is related to the instructions
Van Noorden gave his subjects. There exist some regions of the parameter space where
subjects are able to perceive two different percepts depending on the instructions given, a
state we will refer to as multistable. Here it is important to indicate the relevance of this
observation to the instructions used in our experiment. Subjects may perceive the stimulus
using some particular strategy, for example, attending to the auditory stimulus and not the
visual stimulus. This would introduce additional variability in the results due to different
strategies that produce different percepts, especially in multistable states. Our instructions,
“try to perceive the stimuli as synchronous” addressed this specific issue. In order to account
for differences that may arise due to different strategies employed by subjects in viewing
the stimulus we included an instruction to try and perceive the multisensory stimuli as
simultaneous or synchronous. This instruction is particularly pertinent in the neighborhood
of parameter values where subjects switch from one percept to another. This region is
bistable, in that there is more than one possible stable percept. We tested this bistability
in later experiments using fMRI (Dhamala et. al. 2005) which demonstrate conclusively
that each percept is characterized by a different set of brain networks though the stimulus
presented was exactly the same. The percept of asynchrony was accompanied with the
activation of the inferior parietal lobule, which was absent when the stimuli were perceived

as synchronous. This finding is consistent with previous literature on the synchronous vs
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asynchronous multisensory perception (Bushara et al., 2001).

4.2 Experimental results.

Various regions of the perceptual partitioning in the parameter space by the correspond to a
particular percept. For example AV indicates that the perception of the Auditory stimulus
preceded that of the Visual stimulus. S is the region where subjects perceive the stimuli as
Simultaneous while D or ‘Drift’ indicates the region where subjects reported the ‘Can’t tell’
option.

Our primary interests lie in characterizing and interpreting the structure and symmetries
of the regions in the dT-ISI parameter space that correspond to different perceptions of the
stimulus sequence. An overview of the results for the three different pairs of stimuli is shown
in Figures 4.2a-c. The inter-onset interval (dT) is plotted along the x-axis and the different
frequencies of stimulation (1/ISI) are plotted along the y-axis. In Figure 4.2a, negative
values of dT indicate that the auditory stimulus preceded the visual stimulus. In Figure
4.2b negative values of dT imply that the tactile stimulus preceded the visual stimulus while
in Figure 4.2c it indicates that the tactile stimulus preceded the auditory stimulus. The
maps in the Figures show the probability that a subjects reported a particular percept for
a given dT-ISI point. The probability is given by the ratio of the number of subjects who
reported a particular percept at a point in the two dimensional parameter space to the total
number of subjects. The maps shown if the Figure are obtained using data from all subjects.
The different perceptual states are shown in different colors according to the legend in the
Figures. The contour lines for each percept connect points of equal probability in the dT-ISI
space. The contour lines are truncated for probabilities below 0.3. In what follows we will
determine the width and the asymmetries of the region of simultaneity for each stimulus
pair. The other regions are adjacent to the region of simultaneity and any asymmetries in
S would also be seen in the other regions.

These maps present a broad overview of the perceptual partitioning of the parameter
space. The most notable feature of these maps is the qualitative similarity between them.

Though differences exist in the widths and the symmetries of various regions, the general
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Figure 4.2: a) Shown are the probabilites that subjects perceive AV, VA, S or drift in different
parts of the parameter space. The contour lines connect points where the probability that
subjects report a given percept are equal. b) probabilites that a given subject perceives HV,
VH, S or drift ¢) probabilites that a given subject perceives HA, AH, S or drift.

The results shown are obtained using data from all subjects.




location of the simultaneous, sequential and drift percepts are preserved. Figure 4.3 shows
the width of the region of simultaneity as a function of increasing frequency. The width of
S for a particular subject is defined as the sum of the number of simultaneous responses
reported by the subject for a particular frequency value. The width is measured in the
units of dT (ms). The plot in Figure 4.3 represents the mean width of this region across
subjects along with the standard error of means, with each color being associated with a
particular pair of stimuli. Here it is notable that the width shows a mean decrease as a
function of frequency except for a frequency of 3.5Hz. At this frequency subjects reported
the perception of simultaneity for some non-zero values of dT. These points may be seen
in the contour map plots as an asymmetrically located region of simultaneity near 3.5Hz.
Such segregated regions of synchrony indicate the presence of inherent nonlinearities in the
system. The magnitude of widths of the S region, measured in ms, for the three different
stimulus pairs shows a trend in its ordering at low frequencies with the width of the S region
being largest for auditory-visual stimuli and smallest for haptic-auditory stimuli.

We compared pairs of stimulus sequences, for example auditory-visual vs haptic-auditory,
to determine whether the width of the S region was significantly different across all subjects
as a function of the presentation frequency. The most significant difference between the width
of the S region for auditory-visual stimulation compared to haptic-auditory stimulation
is at 1Hz (p<0.05). The only significant difference is confined to a comparison between
auditory-visual and haptic-auditory stimulation. However, no significant differences were
seen in the comparison of the widths of haptic-visual stimulation with that of haptic-auditory
stimulation. We know that processing of visual stimuli are relatively slow due to slow
chemical changes induced by light in the retina. Auditory stimuli, on the other hand, are
propagated much faster. In the following section, based on our model, we will propose
that the slow speed of visual processing is one of the reasons for the large width of the S
region for auditory visual stimulation. In comparison, haptic and auditory processing are
relatively fast which results in a window of simultaneity that is not as wide as for auditory-
visual stimulation. Another source of the difference in widths may be related to the physical
location of the individual stimulus sources. The auditory and the visual stimulus sources

are presented from the same spatial location, while the haptic and the auditory stimuli are
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Figure 4.3: The mean width of the S region across subjects for different pairs of stimuli as a
function of presentation frequency. The asterisk indicates the widiths that are significantly
different at a significance level of p<0.05.

presented from different locations. A difference in spatial location may influence the ability
of the subject to perceive the stimuli as simultaneous therefore affecting the width of the S
region.

Further, we investigate the asymmetry of the region of simultaneity. A measure of the
asymmetry of S may be obtained by calculating the number of S responses on either side of
the dT=0 line. Figures 4.4a-c show a comparison of the number of S responses to the left
(black line) and right (blue line) of the dT = 0 line as a function of the frequency. The most
significant asymmetries (p<0.05) are marked by an asterisk in the figures. The asymmetry
in the perception of the Auditory-Visual stimulus sequence is tilted toward the perception
of AV. Further, we observe asymmetries associated with Haptic-Visual and Haptic-Auditory
stimulation. In addition to the temporal aspects of multisensory processing the perception of
Haptic-Visual and Haptic-Auditory stimulus sequences is biased due to the different spatial
locations of the respective sources. The remaining regions where subjects perceive AV, VA,
or drift are adjacent to the region S. Therefore any asymmetries in the region S will also be
seen in the remaining regions. In the following model we will propose that the asymmetries

observed in the perceptual partitioning is a function of the asymmetries in the intrinsic times

71



scales associated with the processing and communication between the different modalities.

4.3 Model

Our data suggest that the perceptual partitioning of the parameter space is qualitatively
independent of the different modalities involved. The differences that exist are in the sym-
metries of the different regions and their widths. The broad features, for example, an S
region flanked by AV and VA in addition to a drift regime for higher frequencies, are repli-
cated across stimulus pairs suggesting that these features may be a function of the coupling
and the time scales associated with the different modalities. Qualitative changes in the
coordinative behavior and perception have often been associated with corresponding quali-
tative changes in brain dynamics (Kelso et al., 1998; Fuchs et al., 1992). In chapter 1 (see
also Bressler and Kelso (2001)), we argue that the functional units of processing are not
single neurons, but the coordinated activity of ensembles of neurons. Assisi et al. (2005b)
(chapter 2) demonstrated that the behavior of globally coupled ensembles of dynamical sys-
tems is approximated by a low dimensional system of equations. The Fitzhugh-Nagumo
neuron (Fitzhugh, 1961; Nagumo et al., 1962) is a paradigmatic example of an excitable
system that is of particular relevance to to our modelling approach. An excitable system is
characterized by the existence of a threshold. A supra-threshold perturbation to the system
leads it along a large amplitude trajectory in phase space before settling down to a fixed
point. Consider the example of globally coupled Fitzhugh-Nagumo neurons. The collective
behavior of this system, which includes synchrony, phase clustering and oscillator death may
be approximated by using a system of two coupled excitable elements Assisi et al. (2005b).
For the case of synchronous behavior the mean activity of the ensemble of neurons may
be approximated by a single Fitzhugh-Nagumo neuron. The dynamics of coupled excitable
systems thus provides a useful starting point to discuss the dynamics of perception. For ex-
ample, Morein-Zemir et al. (2003), in a series of behavioral experiments demonstrated that
the perception of audio-visual simultaneity is related to the convergence of the perception
of the visual stimulus toward the temporal location of a subsequently presented auditory

stimulus. This convergence occurs only if the auditory stimulus is presented within a certain
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Figure 4.4: Shown is a measure of the symmetry of the S region as a function of frequency for
the three different stimulus sequences. The black line indicates the number of S responses
to the left of the dT=0 line and the blue line indicates the number of S responses to the
right of the dT=0 line a) Auditory-visual stimuli. The black line is significantly higher for
frequency = 2Hz and 3.5Hz indicating that the S region tilts towards the AV region. b) The
black line indicates the tilt of the S region towards the HV region and the blue line indicates
the tilt of S towards VH. ¢) The black line indicates the tilt of S towards HA and the blue
line indicates a tilt towards AH.
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time subsequent to the presentation of the visual stimulus. Beyond this window of conver-
gence subjects perceive the sequential nature of the stimulus sequence. A parallel between
the phenomenon of ‘temporal ventriloquism’ and the dynamics of excitable elements may
be seen in the work of Jirsa and Kelso (2005). They demonstrated that the trajectories of
two excitable elements coupled by a sigmoidal coupling term necessarily converge towards
each other after a perturbation to each of the elements. A truncated form of the sigmoidal
function, also known as the HKB coupling , results in convergent trajectories only if the
perturbations to each element lie within a specific time window. Qutside this range the two
trajectories diverge from each other.

A second example of the parallels between the dynamics of an excitable system and
multisensory perceptual phenomena is the flicker-flutter illusion. Shipley (1964) presented
subjects with a rhythmic auditory and a rhythmic visual stimulus. Both stimulus sequences
were initially set to the same frequency. On increasing the frequency of the auditory stimulus
he found that the perception of the visual stimulus tended to follow that of the auditory
stimulus though they differed in frequency. This occurred up to a certain frequency difference
after which the perception of the stimulus sequence switched abruptly to asynchrony. Driving
an excitable element with a rhythmic driver results in phase-locked oscillations within a
certain frequency range beyond which phase locking is lost and multifrequency coordination
and phase drift sets in (Kelso, 1995; Assisi et al., 2005a) akin to the driving of visual
perception by a rhythmically presented auditory stimulus.

Here, we propose a model using coupled excitable elements and suggest a plausible
coupling scheme between the individual sensory modalities and an interpretation of their

interaction. The primary purpose of our model is to account for the following observations:

1. A temporal window of integration exists within which stimuli from two modalities are

perceived as simultaneous.
2. This temporal window is asymmetric and depends on the modalities involved.

3. The width of the temporal window of integration is a function of the two different

modalities involved.
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Convergence

Figure 4.5: Shown is the architecture of the model implemented here. 1 and 2 are the two
excitable elements coupled to each other. Temporal delays, 71 and 72 , are introduced into
the coupling between the excitable elements. The delays 73 and 74, between the excitable
elements and the convergence zone is set to zero. The outputs from the two excitable
elements are fed into a convergence zone that classifies the relative dynamics to a prescribed
percept. See text for details.

4. There exists a region where the perception of simultaneity or asynchrony is disrupted

giving rise to a new perceptual state, drift.

Our choice of model is motivated by the evidence from neurophysiology that suggests the
existence of multisensory convergence zones whose role is to integrate information from
different unisensory areas. Recent evidence has also suggested the existence of direct pro-
jections between the auditory and visual areas (Falchier et al., 2002; Rockland and Ojima,
2003). A plausible architecture that incorporates these two factors is shown in Figure 4.5.
In this two layered architecture, the individual sensory modalities represented by the

elements 1 and 2 belong to the first layer that converges into a second layer. The ‘convergence
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zone’ classifies the dynamics of the first layer and gives rise to a particular percept. We do
not employ a specific instantiation of the second layer. However, the classification scheme

implemented by the second layer must posses the following properties,

1. If the response of one of the excitable elements converges toward the other then the

ensuing perceptual response will be classified as simultaneous.

2. If the response of the two elements diverges the perceptual response will be classified

as sequential or asynchronous.

3. If the response of the excitable elements to a rhythmic stimulus deviates from 1 : 1

phase-locked oscillations, the perceptual response will be classified as drift.

We now require an ideal candidate to describe the coupling between two excitable elements
denoted by 1 and 2 in Figure 4.5. Various authors have used a simple step function to
connect two neurons indicating that a postsynaptic neuron fires maximally or not at all
depending on whether the potential of the presynaptic neuron is below or above threshold.
For ensembles of neurons the mean activity may be similar to the step function described
above, however deviations in the firing threshold may lead to a smoothed out step function
resulting in a sigmoidal coupling function (Ermentrout, 1998; Wilson and Cowan, 1972).
Additional effects of fatigue and attention would lead to a decline following the increase of
the sigmoidal function (Freeman, 1992). This form of coupling obtained by truncating a
sigmoidal nonlinearity to include only terms up to third order has been used extensively
in the literature on sensorimotor coordination (Jirsa et al., 1998; Haken et al., 1985). The
truncated sigmoidal coupling has been used to model pattern stability and phase transitions
in bimanual coordination known as the Haken-Kelso-Bunz (HKB) model (Haken et al., 1985).
The properties of convergence and divergence of the trajectories of excitable elements, given
this particular form of coupling, is sufficiently general, in that it does not depend on the
specific instantiation of the excitable elements (Jirsa and Kelso, 2005). In our analysis we
choose the two-dimensional Fitzhugh-Nagumo neuron for each element in Figure 4.5 given

by the following equations.
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Figure 4.6: Phase space of the Fitzhugh-Nagumo equations. The dashed lines indicate
the x and the y nullclines. The blue lines show different trajectories with different initial
conditions. A small perturbation from the fixed point (intersection of the nullclines) causes
the system to return after a small deviation. A large perturbation leads it along a long
trajectory in phase space. Here the parameters are, a = 0.7, b = 2, ¢ = 3. The parameter
b determines the slope of the y nullcline given by the straight line in the figure.

$3
t=(r+y— —3—)7' (4.1)
j=—=(z —a+by~I(1) (42)

The model reproduces two kinds of behavior. Following a brief supra-threshold pertur-
bation of the y variable by an external input I(t) > Iip,esn the system moves along a large
trajectory before settling to a fixed point. A sustained supra-threshold external input causes
the system to oscillate at a frequency determined by the parameters a and b.

Figure 4.6 depicts the behavior of the model in the space of the x and y variables. The
locus of points where the flow of the system is parallel to the y-axis is known as the x
nullcline given by, # = 0, and depicted by the cubic line (magenta) in Figure 4.6. The y
nullcline, where the flow is parallel to the z—axis, is a linearly increasing function of . The

intersection of the two nullclines is a fixed point. On either side of the cubic nullcline the
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flow of the system points in opposite directions. A small sub-threshold perturbation causes
the system to settle back to the fixed point. However a supra-threshold perturbation in the
z- direction causes the system to go along a long trajectory in phase space before settling
to the fixed point. A notable feature of this system is the existence of two time scales, the
fast time scale along the horizontal axis which is of the order of 1/7 and a slow time scale
of the variable y which is of the order 7. One can manipulate the time spent by the system
on the slow manifold by adjusting the parameter b which affects the slope of the y nullcline.
The closer the y nullcline is to being tangent to the peak of the cubic z nullcline, the slower
the dynamics along the manifold.

We now examine the dynamics of two excitable elements coupled using a truncated

sigmoidal coupling. The equations are given by,

b= Gt - D ) - n)e+B@mO - nt-m)? 43
=@~ a+ by~ (1) (4.4)
b=z 41— D)4 ()~ = r)e+ Barlt—m) - 2@ (45)
o= == (@2~ at bys ~ (1) (4.6)

The external input to the two excitable elements consists of a sequence of square wave
pulses similar to those presented in the experiment. One sequence of rhythmic pulses [;(t)
is applied to one of the elements while a second sequence of pulses I5(t) with the same
frequency but a different phase is applied to the second element. Whether the responses of
the two coupled elements are convergent or divergent is determined by comparison to a pair
of uncoupled excitable elements. The difference (tcoupled) In the time between the response
of element 1 to an external perturbation and the response of element 2 to a perturbation dT
ms later was measured for the coupled and the uncoupled cases (tuncoupled). If the difference
tcoupled — tuncoupled > 0 then the activity was said to be divergent and convergent otherwise.

Figures 4.7 shows the time course of the two excitable elements which are classified as
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Figure 4.7: Shown are examples of convergent and divergent dynamics. Each trajectory is
associated with an excitable element. The red trajectories indicate that the two elements
are coupled while the black trajectories indicate that the two are uncoupled. a) An example
of convergence. The trajectories of the two elements come closer to each other for the
coupled case than for the uncoupled case. b) The trajectories for the coupled case diverge
in comparison to that for the uncoupled case.

convergent or divergent. When the trajectories of the two elements approach each other the
dynamics is classified as convergent and divergent otherwise.

Figure 4.8a-b illustrates the regions of convergence and divergence for the above pair of
excitable elements. The colorbar indicates the value of teoupled — tuncoupled. The contour lines
connect the points where tcoupled — tuncoupled are the same. Notice that the central region of
convergence which is classified as the percept S is symmetric about the dT"' = 0 axis. In our
model the width of the S region may be manipulated by changing the intrinsic time scale
of each excitable element. For b = 2 the system spends a longer time on the slow manifold
than when b = 0. We examined the width of the S region for two different values of b. The
width of the S region associated with b = 0 is significantly smaller than the width of the
S region for b = 2, that is, a faster intrinsic time scale (b = 0) is associated with a smaller
region of simultaneity in comparison to slower intrinsic time scale (b = 2). A comparison

between Figure 4.8a and Figure 4.8b demonstrates this fact. In our experiment we were able
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to manipulate the symmetry and the widths of the perceptual partitioning by using different
pairs of modalities. For the auditory-visual stimulus sequence the width of the region S is
significantly larger than that for the haptic-auditory stimulus sequence (see Figures 4.2a-c
and 4.3). We propose that one of the factors contributing to the width of the region S is the
intrinsic time scales associated with the processing of stimuli from different modalities. The
presence of a slow intrinsic time scale associated with the visual modality contributes to the
larger width of the S region for auditory-visual stimulation in comparison to haptic-auditory
stimulation. A second feature of the experiment captured by the model is the existence of
asymmetries in the dT-ISI parameter space. In order to manipulate the symmetry of the
system we introduce a time delay in the interaction between the two excitable elements.
These time delays are introduced asymmetrically into the coupling with 71, the time taken
for a perturbation to travel from element one to element two, being smaller than 73, the time
taken for a perturbation to travel in the opposite direction. Figure 4.9 shows the behavior
of the system simulated with the presence of an asymmetric delay term. A result of this
asymmetry is that the region S tilts towards dI' < 0. We observed this asymmetry in the
perceptual partitioning of the parameter space associated with auditory-visual stimulation.
In the model we choose to introduce delays only in the direct communication between the two
excitable elements and not in its connections to the convergence zone, that is, 73 = 74 = 0.
In our model there are no feedback connections from the convergence zone back to the
excitable elements. Therefore any effects due to delays between the excitable elements and
the convergence zone (73,74 # 0) will show up in terms of the difference 73 — 74. Also, since
we have not specified a particular instantiation of the convergence zone and only required
that it classify the inputs according to the rules mentioned earlier in this section, the effect
of the delay 73 — 74 may be emulated by changing the value of the interonset interval, dT.
For frequencies higher than 0.06 Hz the 1 : 1 phase relationship between the stimulus
and the response of each excitable element is lost. This region is classified as drift and
corresponds to the drift region shown by the green contours in Figure 4.2. Our experimental
results indicate that the region of drift is not uniformly spread out across all values of dT.
There exists an asymmetric region of simultaneity for higher frequencies. Such segregated

regions of synchrony suggests the presence of inherent nonlinearities in the system. This
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Figure 4.8: Contour plots showing the regions of convergence and divergence in the dT-ISI
parameter space. The coupling is instantaneous. 73 = 7o = 0 a) Contour map using the
parameter b =2, indicating a slow intrinsic dynamics b) Contour map using the parameter
b = 0, indicating a fast intrinsic dynamics.

The colormap indicates the degree of convergence or divergence increasing from blue to red.
The values associated with the colors are given by tcoupied — tuncoupied- Regions with blue
contours indicate convergence, while red contours indicate divergence. The region where the
1:1 phase relationship between the stimulus and the response of the excitable element is lost
is marked as ‘drift’.

particular feature of the experiment is not captured by our model. A possible scheme to
explain the presence of this asymmetry is to introduce a higher order driving term. We
demonstrated the role of higher order driving terms in chapter 3. A parametric driving
term leads to the presence of isolated regions where coordinative states characterized by

particular frequency ratios are stable (see chapter 3 for details).

4.4 Concluding remarks

In this paper we have presented a theoretical and experimental framework to discuss mecha-
nisms of multisensory integration in the temporal domain. Key to our analysis has been the
existence of different temporal scales associated with processing within and communication
between different sensory modalities that lead to asymmetries in multisensory perception.

We demonstrate that replacing one modality of stimulation with another does not alter
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Figure 4.9: The contour map is similar to that shown in figure 4.8. The asymmetry is due
to an asymmetric time delay. 7; = 0 and 7 = Tms.

the qualitative features of the perceptual partitioning of the parameter space described
above. This indicates a general mechanism of integration that is independent of the par-
ticular modalities involved. In this paper we provide a theoretical basis to discuss these
issues and make an attempt to uncover the underlying modality independent mechanisms
of integration. The model developed in section 4 uses a particular instantiation of an ex-
citable system but is generalizable to other excitable systems as well (see Jirsa and Kelso
(2005) for a detailed discussion of this issue). Interesting features of temporal multisensory
integration reported in the literature include the phenomenon of ‘temporal ventriloquism'’
(Morein-Zemir et al., 2003) where the perception of the visual stimulus is ‘ventriloquised’
towards a subsequently presented auditory stimulus. Using a different paradigm, Fendrich
and Corballis (2001) demonstrate that this temporal cross-capture is an asymmetric phe-
nomenon depending on the precedence of the stimuli. Our model captures the essential
features of this temporal ventriloquism and its inherent asymmetry. A model of coupled
excitable elements may also provide interesting clues into other multisensory illusions in-
cluding the flicker-flutter illusion (Shipley, 1964), where the frequency of the visual percept
follows that of the auditory percept though the presentation frequency of the auditory and

visual stimuli may be different.
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Chapter 5

Multisensory integration for timing

engages different brain networks: An

fMRI study

The possession of multiple sensory systems provides humans and other species with clear
behavioral advantages. Not only can information from different modalities be used inter-
changeably, crossmodal integration substantially enhances our ability to detect, locate and
discriminate external stimuli (for a review see Stein and Meredith (1993)). On the other
hand, asynchronous, spatially disparate, and/or semantically incongruent inputs from dif-
ferent modalities are significantly less effective in eliciting responses than unimodal stimuli
alone (Sekuler et al., 1997) and may degrade behavioral performance (Calvert, 2001). In
the search for neural correlates of multisensory integration, neuroanatomical studies in pri-
mates have identified numerous areas where afferents from different senses converge. At
the cortical level, such multisensory convergence zones include the superior temporal sulcus
(STS), intraparietal sulcus (IPS), posterior insula and frontal regions including premotor,
prefrontal and anterior cingulate (AC) (Jones and Powell, 1970; Seltzer and Pandya, 1989;
Mesulam and Mufson, 1982). Subcortical anatomical convergence zones include the claus-
trum, the superior colliculus and the hippocampus (Mesulam and Mufson, 1982; Mufson and

Mesulam, 1984; Pearson et al., 1982). Electrophysiological studies have shown that many
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of these areas contain cells responsive to stimulation in more than one modality (Desimone
and Cross, 1979; Vaadia et al., 1986; Duhamel et al., 1991). When two or more sensory cues
from different modalities are congruent, i.e., appear in close temporal and spatial proximity,
the firing rate of cells in multisensory convergence zones can increase multiplicatively, i.e.
beyond that expected by summing impulses exhibited to each modality alone. By contrast,
incongruent crossmodal cues can produce a profound response depression. Analogous ev-
idence for auditory-visual integration sites using large-scale brain imaging has been found
(Calvert, 2001; Bushara et al., 2001). Previous behavioral, anatomical and imaging stud-
ies suggest that congruent multisensory stimuli result in augmented behavior and enhanced
neural responses in multisensory convergence zones. Incongruent stimuli, on the other hand,
result in degraded behavioral performance and neural response depression in multisensory
convergence zones. Here we wish not only to explore the neural correlates of the percepts of
congruent and incongruent stimuli, but also to establish a neutral percept, which represents
the failure to integrate multisensory stimuli. To this end we develop a rhythmic multisensory
paradigm, in which temporally congruent stimuli cause a percept of synchrony and tempo-
rally incongruent stimuli cause a percept of asynchrony. A beauty of the rhythmic paradigm
is that a third possible perceptual state is possible, the non-phase locked state, also known
as phase wrapping or drift (Kelso, 1995). Here our behavioral studies show that subjects
perceive the multisensory stimulus sequences as two co-existing entities with no fixed phase
relation (see chapter 4 for a detailed exposition). This paradigm thus affords not only a
comparison of dichotomous conditions corresponding to congruent and incongruent stimuli,
but also allows us to ask the more subtle question of which brain networks underlie the
formation and dissolution of multimodal percepts as stimulus parameters change. In our ex-
periment, the timing parameter space consisted of intra-stimulus intervals varied from -200
ms (light before sound) to +200 ms and stimulation rates (or the inverse of interstimulus
interval) from 0 to 3.5 Hertz, as shown in Fig. 5.1. 16 subjects participated in the behavioral
experiment (see Appendix B for details). They were instructed to perceive bimodal stimuli
as synchronized events, maintaining a constant level of attention toward either modality.
Their responses indicated that the perception of auditory-visual stimuli changed qualita-

tively according to the values of timing parameters. As shown in Fig 5.1, there were four
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distinct perceptions: perception of (i) synchrony (S), (ii) auditory leading visual stimuli
(AV), (iii) visual leading auditory stimuli (VA), and (iv) drifting order of stimuli, in which
subjects could report no clear percept (D). Notice in Fig. 5.1 the perceptual region of syn-
chrony is asymmetrical around the intra-stimulus interval, extended more toward auditory
leading visual stimuli (p<0.02, shown in Fig 5.1). Below the stimulation rates of 2.5 Hz,
the perceptions of synchrony and asynchrony persist, whereas above 2.0 Hz a region of no
fixed percept predominates. The existence of these distinct perceptual states in the physical
timing parameter space indicates the definite role of inherent delays involved in multisensory
processing.

To find the neural correlates of these four perceptual states, we scanned 13 subjects who
had demonstrated consistent perceptions in the selected regions (dark grids in Fig. 5.1b) of
the timing parameter space. The imaging experiment consisted of three functional runs of
sensory (auditory, visual and auditory-visual) stimulation and rest conditions in an on-off
block design. Auditory and visual stimuli were presented in the scanner through a pair
of headphones and goggles respectively. The data were preprocessed and analyzed using
SPM2. (see Appendix A for a detailed description of the methods.) The data from all
thirteen subjects were combined in a random effects analysis to identify brain regions of
activations common in all bimodal conditions and in each condition. The region of interest
(ROI) analysis was performed by extracting time courses from the regions of activations to
determine the fMRI signal change during on-off blocks.

Nine of the 13 subjects were consistently able to establish bistable percepts during the
bimodal conditions. Results showed bilateral activations at p < 0.001 in the inferior frontal
gyrus (I), superior temporal gyrus (II), middle occipital gyrus (III) and inferior parietal
lobule (IV) (a sagittal slice at x = -47.75 shown in Fig. 5.2. Interestingly, a negative
contrast between bimodal conditions relative to rest was revealed in the posterior midbrain
in the region of the superior colliculus (V), as shown in the coronal slice at y = -30 in Fig.
5.2. These results indicate that the network for multisensory processing of auditory-visual
events is composed of a collection of areas not all of which were seen to be significantly
active in separate individual conditions.

Among significantly activated areas for individual bimodal conditions is the left inferior
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Figure 5.1: (A). Experimental design. A visual (V) stimulus is presented after an auditory
stimulus (A) a time interval At (intra-stimulus interval) and repeated at a rate f (stimulation
rate). Behavioral response in the space of At and f: the negative values of At imply that
the visual stimulus (V) precedes the auditory stimulus (A) and the contour levels represent
the normalized response (number of reponses divided by the total possible responses). De-
pending on these timing parameters, the participants reported the perceptions of AV (sound
before light), VA, S (synchronous) and D (drifting order), thereby partitioning the space
into four distinct regions. Notice the asymmetry of S-region, extended more toward the
region of AV.

(B). Mean normalized response versus stimulation rate for the perception of synchrony in
the regions of VA and AV The response in both regions first decreases and then increases
with stimulation rate. The errorbars are the standard error mean. There is a significant
asymmetry, extended more toward the region of AV (p < 0.02).

Note that the figure shown above is the same as Fig 4.4a
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Figure 5.2: Activations related to crossmodal processing (p<0.001). Areas: inferior frontal
(I), superior temporal gyrus (II), middle occipital gyrus (III), inferior parietal lobule (IV),
and posterior midbrain (V). The activation in the posterior midbrain (V) in the region of
superior colliculus was obtained by a negative contrast of task versus rest. The color intensity
represents t-statistics and the activations are overlaid on the Montreal Neurological Institute
(MNI) structural template brain in the neurological orientation for display of the t-maps.

parietal lobule for which the stimuli were perceived as asynchronous ( 1200 ms, 0.5 Hz),
(-200 ms, 0.5 Hz) and (1100 ms, 1.0 Hz) (shown in Fig. 5.3). The associated mean time
courses from the left inferior parietal lobule also showed significantly greater signal change
(0.3 %, p<0.01). Activation of the inferior parietal lobule at ( | 100 ms, 1.0 Hz) corresponded
to the percept of audition preceding vision. However, in the perceptual drift regime at (%
100ms, 3.0 Hz), there was no significant activation in the inferior parietal cortex.

From some previous studies of non-rhythmic tasks (Bushara et al., 2001; Assmus et al.,
2003), the inferior parietal cortex has been shown to be involved in the detection of asyn-
chrony and in integrating spatial and temporal information. QOur results indicate that a
network composed of frontal, auditory, visual and inferior parietal areas is crucial for the
formation of this percept. On the other hand, the disengagement of the inferior parietal
areas from the activated network was related to the perceptual drift. Nine subjects were
able to establish the percept of synchrony between auditory and visual stimuli for the timing
parameters (100 ms, 1.0 Hz). A negative contrast of task versus rest ! revealed activation

in the posterior midbrain in the region of superior colliculus shown in Fig. 5.3. The supe-

!The brain activations associated with a negative contrast indicate the involvement of the area with a
higher baseline of activity. The timeseries from fMRI signal change extracted from the cuneus and posterior
midbrain showed a higher signal change for off-condition than for on-condition. Especially at the time of
switching from task to no task the most of the fMRI signals from these locations started to increase and
then decreased for about 9 seconds as in an event. This switching from task to no task involved a change in
visual scene from a red flash to a fixation cross.
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Figure 5.3: (A-C). Activations related with the perception of asynchrony (p<0.001) and the
associated mean BOLD responses for the following conditions: (A) (At, f) = (200 ms, 0.5
Hz), ( B) (-200 ms, 0.5 Hz) (C) (100 ms, 1.0 Hz). The inferior parietal lobule (IPL) was
active as an area of the sub-networks for this percept. The overall signal change between
the task and the rest is about 0.3 % (p < 0.01). The error bars represent the standard
error mean. All subjects were able to establish the perception of asynchrony except for the
condition (100 ms, 1.0 Hz), where only nine subjects were able to do that in the scanner.
On the other hand, the inferior parietal cortex was not active for (A¢100 ms, 3.0 Hz), where
there was no fixed percept. (D) Activation associated with the perception of synchrony (p
< 0.001) and the associated mean BOLD response.The negative contrast (18) of the task
versus rest activated the posterior midbrain @M) in the region of superior colliculus for the
condition (100ms, 1.0 Hz). The subjects were instructed to get the perception of synchrony

and nine subjects could establish the percept. Here, the time series increases continuously
Aurine the nneeanditinn 1intn R cernnde after the ctimnli were tnrnad aff and then decroacea
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Figure 5.4: Illustrative diagram of the sub-network of active cortical and subcortical brain
areas (indicated in red) for crossmodal processing in the perception of asynchrony, syn-
chrony and when there was no clear percept (drift). Based on the brain activations (19)
under bimodal conditions, the perception of asynchrony is associated with the sub-network
consisting of frontal (F), auditory (A), visual (V), and parietal (P) areas, the perception of
synchrony with the sub-network consisting of frontal (F), auditory (A), superior colliculus
(Sc) and visual (V) areas. When there was no clear percept formation, active sub-network
consisted of frontal (F), auditory (A) and visual (V) areas. (Here, the cortical surface of the
MNI brain and MNI single brain template have been used with markers (red and green) to
indicate approximate locations for illustrative purposes only).

rior colliculus is best known to possess multisensory neurons that likely transform multiple
sensory signals into purposeful action Stein and Meredith (1993). Once again, a network
of areas is seen to support the perception of auditory-visual synchrony. Only this time the
network includes the superior colliculus and not the inferior parietal lobule. Figure 5.4 sum-
marizes our results using a schematic diagram to illustrate the networks activated during
the perceptions of asynchrony, synchrony and drift and how the components of the network
change and reorganize with perceptual change.

In conclusion, our findings show that different distributed networks are activated when
perceptually synchronous and asynchronous stimuli are processed. In particular, the superior
colliculus is associated with the perception of synchrony and the inferior parietal cortex with

the perception of asynchrony of auditory-visual signals. However, when there is no clear
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percept, these network components are disengaged and only a residual network comprised
of sensory and frontal areas remains active. These results demonstrate that the processes
of perceptual integration and segregation engage and disengage different brain subnetworks,

but leave only a rudimentary network in place if no clear percept is formed.

90



Chapter 6

Spatial and temporal modulations of
multisensory source activity: An EEG

study

6.1 Introduction

Our understanding of cortical multisensory integration has been significantly influenced by
the hierarchical model of sensory processing. Environmental influences from a given modality
undergo extensive processing with the simpler features being processed at earlier stages fol-
lowed by progressively more complex features. In a recent review Mesulam (1998) describes
a subdivision of the cortex into five major subtypes: primary sensory-motor, unimodal as-
sociation cortex, heteromodal association, paralimbic and limbic regions. This functional
architecture derives primarily from anatomical, physiological, and behavioral experiments
on macaque monkeys and suggests a sequential, convergent organization with progressively
more complex functions as one ascends along the hierarchy (Mesulam, 1998; Falchier et al.,
2002; Seltzer and Pandya, 1989). Based on this architecture environmental stimuli are as-
sumed to undergo extensive unimodal processing before they converge into multisensory
convergence zones. Neuroanatomical studies in primates have identified numerous areas

where afferents from different senses converge. At the cortical level, these multisensory
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convergence zones include the superior temporal sulcus (STS), intraparietal sulcus (IPS),
posterior insula and frontal regions including premotor, prefrontal and anterior cingulate
(AC) (Jones and Powell, 1970; Seltzer and Pandya, 1989; Mesulam and Mufson, 1982).
Subcortical anatomical convergence zones include the claustrum, the superior colliculus and
the hippocampus (Mesulam and Mufson, 1982; Pearson et al., 1982; Mufson and Mesulam,
1984). Electrophysiological studies have shown that many of these areas contain cells re-
sponsive to stimulation in more than one modality (Desimone and Cross, 1979; Vaadia et al.,
1986). In particular, the cells in the superior colliculus have been investigated in detail with
respect to crossmodal integration (Stein and Meredith, 1993) Evidence for auditory-visual
integration sites using large-scale brain imaging has been found in the superior temporal
sulcus using speech and fMRI, the superior colliculus (Calvert et al., 2001) using non-speech
stimuli and fMRI and intraparietal sulcus (IPS) (Bushara et al., 2001) using non-speech
stimuli and PET. These multisensory convergence zones have been identified primarily in
the heteromodal association areas, which in Mesulam’s account are three synapses away
from the primary sensory areas. The geographical location of these convergence zones leads
us to believe that the influences of multisensory integration must be seen rather late in the
sequence of sensory processing. This led Calvert et al. (1999) to propose that the modula-
tion of the activity in the primary sensory cortices coincident with multisensory stimulation
must be due to feedback processes rather than feedforward mechanisms. Recent evidence
from the electrophysiological and the anatomical literature has challenged this view. Giard
and Peronnet (1999) have demonstrated in an ERP study that multisensory influences occur
early (T40ms) in sensory processing. They base their conclusions on the timing and topog-
raphy of the C1 potential, presumed to be earliest cortical visually evoked potential. The
findings of their study were corroborated by Molholm et al. (2002) using a higher density
sensor coverage and simpler stimuli.

The prevalent approach in determining multisensory influences using EEG has been to
employ what is known as the summative model. The model states that neural activities
induced by the multisensory stimuli (AV) may be expressed as a sum of the neural activ-
ities due to unisensory stimulation (A + V') in addition to the neuronal activities induced

uniquely by multimodal stimulation. This model has been applied within a temporal window
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Figure 6.1: An example of the stimulus sequence and the parameters of the experiment.
Similar stimulus sequences were used for Haptic-Visual and Haptic-Auditory stimulation.

that lasts 200ms post stimulus under the assumption that unimodal ERP’s reflect sensory
analysis in the modality specific areas. The residual activity, that is, the activity unique to
multimodal stimulation given by, R4y = AV — (A + V), may be due to the following two
factors: i) Temporal modulation of the unisensory components ii) The addition of a new
source of activity that is different from the generators of the unimodal responses.
Overwhelming evidence suggests that multisensory influences begin to act at early stages
of sensory processing and influence what has been traditionally considered unimodal areas
(?Rockland and Ojima, 2003; Rockland, 2004; Falchier et al., 2002). In order to understand
the nature of this influence it is important to distinguish between the two factors mentioned
above. In this chapter we derive a technique based on spatiotemporal mode decompositions
that allows us to make this distinction. Subsequently, we use this technique to examine
a novel experimental paradigm designed to examine the temporal features of multisensory

integration parametrically.

6.2 Experimental design

We developed a generalized synchronization paradigm that is designed to test temporal
features of multisensory integration parametrically. The stimulus sequence consisted of a
pair of rhythmically presented auditory-visual stimuli. The parameters varied during the
experiment were the interval between the onsets of the two stimuli of a pair. dT, and the

inter-stimulus interval (IST).
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This design leads to a two dimensional parameter space. Each trial of the experiment
samples one point in the dT-ISI parameter space. Subjects were required to report their
perception of the stimulus sequence according to a forced choice paradigm. The reported
perception of the subject for every sampled point in this space was used to partition the
parameter space. In order to get a broad overview of the perceptual partitioning of the
parameter space and its asymmetries, we first conducted behavioral experiments the results
of which guided our subsequent EEG experiments. Subjects were instructed to try to per-
ceive the multisensory stimuli as synchronous events. We indicated that this would not be
possible across all experimental conditions. At the end of each trial subjects were required

to report their perception of the stimulus using one of four options.

1. The auditory stimulus precedes the visual stimulus. (AV)
2. The visual stimulus precedes the auditory stimulus. (VA)
3. The two stimuli appear simultaneous. (S)

4. Can't tell. (D)

Particular mention must be made of option 4. This option corresponded to an auditory-
visual illusion where the perceived temporal order of the stimulus changed across the length
of the trial. An overview of the results is shown in Figure 6.2.

The inter-onset interval (dT) is plotted along the x-axis and the different frequencies of
stimulation (1/ISI) are plotted along the y-axis. In Figure 6.2, negative values of dT indicate
that the auditory stimulus preceded the visual stimulus. The maps in the Figure show the
probability that a given subject reported a particular percept for a given dT-ISI point.
The probability is given by the ratio of the number of subjects who reported a particular
percept at a point in the two dimensional parameter space to the total number of subjects.
The different perceptual states are shown in different colors according to the legend in the
Figures. The contour lines for each percept connect points of equal probability in the dT-
IST space. The contour lines are truncated for probabilities below 0.3. The colored squares
superimposed over the contours indicate the points in the parameter space where the EEG

experiment was conducted. Each of these conditions correspond to different perceptions
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Figure 6.2: Overview of the behavioral experiment. The contours depict the probability
that a subject reports a particular percept for a given point in dT-ISI space. The boxes
represent the stimulus conditions that were presented to subjects in the EEG experiment.
The red box indicates a condition where we compared the subjects response to two different
sets of instructions without changing the physical stimulus (See text for details).
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of the stimulus. The red square indicates an experimental condition that was unique to
the EEG experiment. We noticed that the perception of the stimulus in this region of the
parameter space depended on the instructions given to subjects. They could perceive it as
either simultaneous (S) or sequential (AV). We conducted two sets of trials on subjects, one
when they were instructed to try to synchronize the stimuli and the other when they were
asked to perceive it as AV.

In Chapter 4, we obtained the neural correlates associated with the percepts of syn-
chrony (S), asynchrony (AV and VA) and drift (D). Though we were able to determine a
set of sources that are associated with these percepts, the low temporal resolution of fMRI
constrains our interpretation of the temporal modulation of these sources. In subsequent
sections we will be interested in the temporal features of multisensory processing, in particu-
lar, 1) How are the temporal features of a unisensory subsystem (say visual) modulated due
to a simultaneously presented stimulus belonging to a different modality (say auditory) ?
2) What is the time course of the activity of uniquely multisensory sources, that is, sources
that are activated only in response to multisensory stimulation but not to stimulation in a
single modality?

Before we get into the technical details of experimental implementation and the specifics

of our data analysis methods we discuss our motivation to address the above questions.

6.2.1 Temporal modulations of the unisensory sources due to multisen-

sory stimulation.

A broad overview of the results of the behavioral experiment is shown in Figure 6.2. The
same behavioral experiment was also conducted using other stimulus pairs, that is, haptic-
auditory and haptic-visual (see chapter 3 for details). We demonstrated that the main
features of the perceptual partitioning were unchanged regardless of the specific stimulus
pair, suggesting that the features are not modality specific, but rather a signature of the
couplings involved. Recent anatomical evidence has suggested that some of these couplings
occur at early stages of sensory processing (Rockland and Ojima, 2001, 2003; Falchier et al.,
2002). It has been demonstrated that the earliest effect of a visual stimulus manifests

itself in the primary visual cortex at a latency of approximately 46ms (Foxe and Simpson,
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2002; Foxe and Schroeder, 2005). Any modifications of this response when an auditory
stimulus is presented simultaneously, must then be attributed to the interaction between the
auditory and the visual subsystems. Whether this interaction is due to direct anatomical
connections between the unisensory areas, or some other pathway is still an open question.
It is important, however, to examine whether there is a modification of the response of the
visual areas due to the simultaneous presentation of an auditory stimulus. In particular we
will examine the condition dT=0, f=0.5 Hz for signs of these early interactions. Modifications
in the activity of the primary visual areas will manifest itself as scalp potentials with an

occipital peak and latencies ranging from 30ms to 60ms.

6.2.2 Time course of uniquely multimodal sources.

Our fMRI experiment (See Chapter 4) demonstrated that the sources activated in response to
multisensory stimulation consisted of primary sensory, parietal and frontal areas in addition
to the posterior midbrain. Different percepts were associated with different sub-networks.
The perception of asynchrony (AV and VA) depended on a sub-network that included the
inferior parietal cortex. Synchronous percepts (S), on the other hand, resulted in a disen-
gagement of the inferior parietal cortex and the recruitment of the superior colliculus. For
the percept of drift (D), only prefrontal and sensory areas were active. Of particular interest
to our EEG experiment, is the condition marked by the red box in Figure 6.2. Here, the same
physical stimulus pair generates two different percepts, that of synchrony and asynchrony,
depending on the instructions given to the subject. In our EEG experiment this condition
provides an ideal comparison between the percepts of synchrony and asynchrony. The fMRI
study suggests that one of the differences between these two percepts is the preferential
activation of the inferior parietal lobule for the percept of synchrony. We expect to see a
signature of this activation in the topography of potentials measured on the scalp.

The percept of drift, leads to the deactivation of the posterior midbrain regions and the
inferior parietal areas. We expect that this deactivation must lead to an overall decrease in

the power associated with the activity of uniquely multimodal sources.

In section 6.4 we will develop a methodology that allows us to separate the contributions
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to multisensory processing due to the temporal modulations of unisensory sources (section
6.2.1) and the activity of uniquely multisensory sources (section 6.2.2). We compare our
approach to the summative model that has been used previously in the literature (Giard

and Peronnet, 1999; Molholm et al., 2002).

6.3 Methods

6.3.1 Subjects

Four right handed male subjects participated in the experiment. Subjects had normal or
corrected to normal vision and reported no hearing deficiencies. Informed consent was
collected from each subject prior to the experiment, and the study was approved by the

Florida Atlantic University Institutional Review Board.

6.3.2 Procedure

Auditory and visual stimuli were used during the experiment. A total of nine experimental
conditions were performed. Each condition was characterized by a different value of the
inter-onset interval between the two stimuli of a pair (dT) and the presentation rate (f =
1/ISI). The experiment was divided into 8 multisensory trials, and 6 unisensory control
conditions each lasting a minute in duration. The number of trials required for a particular
experimental condition was determined by the requirement that each experimental condition
must have at least 250 stimulus pairs. The specific stimulus sequence and instructions given
to subjects is detailed in the previous section. In addition to the trials shown in Figure 6.2
the unisensory control conditions were also conducted using auditory-only and visual-only

stimulation at frequencies of 0.5, 1.5 and 3.0 Hz.

6.3.3 Data Acquisition

EEG activity was recorded using an 84-channel MANSCAN system (Sam Technology Inc.,
San Francisco, CA.). The electrodes were placed on the scalp using an Electrocap recording
cap with the electrodes placed according to an extension 10/20 International system. The

Manscan system uses a linked mastoid reference for recording. The signal was digitized at
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256Hz. Immediately after the experiment the 3D location of the electrodes was determined

using a Polhemus Isotrack II (Colchester, VT) digitizer.

6.3.4 Preliminary data analysis

The data were inspected visually for eye blink, muscle and movement artifacts which were
marked in the data. The initial data inspection and cleaning was done using the MANSCAN
software. All further data analysis was done using MATLAB. Each trial was first divided
into epochs. Epochs containing artifacts were eliminated from all further anltysis. The length
of an epoch depended on the frequency of stimulus presentation. (2000ms for 0.5Hz, 667
ms for 1.5Hz and 330ms for 3Hz stimulation rate.) Each epoch was centered at the onset of
the first stimulus of a multisensory stimulus pair. For the unisensory control conditions the
epoch was centered at the onset of the auditory or the visual stimulus. The responses were
averaged across epochs to obtain the event related potential. All further data analysis was

done on the averaged signals.

6.4 Mathematical formulation of the method of analysis.

In this section we will evolve a mathematical formulation that allows us to differentiate
between the contributions to multisensory processing due to the temporal modulation of
the unisensory sources and the activation of sources unique to multisensory stimulation. In
our experiment we measure potentials on the scalp that are a signature of the activity of
sources in the brain. We will develop our methodology by first relating the measured scalp
potentials to the sources in the brain (section 6.4.1) and apply this understanding to the
specific multisensory paradigm of interest (section 6.4.2). Finally, we will use the adjoint
basis decomposition (section 6.4.3) to extract the time series associated with the unisensory

and the uniquely multisensory sources.
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6.4.1 Relationship between the brain sources and the measured poten-

tials.

Consider a set of m sources in the brain that are responsive to the presentation of an
auditory stimulus. Assume that each of these sources may be approximated by a current
dipole located at a particular position in space, X =(z,y, z), and oriented in the direction
©® = (0,¢). The potentials measured on the scalp using EEG are superpositions of the
activity of these sources after spatial filtering by the skull and the layers of tissue that lie
between the sources and the recording electrodes on the scalp. Assume that there are n
recording elecrodes. The potentials measured on the scalp may, in general, be written as

follows

A(t)=Ha(X,©)a(t) (6.1)

where a(t) = [a1(t) -+ an(t)]T are the underlying source activities as a function of
time and A(t) = [A1(¢) --- A,(t)], are the potentials measured on the scalp at time t. The
matrix Ha (X, ©) is an n x m time independent transformation matrix that, in addition to
the location and orientation of the sources, contains information about physical properties
of the skull and tissue between the sources and the sensors. The collective activity of the
sources may be decomposed into time dependent amplitudes and time independent modes

as follows

ai (t)
= ()7g + - + M (t)mg (6.2)
am(t)

In general, I < m. A total of m modes is always sufficient to completely capture the
dynamics of all the sources. However, consider a limiting case, where the activity of two of
the m sources is perfectly locked in time. Then the system may be completely defined by
a set of m — 1 modes and their corresponding time dependent amplitudes. In general, we
may infer that each mode is representative of the simultaneous activity of a set of sources.

Importantly, this does not preclude the possibility that a given set of sources may contribute
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to multiple modes. The matrix, Ha (X, ©), relates the activity of the sources in the brain
to the potentials measured on the scalp. It acts as a spatial filter that blurs the distinction
between nearby sources therefore decreasing the dimensionality of the source space. The

operation of the spatial filter on the sources may thus be written as,

HA(X, ©){nt)mg + - + 15(t)m5} = E4 ()04 + -+~ + E4()0a (63)

The decomposition given by equation 6.3 represents the spatiotemporal behavior of the
potentials measured on the scalp and may be captured by a set of ¥ modes. As mentioned
earlier, the matrix H(X, ®)acts as a spatial filter. Therefore, a smaller number of modes,
k, will be required to describe the spatiotemporal behavior of the potentials measured on
the scalp than the number of modes required to describe the source activity, [, that is,
k <1< m. The modes, {<;~Sf4 : 9=1,--+, k} represent the activity of a sets of sources. Any
non-singular linear transformation of the above modes results in a rotation and scaling of the
modes, thus defining a new coordinate system. The interpretation that each of the rotated
and scaled modes, which we designate {¢% : i =1, --,k}, results from the activity of a
particular set of sources still stands. In general, we may obtain a spatial mode decomposition
of the potentials measured on the scalp using a number of different methods. These modes,

{¢% : i=1,--- ,k}, may be seen as a linear transformation of {(%7’24 ci=1,--, k}.
6.4.2 Differentiating between the spatial and temporal features of multi-
sensory processing.
The scalp potentials measured in response to auditory stimulation may be expressed as,
Ai(t)

=4l + -+ E5 ()R (6.4)
An(t)

Similarly, the scalp potentials measured in response to a visual stimulus may be expressed

as follows,
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Vi(t)
=& )b+ +EF (t)gh (6.5)
Va(t)

The summative model assumes that the scalp potentials obtained in response to auditory-
visual stimulation may be expressed as a sum of the auditory-only and visual-only responses.

In terms of equations 6.4 and 6.5 the summative model may be written as follows,

AV (1) . N
=Y Ei(t)ply + > () + Rav(t) (6.6)

i=1 j=1
AVy(t)

where the residual term Ray (t) is that part of the data not explained by the summed
unisensory contributions. We now wish to express the scalp potentials due to auditory-
visual stimulation in terms of auditory only and visual only stimulation by projecting the

multisensory data onto the unisensory modes. This may be represented as follows,

v |, v
= Z &'AVA (t)¢7.:4 + Z é‘iVV (t)gb{/ + RAVspatia.l (t) (67)

i=1 j=1
AV (t)

The modes ¢f4 and ¢7V, as mentioned earlier, are associated with the set of sources that
are simultaneously activated in response to auditory-only and visual-only stimulation re-
spectively. Henceforth, we will refer to the modes {¢’y : i = 1,--- ,k} as the auditory
subsystem and the modes {(b{/ : j=1,---,Kk'} as the visual subsystem. If the residual
IR AV, pasia (£)| << |Rav (t)|, that is, the multisensory response is captured well by the mode
decomposition in equation 6.7 then the corresponding time dependent amplitudes, §f4v ) (t)
and fiwv (t), must be the activity of the auditory and the visual sources respectively, in
response to multisensory stimulation. In contrast, the time dependent amplitudes £',(¢) and
5{} (t) represent the response of the auditory and visual subsystems to unisensory stimulation
in their respective modality. In order to determine the temporal influences of multisensory

stimulation on the unisensory subsystems, the relevant variables to consider are the differ-
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ences (€4y,, (t) — €4(t)) and (EZWA (t) - f{', (t)) for audition and vision respectively. The first
two terms on the right hand side of equation 6.7 describe the influence of the auditory and

visual subsystems on the multisensory response. The remainder, Ry,

8

patiar (t) TSt there-
fore be a measure of the influence of any additional sources that are unique to multisensory
stimulation. The subscript ‘spatial’ indicates that the remainder is due to additional sources

and not due to the temporal modulation of the unisensory subsystems.

6.4.3 Adjoint basis decomposition.

Now we must address certain practical issues regarding the application of the above method-
ology to experimental data. The main issues are i) The choice of spatial modes ii) Extracting
the temporal behavior of these modes for the multisensory condition. In addressing the first
issue it is important to note that spatial mode decompositions are not unique and biased
towards certain criteria, such as the minimization of the square error (principal component
analysis) or statistical independence (independent component analysis (Jung et al., 2001)).
Other techniques use apriori knowledge about the system’s dynamics to determine inter-
pretable modes (Tesche et al., 1995). In our analysis we used the principal components
to obtain a mode decomposition of the spatio-temporal data. In order to address the sec-
ond issue we used an adjoint basis decomposition to obtain the time dependent amplitudes
€av, (t) and €avs, (t). In general the modes ¢4 and ¢>{, will not be orthogonal. Therefore the
time dependent amplitudes cannot be calculated by projecting the multisensory signal onto
the unisensory modes but must be obtained by a projection onto the corresponding adjoint

vectors in dual space. The adjoint vectors have the following properties,

oo =6y, o8 =6y and, ¢y ell =¢l ¢l =0 (6.8)

The dimensions of the basis space is in general larger than the total number of modes
used to describe the spatiotemporal evolution, that is, k, ¥’ < n. Therefore, the adjoint
basis is not defined uniquely. We must make the additional assumption that the adjoint

basis may be defined in the space spanned by the original basis vectors,
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k k'
¢ =" Nl + 3" Mel, (6.9)
j=1 j=1

We may similarly define ¢€[.
The time dependent amplitudes may be obtained by projecting the multisensory data

onto the appropriate adjoint mode.
iy, (t) = AV(t) - 6] , and, iy, (t) = AV (L) - ¢} (6.10)

6.5 Experimental results and discussion.

Here, we apply the methods developed in section 6.4 to our EEG experiment. In section
6.5.1 we will first express the data obtained using the unisensory control conditions in terms
of spatial modes and its corresponding time dependent amplitudes. These modes allow
us to construct a basis that may then be used to describe the scalp potentials measured in
response to multisensory stimulation. The time dependent amplitudes will be obtained using
an adjoint basis decomposition. In section 6.5.2 we compare our method with the results
obtained using the summative model. This is particularly important since the applicability
of our method relies on the relationship |Rav,,,.0 (t)] << |Rav(t)|. We demonstrate that
this relationship is indeed true across all subjects and experimental conditions. One of
our main goals was to examine the temporal modulations of the unisensory components in
response to multisensory stimulation. In section 6.5.3 we will address this specific issue.
Finally we will examine the contributions due to uniquely multisensory sources in section
6.5.4.

First, a note on the terminology that will be used throughout the remainder of this
chapter. The modes obtained due to auditory-only and visual-only stimulation were denoted
as ¢f4 and qb{', respectively. These modes are associated with sources responsible for the scalp
potentials measured in response to unisensory stimulation and will be referred to as auditory
sources, visual sources or unisensory sources when appropriate. The temporal evolution of

the unisensory sources in response to auditory-only and visual-only stimulation was denoted
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by &4(t) and f{',(t). These will be referred to as the unisensory time series. The temporal
evolution of the unisensory sources due to multisensory stimulation, &4y, (¢), and fi\VV (t) will
be referred to as the multisensory-A and the multisensory-V time series (Compare equations
6.4 and 6.5 with 6.10).

We will primarily be interested in two residual time series,

k . . . k ] j ] . . .

1' RA‘/tempara.l (t) = Zi:l (EjélVA (t) _EZA(t))¢34 - Zi:l(&?AVV (t) _SJV (t))(ﬁ]\/‘ ThlS tlme series
gives us an indication of how divergent the multisensory-A and multisensory-V time
series are from the respective unisensory time series, that is, how does multisensory

processing modulate the activity of the unisensory sources.

2. RaVpena(t) = AV(E) — Xk, Ehy, (t)da + Z?___l ££VV(t)¢v). This time series is an
indicator of the activity of sources other than the unisensory sources that are activated

in response to multisensory stimulation.

6.5.1 Mode decomposition

We first decompose the measured potentials, A(t) and V (¢), due to auditory-only and visual-
only stimulation respectively, in terms of spatial modes and their corresponding time varying

amplitudes.

A(t) =E4(t)pa + Ra(t) and V(t) = & (t)¢y + & (H)8% + Ry (t)

Figure 6.3 shows the first auditory principal component and the first two visual principal
components for a particular subject. The topography of the auditory mode is characterized
by a frontal-central maximum that corresponds closely to the N1 component of the auditory
event related potential and has been attributed to two bilaterally symmetric sources located
along the primary auditory cortex. Across subjects, the first auditory mode explains 85-96%
of the observed variance. The two prominent visual modes are characterized by the presence
of an occipital peak and account for 85-95% of the variance. The modes ¢A,¢%,, and ¢%,
form the basis space in which we will examine the responses to multisensory stimulation.

The multisensory time series are obtained by projecting the potentials measured on the scalp
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Figure 6.3: Principal components corresponding to auditory-only and visual-only stimula-
tion for one subject. The number above each figure represents the percentage of variance
explained by the corresponding mode. The arrows adjacent to each figure point in the
anterior-posterior direction marked as A and P respectively.

in response to multisensory stimulation, AV (¢), onto the adjoint basis vectors ¢L, qu} and

AL

6.5.2 Comparison between the summative model and the mode decom-

position.

As a first step we wish to quantify the contributions due to the auditory-only sources, the
visual-only sources and uniquely multisensory sources. Here, it is important to identify the
difference between our proposed method and the summative model that has traditionally
been used in similar studies.

The summative model may be expressed as follows

AV(t) = A(t+71) + V(¢ + 73) + Rav(?) (6.11)

where, AV(t) are the potentials measured on the scalp in response to multisensory
stimulation. In our experiment we have a number of conditions where the inter-onset interval
between two stimuli of a pair are separated by either dT=100ms or dT=200ms. Consider

the case where the auditory stimulus is followed by a visual stimulus 200ms later. For
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this example the auditory ERP must be shifted by 71 = Oms and the visual ERP must
be shifted by 7 = 200ms in order to compare the multisensory response with the summed
unisensory response. The residual time series, Rav (t), resulting from the summative model
contains contributions from two different factors, the temporal modulation of the activity
of unisensory sources due to multisensory stimulation and additional sources of activation
other than the unisensory sources. A reconstruction of the measured potentials obtained by

projecting AV(t) onto the auditory and visual modes is given by

AV(t) = §}4VA (t)¢A + é-,l4VV (t)¢%/' + 5124VV (t)db%/ + R‘Avspatial (t) (612)

In order to quantify the contributions due to the unisensory sources we define a goodness

of fit variable using the residual time series, RAv, s (), as follows

1 T
Gspatial =1 — = / RAV,paa ()0
0

Where, 7 = fOT AV (t)?dt, is a normalization constant and T is the length of the trial.
The quantity Espgtiar is a measure of how much of the observed multisensory data may be
explained by the activity of unisensory sources alone. Ggpatia € [0,1]. If Gspatiar = 1, then
AV (t) may be ascribed entirely to the activity of unisensory sources. Similarly we define a

goodness of fit for the summative model as follows,

1 T
Gsummative = 1 — ;/ Rav (t)zdt
0

Where Gsummative € [0,1]. If Gsummative = 1, then we may assume that the temporal
evolution of the unisensory sources in response to unisensory stimulation is identical with
its evolution in response to multisensory stimulation. In addition we may also assume
that there are no additional sources of activity unique to multisensory stimulation, that
is, there is no measured interaction between the unisensory subsystems. Figure 6.4 is a
comparison between Ggpatial and Gsummative- The values indicate the mean goodness of
fit across subjects and the standard error is plotted over the bars. Each pair of vertical

bars represent the goodness of fit for a particular experimental condition characterized by
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Figure 6.4: Shown is a comparison between G igrand Gsummative across subjects for each
spatial J
experimental condition.

a point in the dT" — IST space. The values of Ggpatiar are larger than those of Gsummative
across subjects and experimental conditions indicating that the changes in the topography of
potentials measured on the scalp in response to multisensory stimulation may be attributed
primarily to the temporal modulation of the unisensory sources. The measured potential
modulations due to uniquely multisensory sources account for less than 10% of the variance
seen in the data.

Our analysis is based entirely on the ERP. It is important to note here that there may be
additional sources that are insensitive to our measure due to their location in the brain, the
variability in their response to a repeated stimulus or their low amplitude. Therefore, we do
not imply here that the unisensory sources are the primary loci of multisensory processing.
Figure 6.5 compares the difference between the reconstructed scalp potentials obtained using
an adjoint basis decomposition with that obtained using the summative model. The traces
are shown for two channels, CZ (central) and OZ (occipital). Based on the results shown in
Figures 6.4 and 6.5 we can conclude that {Rav

(t)] << |Rav(?)|, thus justifying the

spatial

use of our method to further analyze the temporal features of the unisensory subsystems.
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Figure 6.5: Comparison between the summative model (right column) and the time series
obtained by projecting AV (t) onto the modes ¢4and ¢v(left column) and reconstructing
the time evolution AV'(¢) .
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6.5.3 Early auditory-visual interactions.

We now examine the multisensory-A and the multisensory-V time courses in order to deter-
mine the latency of interactions between the corresponding sources. It has been suggested
in the literature that the interaction between the auditory and the visual sources occurs
at an early latency in the vicinity of 40ms. This view is a radical departure from the idea
that multisensory interactions occur in higher processing areas following extensive unisen-
sory processing. In order to determine the interaction between the auditory and the visual
sources we consider the residual time series Rav,,,, .., Which is an indicator of the tem-
poral modulations of the unisensory sources. The topographs in Figure 6.6 are the first
two principal components obtained from the time series Rav,,,, . (t) for latencies between
30-90ms.

We notice an early onset of a strong visual component characterized by an occipital peak
in the residual topographs. The first principal component, across subjects, explains between
90%-96% of the variance in the latencies between 30-90ms indicating that the temporal
evolution of the visual sources is strongly affected by a simultaneously presented auditory
stimulus and may be represented by the time dependent amplitude of the first principal
component of the residual. The residual topographs closely resemble the second principal
component ¢2V obtained using visual only stimulation. The latency of the first peak of this
occipital component extends over a wide range across subjects, from approximately 40ms to

60ms.

6.5.4 Uniquely multisensory sources.
6.5.4.1 The Drift regime.

In section 6.5.2 we showed that |Rav, .., (t)] << |Rav(t)|, implying that most of the effects
of multisensory processing, that are obtained using the measured scalp potentials may be
attributed to sources that are also activated in response to unisensory stimulation in each
modality. The residual signal that remains Rav,,,.;, (t), therefore, must contain the influ-
ences due to uniquely multisensory sources. The peaks in this residual time series correspond

to the latencies where these sources are maximally activated. The power associated with
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Figure 6.6: First principal component of the residual time series Rav,,,,,...,- Each topograph
corresponds to one subject. The temporal evolution of the components are shown below
the respective topographs. The normalized eigenvalues are shown indicated above each
component.
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Rav, 411, (t) may be defined as follows

T
Pspatial = A Z RAVSpatial(t)2dt (613)

electrodes

Here T = 335 ms, is the duration of an epoch when the stimulation rate is 3Hz. The
power Popatiq may be attributed to additional sources that are activated in response to
multisensory stimulation. In Figure 6.7 Pypatiq is shown as a function of the three frequencies
used in our experiment.

Each trace corresponds to a particular subject. Three out of four subjects show a mono-
tonic decrease in the value of Pp,10 as a function of frequency. The smallest value of Popotial
corresponds to a stimulation rate of 3Hz across all subjects. Pspqtiqr is the power associated
with uniquely multisensory sources. A decrease in the value of P44 as a function of in-
creasing frequency implies that either the activity or the number of these additional sources
decreases as a function of frequency. A frequency of 3Hz corresponds to the drift regime
where subjects’ perception of the stimulus varied across the length of a trial. Our earlier
fMRI study (see Chapter 4) indicated that the perception of drift is associated with the
deactivation of the inferior parietal areas and the posterior midbrain leaving only a network

consisting of the primary sensory and prefrontal areas. Figure 6.7 shows that the power
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decreases as a function of increasing frequency with the lowest value being associated with
a frequency of 3Hz. A decrease in power may be attributed to two factors, one being a de-
crease in the activation of the uniquely multisensory sources and a second being a decrease
in the number of sources. Our results in conjunction with the results of the earlier fMRI
experiment suggest that the decrease is due to deactivation of some of the sources involved

in multisensory processing.

6.5.4.2 Synchrony vs Asynchrony.

Now consider the experimental condition represented by the red box in Figure 6.2. Here,
the stimuli were presented at a rate of 1.5Hz with an interonset interval of dT = 100ms. We
established in earlier behavioral experiments that at this point in the dT-ISI parameter space
the perception of the stimulus is bistable. Subjects’ perception of the stimulus depended
on the instructions. Two sets of instructions were given and the scalp potentials monitored
for each case, while the stimulus conditions remained the same. In the first condition,
AVsynch, subjects were instructed to try to perceive the stimuli as synchronous events, while
in the second condition, AVysynch, subjects were instructed to try to perceive the stimulus
as sequential, that is, auditory precedes visual. The residual time series, Rav,_,,,, (t) was
computed for each of these conditions and the difference between the two is denoted by
Rsynchasynch(t). Since the stimulus in both conditions is exactly the same, Ravg,,cnaaymen (t)
is a good indicator of the differences between the percepts of synchrony and asynchrony.
The time series Ravg,, . asynch (t) Shows the presence of two broad peaks that indicate the
latencies at which the uniquely multisensory sources are maximally active. The latency of
the first peak extends from approximately 80ms to 150ms while the second peak extends
from approximately 160ms to 300ms. The principal components associated with each peak
are shown in Figure 6.8. The topographs show a distinct bi-lobed occipital component which
suggests the presence of a inferior parietal source of activation in addition to a prefrontal
source activation. A notable result of the earlier fMRI study is that the perception of
asynchrony activates a network consisting of auditory, visual, prefrontal and parietal areas,
in particular the left inferior parietal lobule. The perception of synchrony is associated

with the disengagement of the inferior parietal lobule. Similar results have been shown by
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Bushara et al. (2001) who suggest a role of the IPL in asynchrony detection. Our results,
based on the topographs and the corresponding time series in Figure 6.8, suggest that an
inferior parietal source with peak activity near 200 ms may explain the main features of the

residual time series, RsynchAsynch-

6.6 Summary

In this chapter we have presented a method that allows us to distinguish the various contri-
butions to multisensory integration and demonstrated that the early effects captured using
scalp EEG may be primarily attributed to the unisensory subsystems. These early mod-
ulations occur at a latency of approximately 40ms indicating that multisensory processing
has a significant feedforward component. This result adds to the current hypotheses in the
literature and suggesting early auditory-visual interactions and is supported by evidence in
the electrophysological and neurophysiological literature on multisensory integration. One
of the main contributions of our work is methodological and allows us to examine, in a prin-
cipled manner, the summative model previously proposed in the literature. The asymmetric
occipito-temporal components corresponding to the late stages of multisensory processing
(T150-300ms) post-stimulus suggest possible generators in the inferior parietal cortex which
has been demonstrated as a significant multisensory convergence zone in previous of exper-

iments.
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Figure 6.8: Two different sets of topographs corresponding to the residual signal
.Rg.ymh Asynch 18 Tepresented by the black trace in panel C of the figure. The topographs in
panel A are associated with the first peak of ngnch Asynch, €xtending from a latency of 80ms
to 150ms. The top two topographs in panel A show different views of the first principal
component of Rgynchasynch for the first peak. The bottom two topographs in panel A show
different views of the second principal component. The two traces in panel A show the
time course of the respective principal components. In panel C the principal components
associated with the second peak are shown. The normalized eigenvalues of each component

are shown adjacent to the respective component.
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Chapter 7

Summary

In chapter 1 we posed the following questions,

1. What is a mathematically tractable approximation of the functional units?

2. How does the dynamics of functional units manifest itself in behavior and perception?

In response to the first question we provided a general description to obtain a low dimensional
description of globally coupled dynamical systems. Our approach advances the current un-
derstanding of the dynamics of large ensembles of globally coupled dynamical systems in two
respects. One, we demonstrated, that the dynamics of globally coupled dynamical systems
with parameter dispersion may be treated as a problem of spatiotemporal pattern formation
with the space being defined by the dispersed parameter. An advantage of reformulating
the problem in terms of spatiotemporal pattern formation is that an extensive mathemati-
cal machinery developed to deal with similar problems becomes available to us (Cross and
Hohenberg, 1993). Our solution to the problem involved a spatiotemporal mode decomposi-
tion that allowed a low dimensional description. In general, such a decomposition is always
possible. Whether the decomposition provides a good description of the network dynamics
is dependent on the specific instantiation of the network. A limitation of our methodology
is that it does not provide an apriori ‘ideal’ decomposition. A second contribution of the
approach detailed in chapter 2 is related to the specific implementation of globally coupled

Fitzhugh-Nagumo neurons(Fitzhugh, 1961; Nagumo et al., 1962). We demonstrated that
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the behavior of this system may be adequately described by a four dimensional system that
resembles two coupled Fitzhugh-Nagumo neurons. This low dimensional system of coupled
excitable units shows synchronous and phase clustered oscillations in addition to oscillator
death as a function of coupling strength and parameter dispersion that closely mimics the
behavior of the network.

In addressing the second question we examined two seemingly diverse phenomena, sen-
sorimotor coordination and multisensory integration. We devised a set of experiments that
explore the commonality between coordinative behavior and multisensory perception. The
former case was conceived as a driven functional unit while the latter as two interacting
functional units. While a vast literature precedes our modelling and experimental work in
sensorimotor coordination (Kelso, 1995), multisensory perception seen from the context of
dynamical systems theory does not share a similar precedent. One of our main contributions
in this area is to provide a new framework within which the phenomenon of multisensory
integration may be viewed. Second, we provide an empirically motivated architecture of the
multisensory network that tries to capture the qualitative features of the experiment. The
form of the coupling between the nodes of the network leads to a characteristic dynamics of
the functional units that may then interpreted in terms of the perception of a multisensory
stimulus sequence. Asymmetries in perception were modelled using asymmetries in temporal
delays and intrinsic time scales of the functional units involved.

Our experimental and theoretical results on sensorimotor coordination (chapter 2) demon-
strate that the coupling between the external environment and the rhythmic movement of a
finger must be minimally parametrically driven. In addition we make a prediction that there
are two modes of phase transition from an anti-phase to an in-phase mode of coordination,
one mediated by a change in the amplitude of finger movement the other mediated by a
shift in phase. This prediction is now open to experimental verification (DeGuzman et al.,
2002).

We further probed the neural correlates of multisensory integration in our fMRI experi-
ment (chapter 5). Our findings show that different distributed networks are activated when
perceptually synchronous and asynchronous stimuli are processed. In particular, the supe-

rior colliculus is associated with the perception of synchrony and the inferior parietal cortex
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with the perception of asynchrony of auditory-visual signals. However, when there is no clear
percept, these network components are disengaged and only a residual network comprised
of sensory and frontal areas remains active. These results demonstrate that the processes
of perceptual integration and segregation engage and disengage different brain subnetworks,
but leave only a rudimentary network in place if no clear percept is formed.

Our EEG experiments contribute to the current knowledge from a methodological per-
spective. We derive a method that allows us to highlight different contributions to multi-
sensory integration, that due to the interaction of the unisensory subsystems and due to
additional sources that are activated only in response to multisensory stimulation. The cur-
rent approach to examine the nature of multisensory interactions has been restricted to the
summative model (Giard and Peronnet, 1999). In chapter 6, we demonstrate some of the
deficiencies of the summative model and compare it with our mode decomposition approach.
We demonstrate that over 90% of the measured scalp potentials in response to multisensory
stimulation may be attributed to the interaction of unisensory subsystems. The latency
at which these interactions begin to take effect are identified to be in the vicinity of 30ms
suggesting that auditory-visual interactions occur remarkably early in time. Whether this
interaction is mediated by direct anatomical connections (Falchier et al., 2002; Rockland
and Ojima, 2003) between the unisensory subsystems is an open question. However, our
investigations in addition to results from a number of recent studies suggest an additional
layer of interactions in the sensory processing hierarchy (Foxe and Schroeder, 2005). Evi-
dence of early interactions challenges some of the traditional views in Neuroscience where
the unisensory subsystems are assumed to retain their sensory fidelity until later stages of
processing (Mesulam, 1998). Our results also find support in some recent work suggesting
the existence of early interactions between the unisensory subsystems (Giard and Peronnet,

1999; Molholm et al., 2002).
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Appendix A

fMRI materials and methods

A.1 Subjects

Eighteen subjects, aged between 25 to 37, participated in the behavioral experiment. Thir-
teen of those also participated in the fMRI experiment. All the subjects were in good health
with no past history of psychiatric or neurological diseases. Informed consent was collected
from each subject prior to the experiment, and the study was approved by the Florida

Atlantic University Institutional Review Board.

A.2 Behavioral Experiment

A.2.1 Experimental design

The behavioral experiment consisted of two sessions: a training session with 5 conditions
and a session with 36 conditions, each in a 30-second block. The participants were presented
auditory and visual stimuli (440 Hz-30 ms tones from a speaker placed in front at a distance
of 2.5 meters and 30 ms flashes from a red LED) at different timing parameters (intra-
stimulus interval ranging from -200 to 200 and stimulation rate from 0.5 to 3.5 Hz) and
asked to perceive these stimuli as a synchronized auditory visual event. The participants
were asked to categorize the percept as ‘simultaneous’ (S) if they had perceived tone and
flash as synchronized events throughout the run. If the perception of synchrony was not

established, then the subjects were asked to classify their percept according to the following
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categories: ‘AV (auditory before visual stimuli)’, ‘VA’, or ‘Can’t tell’. The last category
was described by the participants as equivalent to phenomenon of phase drift (“the stimuli
seemed to be together, then they drifted and got back together again”) or streaming (“the

two stimuli were in two separate streams with no reportable relationship to each other”).

A.2.2 Behavioral Performance

Only those subjects with robust percepts, determined in the training session, participated in
the main study. For example, two subjects who reported perception of synchrony throughout
the entire timing parameter space were not included in the final behavioral performance
analysis. A percept was classified as robust, if the percept remained the same throughout
the entire block of 30 seconds after some initial transient time. At the end of each block,
the subjects were asked to report their percept. The perceptual strength in the timing

parameter space was quantified by the number of subjects reporting a given percept.

A.3 fMRI Experiment

A.3.1 Experimental design

The tasks in fMRI experiments consisted of three functional runs of sensory (auditory,
visual and auditory-visual) stimulation, and rest conditions in on-off block design. In the
stimulation conditions, a series of 440 Hz-30 millisecond auditory tones or/and 30 millisecond
visual red flashes were presented in a pair of goggles and earphones in the scanner. The
first and second runs were each 27.3 minutes long with 24 second-on and 18 second-off block
repeated 3 times per condition. In the first and the second runs, there were 6 unimodal
conditions and 7 bimodal conditions for the stimulation rates of 0.5, 1.5 and 3.0 Hz and the
time intervals (-200, 0, 200), 0, (-100,0, 100) milliseconds between the onsets of a pair of
an auditory tone and a visual flash. Subjects were instructed to try to perceive a pair of
auditory and visual stimuli as simultaneous events in order to maintain the same level of
attention towards either modality. The third run was 9.0 minutes long with 3-second -visual
instruction, 24 second-on and 18 second-off block repeated 6 times per condition. In this run,

there were 2 bimodal conditions with 100 milliseconds time interval between the onsets of
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auditory and visual stimuli presented at 1.0 Hz. The subjects were instructed with a visual
cue at the beginning either to perceive the auditory and visual stimuli simultaneously or
sequentially. The conditions in each run were presented in random order. Before the actual
experiment, each subject was taken to the behavioral lab to familiarize them with the tasks.
All stimuli presentations were performed with the software, Presentation (Neurobehavioral

Systems, Inc., San Francisco, CA).

A.3.2 Image acquisition

A 1.5 Telsa GE Signa scanner was used to acquire T1-weighted structural images and func-
tional EPI images for the measurement of the blood oxygenation level-dependent (BOLD)
effect (Kwong et al., 1992; Ogawa et al., 1992). The acquisition scheme and parameters
used for the functional scans (546 scans in the first and second sessions and 180 scans in the
third session) are as follows: echo-planar imaging, gradient recalled echo, TR = 3000 ms,
TE = 40 ms, flip angle = 90 degree, 64 x 64 matrix, 30 axial slices each of thickness 5 mm

acquired parallel to anterior-posterior commissural line.

A.3.3 Data Analysis

The data were preprocessed and analyzed using Statistical Parametric Mapping (SPM2;
Wellcome Department of Cognitive Neurology, London, UK) (Friston et al., 1995, 1999).
Motion correction to the first functional scan was performed within subject using a six-
parameter rigid-body transformation. All the 13 subjects included in this analysis had less
than 4mm of translation in all directions and less than 2.0 degrees of rotation about the three
axes. The mean of the motion-corrected images was then coregistered to the individual’s
30-slices structural image using a 12-parameter affine transformation. The images were then
spatially normalized to the Montreal Neurological Institute (MNI) template by applying a
12-parameter affine transformation, followed by a nonlinear warping using basis functions
(Ashburner and Friston, 1999). These normalized images were interpolated to 2mm isotropic
voxels and subsequently smoothed with a 4 mm isotropic Gaussian kernel. A random-effects,
model-based, statistical analysis was performed with SPM2 (Friston et al., 1995, 1999) in

a two level procedure. At the first level, a separate general linear model of the form:
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Y = X3 + €, was specified for each subject, where X =[b X1 Xo-+-], 8=[1 51 Ba---]T,
and € = N(0,0?), bis a constant. Each X3, Xa,---,X;--- consists of series of 0 for off-blocks
and 1 for on-blocks, and represent different stimulation conditions in each functional run and
6 motion parameters obtained from the realignment. Thus, 8 = (X*7 X%)~?X+T KY, where
X+ =KX, and K is a matrix constructed with the SPM2 standard hemodynamic response
function. Individual contrast images were created by correlating the brain response with the
aforementioned covariates (X;’s) for each subject. Global differences among subjects were
controlled by proportional scaling. The individual contrast images were then entered into a
second-level analysis, using a separate one-sample t-test for each term in the general linear
model. We then thresholded these summary statistical maps at p < 0.001 (uncorrected for
multiple comparisons). These maps were overlaid on a high-resolution structural image in
the Montreal Neurological Institute (MNI) orientation. We used these summary maps to
perform a region of interest (ROI) analysis on different conditions. We used Analysis of
Functional Neural Images (AFNI) software (Cox, 1996) to extract the average time series

from the activated regions corresponding to the on-off blocks of different conditions.

A.3.4 Tables and legends

The following table displays significantly activated brain areas, the anatomical location in
MNI coordinates, cluster size (k > 10 voxels), T and z-scores at p <0.001 (uncorrected ) for
all the bimodal conditions The activations associated with negative contrasts are also listed
with a negative sign in conditions. The following abbreviations are used in this table: M1
(modality 1), M2 (modality 2), A (auditory), V (visual), L (left), R(right), G (gyrus), SFG
(superior frontal gyrus), STS (superior temporal sulcus), MOG (middle occipital gyrus),
MFG (middle frontal gyrus), MeFG (medial frontal gyrus), PHG (parahippocampal gyrus),
TTG (transverse temporal gyrus), IPL (inferior parietal lobule), and PM (posterior mid-

brain).
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Conditions Brain arcas M.-f\‘ H Clugter size | T (z-score)
M, M, (Atms, fHz) coordinates
(X, ¥, 2)
AV (0.0.5) R SFG {1%, 36, 40} 30 6.9 (4.31)
R SFG {-12,32, 50y 19 6.24 {4.09)
L STS (-38, -44, 6) 21 §.24 (4.69)
R MOG -38,-62.0) 11 6.27 (4.10)
-AV(0,0.5) R Cuneus (2.-78. 34y 16 5.19(3.69)
AV {0, L.3) L MFG {~50, 2,42 33 6.08 (4.02)
L. MeFG (-6, -4, 60) 27 5.6(3.85)
L. $TS (-54, -34.8) 255 7.57(4.51
RSTS (64,40, 12) 43 7.57(4.51)
L MOG {-38. -66, -2) 16 5.13 (3.66)
SAV0. 1S L. PHG {-18,-52, -10}) il6 9.84 (5.06)
(a)
AV (100, 1.0y L. MFG {-38, 46, -8) 50 13.35(5.12)
("Synchronize™) R.STG (46, -32, 10) 20 6.43 (3.85)
R. MFG {48, 50, 4) 21 548 (3.5%)
~AV{100. 1) R.PM {0, =30, -12) 40 10,93 4.79)
L. Cuneus (-4, -62, 8} 12 8.83 (4.42)
VA (-200,0.5) R. MF( (50. 16, 36) 96 648 (4.17)
R.STG {62,-36,10) 21 641 (4.15)
L.TTG (-34, -52, 46} 22 7.12(4.37)
LIPL (-34, -34, 1) 107 5.78(3.92)
R.MTG {60, -34, -2} 94 6.71 (4.25)
R. MOG (30,-84,2) 13 6.12(4.05)
AV {200, 0.5) R. MFG (36.54,2) 60 5.05(3.63)
LIPL (-40, -50, 40) 28 4.66 (3.46)
L MOG (-34, -82.-2) 13 479 (3.51)
-~ AV (200.0.5) R STG (60. -2, 0 13 7.86 (4.59)
L. Cuncus {-12,-64, 6) 12 6.0 (4.0
(b)
AV (100, 1.0) R.STG {36, -16. 2} [:0) 10.57 (4.73)
("Perceive AV™) L.1PL (-36, -56, 46} 95 16,37 (5.44)
L. MFG (-46, 18, 34) 13 7.08 (4.02)
AV (0.3.0 L. STG {-46, -20, 6) 274 6.57 (4.20)
R.STG (46,-24, 6) 45 6.57 (4.20)
R.STG (58,28, 4) 36 8.38(4.72)
L. 10G {-38.-70,-6) 33 7.30 (4.43)
VA (100,3.00 R.IFG {56.12,30) 64 64(4.135)
L 8TG {-48, -16, 0) 40 784357
RSTS {62, .34, 6) 32 7.52{4.49)
RMTG {50, 64, 4) 40 648 (4.17)
LITG (48, -68%, -2) 36 691 (4.31)
R MOG (38, -82,-6) 23 7.63 {4.52)
-VA (100, 3.0) R. Cuncus (4, -82, 1th 58 8.09 (4.63)
AV (100.3.0) RIFG (56. 8, 20) 13 4.41(3.34)
LIFG (-56, 12, 20} 16 5.61(3.86)
RSTG (50,12, -2) 46 6.22 (4.08)
LSTG (48, -18, 2) 167 5.41(3.78)
RMTG (42, -38.-2) 98 7.61(4.52)
R MOG (28, -8%, 4) 124 $.84 (4.83)

Figure A.1: Significantly activated brain areas. The anatomical location in MNI coordinates,
cluster size (k>10 voxels), t and z scores at p<0.001(uncorrected) for all bimodal conditions.
Activations listed with negative contrasts are listed with a negative sign.
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