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Abstract

A state-space formulation is introduced for estimating multivariate autoregressive (MVAR)
models of cortical connectivity from noisy, scalp recorded EEG. A state equation represents the
MVAR model of cortical dynamics while an observation equation describes the physics relating
the cortical signals to the measured EEG and the presence of spatially correlated noise. We assume
the cortical signals originate from known regions of cortex, but that the spatial distribution of
activity within each region is unknown. An expectation maximization algorithm is developed to
directly estimate the MVAR model parameters, the spatial activity distribution components, and
the spatial covariance matrix of the noise from the measured EEG. Simulation and analysis
demonstrate that this integrated approach is less sensitive to noise than two-stage approaches in
which the cortical signals are first estimated from EEG measurements, and next an MVAR model
is fit to the estimated cortical signals. The method is further demonstrated by estimating
conditional Granger causality using EEG data collected while subjects passively watch a movie.

Index Terms

Effective connectivity; expectation-maximization (EM) algorithm; Granger causality; multivariate
autoregressive models; state-space models

[. Introduction

Multivariate autoregressive (MVAR) models [1]-[3] have been successfully applied to
analyze cortical connectivity using invasive electrophysiological recordings (e.g., [4]-[6])
and can be used to obtain several different measures of connectivity [7]-[10]. MVAR
models are linear in the parameters and relatively parsimonious — hence they can be easily
identified — yet they are also capable of describing fairly complex network behavior.
However, estimating cortical connectivity from EEG or MEG data is challenging because a
noisy mixture of the cortical signals is measured at the scalp. Conventional approaches to
cortical MVAR modeling using EEG/MEG involves three steps. First, cortical regions of
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interest (ROISs) are identified. Next, cortical signals associated with each ROI are estimated
from the scalp EEG/MEG. Finally, the estimated cortical signals are used to identify an
MVAR model and connectivity measures are derived from the MVAR model parameters.

In this paper we propose a method for estimating the MVVAR model directly from the EEG/
MEG data and knowledge of the cortical ROls. Selection of ROIs is assumed to proceed as
in conventional approaches: by source localizing the data, e.g., [11], or using anatomy and
the result of other neuroimaging studies, such as fMRI, to identify ROIs, e.g., [12]-[14]. Our
contribution is a state-space framework for integration of the cortical signal and MVAR
model estimation steps. A state equation represents the MVVAR model for the cortical signals
while an observation equation describes how the cortical signals are observed at the scalp in
the presence of noise. Uncertainty in the spatial distribution of activity associated with each
cortical ROI is accommodated in a very parsimonious manner. An expectation-
maximization (EM) algorithm is developed to obtain maximum likelihood estimates of the
MVAR model parameters, the observation noise covariance matrix, and the spatial activity
patterns within each region. This integrated approach results in dramatically improved
estimates of connectivity compared to conventional two-stage approaches where MVAR
models are identified from independently estimated cortical signals, especially at the low
signal to noise ratios (SNRs) typical of EEG and MEG data. Analysis and simulations
support these assertions. The effectiveness of the method on human EEG data is illustrated
by showing that cortical connectivity estimates for different segments of data are consistent.

Examples of two-stage MVAR modeling approaches are reported in [11]-[15]. Hui, et al.
[15] use a spatial filter to estimate multiple source time courses corresponding to apriori
specified ROIs and the estimated time courses are then used to estimate MVAR model
parameters. Ding, et al. [11] fit an MVAR model to cortical signals estimated via a least
squares approach. Babiloni, et al. [12] and Astolfi, et al. [13], [14] use a linear minimum
norm inverse problem solution to estimate cortical currents for a distributed source model of
about 5000 dipoles. Next they collapse these 5000 time series into a single “net” time series
for each region of interest (ROI) by averaging the magnitudes of all dipole currents within
the ROI. An MVVAR model is then fit to the average magnitudes and used to assess
connectivity. At sufficiently high SNRs, two-stage approaches are able to obtain high
quality cortical signal estimates and consequently the estimated MVAR models are also
accurate. However, at typical low SNRs the cortical signal estimates are noisy which
produces severe bias in the MVAR models.

Our state-space approach does not circumvent the limitations of EEG and MEG physics, but
works within them by using parsimonious source models, explicitly representing observation
noise, and directly solving for MVAR parameters from the data using the maximum
likelihood criterion. Maximum likelihood (ML) estimates are known to be asymptotically
unbiased with variance approaching the Cramer-Rao lower bound as data length increases
[16]. Consequently, the state-space approach is effective at lower SNR than two-stage
methods. Another benefit of our approach is the accommodation of unknown spatial activity
distribution within each ROI. Averaging dipole current magnitudes as in [12] is a nonlinear
step that potentially alters the inherent cortical interactions in the data.

Spatio-temporal state-space methods involving indirect observation of noisy dynamic
networks have been applied in diverse engineering and scientific applications, e.g., [17]-
[19]. Nalatore, et al. [20] employ a state-space approach to MVVAR model estimation for
invasive electrophysiological recordings and show that explicitly modeling noise results in
improved connectivity estimates. Shumway and Stoffer [21] developed an EM approach to
maximum likelihood parameter estimation in state-space MVAR models. Our approach
differs from this previous work in that we estimate cortical connectivity from scalp EEG or
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MEG and our observation equation involves the product of a known matrix and a set of
unknown spatial activity distribution parameters.

The following section motivates the state-space approach by analyzing the effect of noise on
MVAR parameter estimates in conventional, two-stage approaches. In Section 111 we
introduce the MVAR state equation and our observation equation. Section IV presents the
EM algorithm for maximum likelihood estimation of the MVVAR parameters and Section V
describes computation of conditional Granger causality metrics from the MVVAR parameters.
Simulations illustrating the effectiveness of our state-space approach are given in Section VI
and application to human EEG data in Section VII. The paper concludes with a discussion in
Section VIII.

Boldface lower and upper case symbols represent vectors and matrices, respectively while
superscript T denotes matrix transpose and superscript —1 matrix inverse. Subscripts n, j
denote sample n from trial or epoch j, while integer superscripts index matrix or vector
elements. The trace of the matrix A is written as tr{A} and the determinant is |A|. E{a}
denotes the expectation of the random variable a. A preliminary version of this work
appeared in [22].

Il. Two-Stage Approaches to MVAR Model Estimation

Two stage approaches first estimate cortical signals from the measured data by solving a
variant of the inverse problem. Next an MVAR model is fit to the estimated cortical signals
(see, e.g., [11]-[15]). We show in this section that two stage approaches result in biased
MVAR model estimates —particularly at moderate and low SNR. Such biases can lead to
false connectivity conclusions.

We assume that the forward model for each cortical source is known and that the sources are
related by a first-order MVAR model to simplify the analysis. Let y, be the L by 1 vector of

measured data and xfl denote the it cortical signal at time n. Defining xn:[x,l,, xﬁ, ey xf?]T,
we may write
y:1:FXn+Vlz
X,=AX,_|+W, (1)

where the columns of T contain the forward models for each cortical source. The
measurement and background brain noise vy, is assumed zero-mean, independent from

sample to sample and has covariance matrix E{v,v! }=R. The matrix A of MVAR
parameters is M by M and wp, is an M by 1 vector representing the component of x,, that
cannot be predicted from x,,—;. The matrix A satisfies the Yule-Walker equations

AA=P (2)

where P=E{x,x’_,}and A=E{x,_1x__,}. In practice, A and P are approximated using sample

estimates obtained by averaging over the available data.

If a linear method is used to estimate X, such as minimum norm inversion [13] or linear
constrained minimum variance (LCMV) beamforming [15], [23], then the estimated cortical
signals can be expressed as
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where W is an N by M matrix. Substitute Eq. (1) for y, to obtain
X, =W/ Tx,+W'v,. (4)

Hence, unbiased estimation of %, requires W satisfy WTT" = I. LCMV nulling beamformers
can be designed to satisfy this condition [15] provided M < L and I is full rank. If WT I has
nonzero off-diagonal values, then the estimated cortical signals will be biased due to cross
talk between sources.

Ensuring R, is an unbiased estimate of x,, does not result in unbiased MVAR model

parameter estimates due to the presence of the noise term, WTvy. Since E{v,_1v._}=R, we
obtain the estimated cortical signal covariance matrix

K:E&n— 1’72,7;, 1 1
=E{X,_1x)_ +W'v,_ vl W)

=A+W!'RW. (5)
and cross-covariance
P-EXX)
:E{xnx’il +WTV,,V’7;1W}
=P. (6)

The term E{W’v,v!_ W} in the second equality is 0 because v, and v;,_; are assumed
uncorrelated. Hence A is a biased version of A and consequently the MVAR parameter
estimates are biased. The bias depends on WT RW. If the SNR is sufficiently high, i.e., R is
small, then the bias may be negligible. Clearly the gain of W to the noise affects the bias
through the matrix WT RW in Eq. (5). The LCMV beamformer chooses W to minimize
output power subject to the constraint WT A = I and thus attempts to make the term WTRW
as small as possible.

If W satisfies WT I' = 1, then the gain of W to the noise is a function of the degree of linear
dependence in the columns of I'. The gain to noise can be quite large if two source forward
models are very similar. To see this, suppose R = 621 and there are two cortical sources with
forward models g and h, respectively, and assume g" g = h'h = 1 for convenience. In this
case the LCMV nulling beamformerisW =T (I'' T) 2 and WIRW = o?(I'" T) 1. Use I' =
[g h] and define cos # = g h as the angle between the source forward model vectors g and h
to obtain

2 —
WRW=—7 [ 1 cosé }

1 —cos20| —cosO 1
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We see that the noise in the estimate &, is correlated, and the original noise power o2 is

s2 6 can be close to one and
R, will be very n0|sy even if 62 is small. This implies the SNR required to reliably estimate
the MVAR model using the nulling beamformer depends on the degree of similarity in the
source forward models. Similar source forward models require much higher SNR than
dissimilar ones. High noise gain in an LCMV beamformer can be reduced by relaxing the
nulling requirement WTT = 1. For example, minimum norm imaging solutions do not
enforce this condition. However, as discussed extensively in [15], this leads to cross talk in
the estimated cortical signals and biased MVAR model estimates — even at high SNR.

lll. State-Space Cortical MVAR Model For EEG

Our state-space model consists of a state equation representing the cortical MVAR model
and an observation equation describing the EEG measurement of cortical signals.

A. MVAR Model for Cortical Signals

Let Xi,,j,j =1,2,...,J,i=1,2, ..., M represent the ji observation or epoch of the cortical
signal from region i at time n and collect the cortical signals from all regions into an M by 1

r .
state vector Xn_,j=[x,1,,j, xi.j, R x,%] . A P order MVAR model [1] for the cortical signals

Xn,j Is expressed as

P
Xri,./:ZAan—p,j +Wa,j
p=1 (8)

where AP, p=1,2, ..., Pare M by M matrices whose (k, |) elements describe the influence

of the past P values from region l(xfi_l,j, xfi_z,j, N - P]) on the present value xnj from
region k. The M by 1 vector wy, j represents the errors in predicting present cortical signals
using the past ones. We model wp j as a sequence of independent and identically distributed
Gaussian random vectors with zero mean and covariance matrix Q.

It is convenient to rewrite Eq. (8) in the form

Xy, j=AZ, 1+ W, 9

by defining A = [AL, A2, ..., AP]as an M by MP matrix of MVVAR coefficients and

T
anl,j=lX,{,1,j, X,f,z,j, e ,X”T,RfJ as an MP by 1 vector containing the past P state vectors.
Our estimation procedure assumes that the initial vector zg j is Gaussian distributed with
unknown mean g and unknown covariance matrix Xg.

B. Observation Model for Spatially Extended Cortical Sources

As in previously proposed MVAR methods, the cortical regions of interest (ROIs) are
assumed known from prior analysis, for example, based on anatomical information,
neuroimaging, or source localization studies.

We derive the observation model for a single ROI for simplicity of presentation. Let Q
denote the spatial extent of the ROI (see Fig. 6 for an example) and assume Q is sampled by
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a dense grid of Q dipoles. A distributed source model [24] for the activity in Q represents
the L by 1 measured EEG at time n, y, as

i=1 (10)

where hi is the leadfield for a dipole at the it" grid location and «/, is the corresponding
current source density. Rewrite this expression in matrix notation as

yn:H(ln (11)

where H = [h1, h2, ..., hQ] is the collection of leadfields in the ROI and

T . . . .
an=[al,a?,...,a2] describes the current source spatial distribution over Q.

At typical SNR and values of Q we cannot see all Q spatial degrees of freedom in the
measurement y,, because of ill-conditioning in the forward physics. That is, in practice H is a
low-rank matrix. Let the singular value decomposition of H be UZVT and represent the K
largest singular values and corresponding singular vectors of H using the matrices UK, =K
and VK, where UK and VK contain the first K columns of U and V, respectively, and ZK is
the K by K upper left block of . Hence, a rank K approximation to H is H ~ UKEKVKT,
Limpiti, et al. [25] found that H was well modeled as rank 4 or less for ROIs as big as 590
mm? and termed the columns of UK cortical patch bases. We define the L by K matrix C =
UKEK and K by 1 vector 4, = VK" &, to approximate Eq. (11) in terms of the K degrees of
freedom in the measurement as

y.=Ca,. (12)

Thus, although an ROI may involve a spatial sampling of several hundred grid points, a very
small number of these degrees of freedom are visible in the measured data. The visible
spatial degrees of freedom are represented by the K entries in 4,,. The current source density
distribution e, associated with Eq. (12) is of the form a;, = VK1, This follows from VX' VK
=l and C4, ~ Hay. Hence, the left singular vectors in VK are a basis for spatial patterns aj,
that are measurable at the scalp. Note that Eq. (12) also applies to dipolar source models
with unknown moment orientation. In this case C is the L by 3 leadfield matrix for the
dipole location and 4, is the dipole moment.

In general the spatial pattern within the it" ROI varies with time, as indicated by the notation
o' and A, The EM algorithm presented in Section IV is applicable to this case, however, for
simplicity we assume here that the spatial pattern does not vary with time. That is, 4’ =2'x!

where A1 describes the pattern and x' the amplitude as a function of time. In the case of a
dipolar source model, this implies the moment orientation is fixed (4') while the amplitude

x| varies with time.

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2011 September 1.
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The measured signal is expressed as a sum of the activity due to each ROI plus a noise term
Vp,j that accounts for measurement noise and unmodeled source activity. Let the activity due

to the ith ROI be represented as Cizlixﬁ;, ;and write

M
yn,j=ZC’/l’x;,j+v,,,j.
i=1 (13)

The ROIs are assumed known but the spatial patterns are unknown, so C' is known but A is
unknown. We rewrite Eg. (13) in terms of x, j as

Yn,j=CAXy j+Vy (14)

where C = [C1, C2, ..., CM] is now an L by MK matrix and

A0 0 o
2
Aol O A0
S0 .0
0 - 0 a¥ (15)

is MK by M. Note that it is not necessary to assume each ROI uses the same number of
spatial degrees of freedom K; we have done so for notational convenience. We assume the
noise vp j is multivariate Gaussian distributed with mean zero and covariance matrix R and
is independent across samples and epochs.

C. The State-Space Model

The observation equation (14) and MVAR model (9) combine to provide a state-space
representation for the measured data

Xn,j:Azn—l,j+Wn,j
Y. j=CAXn j+Vn j (16)

where wy j ~ N(0, Q) and vy, j ~ N(0, R). We assume C is known, but A, Q, X, j, A, R are
unknown. Furthermore, zgj ~ N (o, Xo) With ug and Xq unknown.

The question of uniqueness is addressed by considering whether yy j is invariant to any
transformation of the state x, ;. If transformations of the state do not gffect Yn,j» then there
are many models capable of describing identical measured data. Let X, j = ¥Xp j where ¥ is
a nonsingular state transformation. Assuming C is full rgrlk, uniqueness of yp j with respect
to W requires that there is no valid A for which Ax; j = AX, j. That is, the model is unique if
and only if A = AW implies the matrix ¥ = I.

First note that both A and A must have the block structure in Eq. (15). This implies ¥ must
be a block diagonal matrix, which implies 21 = 2'y/ where i/ is the it diagonal element of .
Hence the model of Eq. (16) is not unique with respect to the magnitude and sign of the

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2011 September 1.
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cortical signals Xfw-; an increase in the magnitude _c%f Jff,,j is offset by a decrease in Al The
magnitude ambiguity is eliminated by requiring A' A' = 1, that is, by normalizing the cortical

signals Xfw- to be proportional to the corresponding cortical current density. The sign
ambiguity implies 21 = — Aand Xf,,j: - ;C,,,j produce equivalent measurements. This sign

ambiguity leads to sign ambiguities in the entries of A; however such ambiguities do not
alter the connectivity structure of the MVAR model and will not be considered further.

IV. An EM Algorithm for Maximum Likelihood Estimation of Model
Parameters

ML estimates have the desirable properties of being unbiased and attaining the Cramer-Rao
lower bound on variance in the asymptotic case of increasing data length/epochs [16]. EM
algorithms are used in a variety of incomplete-data problems when closed-form expressions
for ML estimates are not available. They monotonically increase likelihood at each iteration
and are guaranteed to converge to a maximum of the likelihood surface [26]. EM algorithms
have been developed for state-space models by Shumway and Stoffer [21] and others. Our
algorithm differs from previously proposed approaches because the state x, j is observed
through the product of a known matrix C and unknown, structured matrix A.

The EM algorithm computes the ML estimates of @ = {A, Q, R, ug, Xq, A} for the state-
space model described in Eq. (16). We assume N time samples are available in each of J
epochs. Let {Y, X} denote the so-called complete data, where Y = {y1 1, ..., YN.1, --+» Y1,30
...y YN,J} is the observed data and X = {X1 1, ..., XN.1s ---, X1.Js ..., XN 3} IS the hidden data.
The complete data likelihood function can be written in the form

J N
p(¥,X:0)=] [p(zo )] [P )P j120-1,))-
j=1 n=1 (17)

The probability densities p(zg j), P(Yn,jlXn,j) and p(xn jlzn-1,j) are given by the Gaussian
distributions N(uo, Xo), N(CAXp j, R) and N(Azp-1 j, Q), respectively.

The EM algorithm iteratively maximizes the conditional expectation of the log-likelihood of
the complete data using a series of two steps in each iteration. In the first step, known as the
expectation step (E-step), the expectation of the log likelihood of the complete data

q(@10")=E{logp(Y,X;0)|Y|0'} (18)

is computed conditioned on the measured data and the estimated parameters at the previous

,
iteration, denoted as © =(A", Q" R, 45, >" A"}, The second step, known as the
maximization step (M-step), finds new parameter estimates ®"*1 by maximizing q(®|@")
with respect to ®. These two steps are repeated until the likelihood of the observed data
converges to a maximum value.

The log likelihood of the observed data is proportional to

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2011 September 1.
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J

J N
1 . . .
logp(¥10)=~ 5 > > loglPe, @)+ € (@)P, ! (@)e,;(©)
J=1n=1 (19)

where e, j(@") is the prediction error and Pen’-(G)r) is the error covariance matrix, both of
which can be obtained from the Kalman filter [27] as described in [28]. The EM iterations
are terminated when the relative change in the likelihood of Eq. (19) drops below 107°.
Since the EM algorithm is guaranteed to converge to a local maximum of the log likelihood
function [26], we start the algorithm from multiple randomized initial conditions and select
the solution with the largest likelihood. Additional details of the EM algorithm and the
choice of initial conditions are given in the Appendix.

V. Cortical Connectivity via Conditional Granger Causality

Multiple measures of connectivity between cortical signals can be obtained from the MVAR
model parameters including directed transfer function [9] and partial directed coherence
[10]. In this manuscript we employ the conditional Granger causality metric introduced by
Geweke [8] to illustrate the merits of our state-space approach. Consider three vector time-
series up, v and z, and define the past of each time series as Up,—1 = {uq, Uy, ..., Up—1},
V-1 ={V1, Vo, ..., Vp—1} and Z,—1 = {z1, 25, ..., Zn—1} respectively. The Granger causality
from v, to up, conditioned on z,, is given by [8]

121l
F =log=
v =08 12l (20)

where X is the error covariance matrix for predicting up, using both U,—1 and Z,,—1, and o
is the error covariance matrix for predicting u, using Up—1, V-1 and Z,—1. It is easy to
show [E| < [E4] [29]. This implies Fy_,y;z = 0 with Fy,_,y|z increasing as the ability of
V-1 to improve the prediction of up increases. Note that Fy,_,y)z differentiates the direct
influence of V-1 on uy, from the indirect influence of V,,—; mediated through Z—1.

In the context of MVAR maodeling, the error covariance matrix X, is replaced by Q, the
error covariance matrix based on an MVAR model using uy, and z,, and X, is replaced by
Qo, the error covariance matrix for an MVAR model employing up, z, and v,,. This requires
estimating two MVAR models and can produce negative values of Fy,_,yjz due to
estimation errors [30]. Furthermore, the potential for Fy/_,yz to be negative is exacerbated
with the state-space formulation when two distinct models are estimated because the cortical
signals are measured in the presence of observation noise and the observation noise
covariance matrix is estimated separately for each model. Differences in the two MVAR
models may be obscured by changes in the estimated noise covariance matrix. Chen, et al.,
[30] introduce a partitioned matrix approach for computing Fy,_,yjz based on one MVAR
model that is guaranteed to produce a nonnegative metric and we employ this approach here.
The partitioned matrix approach is also beneficial with our state-space formulation as it
avoids the computational cost of estimating multiple MVAR models.

VI. Simulation Results

Four examples based on simulated data are presented to illustrate the effectiveness and
performance attributes of our state-space approach when the true connectivity is known. We
compare the results of our state-space approach to the two-stage nulling beamformer (NBF)

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2011 September 1.
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approach proposed by Hui, et al. in [15]. The NBF is based on same singular vectors used to
construct the C' in (13), so equivalent source models are employed. In each example we use
N = 200 samples and J = 15 epochs and run the example over 100 different signal and noise
realizations to estimate the mean and variance of the Granger causality metric. The
observation equation assumes a 56-channel EEG system. Spatially white observation noise
is simulated and we define SNR as

i

n,j

(X, X, X (Hel, )(H'a
{3 Xl (¥ )V ) )

where H' is the collection of leadfields in the i" ROI and @, =a'x,, ; is the corresponding
spatial-temporal source activity. Example 1 presents a scenario to support the analysis given
in Section Il while Example 2 to 4 introduce various modeling errors for studying the
robustness of our approach.

Example 1: Two ROI connectivity

We assume two dipolar sources with known moments in the left hemisphere as shown by the
markers in Fig. 1, and simulate cortical signals using the following first order MVAR
model:

nj— =1y O -1, W, gt 21)

The covariance matrix Q used to simulate the data is diagonal with Q11 = 0.6 and Q%2 = 0.2.
Note that this model involves causal influence from source 1 to source 2, and no influence in
the reverse direction. Both the EM algorithm and NBF approach are used to estimate the
MVAR parameters to support the analysis in Section I1.

Fig. 2 depicts the true and estimated MVAR model coefficients A2 and A2 and the
Granger causality between the dipoles marked in red and green in Fig. 1 as a function of
SNR. Here the angle between the source forward models (see Section I1) is cos = 0.8. The
EM approach produces unbiased estimates of MVVAR model coefficients and Granger
causality across the entire range of SNRs. In contrast, the bias in the NBF increases
significantly as the SNR decreases. In this example the EM approach obtains performance
comparable to the NBF approach with over 15 dB less SNR.

The influence of the angle between the source forward models on the EM and NBF
approaches is depicted in Fig. 3 assuming SNR = —5 dB. The angle cos 8 = 0.2 is obtained
using sources at the red and black (arrow in Fig. 1) markers, cos 8 = 0.5 is obtained using
sources at the red and magenta markers, and cos 8 = 0.8 is obtained using sources at red and
green markers in Fig. 1. Angles cos € > 0.8 with respect to the red source are not unusual;
the blue shaded regions in Fig. 1 depict all sources that satisfy cos & > 0.8. The performance
of the EM approach is insensitive to the angle between the forward models, while, as
predicted in Section II, the NBF approach performance degrades significantly as the angle
decreases.

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2011 September 1.
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Example 2: Two ROI Connectivity with Interference

In this example we simulate two spatially distributed sources (ROI 1 and ROI 2) whose
cortical signals follow the MVAR model in Eq. (21). The activity simulated in each ROI has
a raised cosine distribution with 10 mm geodesic radius. A third, independent spatially
distributed and temporally random source is introduced as an interferer. The contributions

from the it ROI are simulated using Eq. (11) where Oz;fa"x;ﬁj. Here &' implements the

raised cosine distribution and x;, ; is the cortical signal from the i ROI at time n and epoch
j. The interfering source is not modeled in the state equation (Eg. (9)) when the simulated
data is processed, and thus contributes to the observation noise vy, j in Eq. (14). The two
sources of interest are represented in the observation equation (Eq. (14)) by designing C
assuming only the ROI extent is known and using K = 3 basis vectors to represent each ROI.
The SNR in the absence of the interfering source is 5 dB. Fig. 4 shows source and interferer
locations for two cases: where the angle between source 1 and interferer is cos § = 0.5, and
where the interferer and source 1 satisfy cos 8 = 0.8. The interferer and source 2 are at
identical locations in each scenario. When cos 8 = 0.5 the interferer and source 1 are well
separated.

Fig. 5 compares the estimated and true Granger causality from source 1 to source 2 as a
function of the signal to interference (SIR) level for both scenarios. The results for Granger
causality from source 2 to source 1 are close to 0 in both EM and NBF approaches and are
not shown in Fig. 5. The SIR is defined as

oS 2, S (Hel, YH )

~ ~ 1
{3, X0 (H @ j)(H @) )

The matrix H is the collection of leadfields in the interfering cortical patch and aj is the
spatial-temporal activity of cortical interferer. SIR = oo implies the interferer is not present,
while SIR = —10 dB implies the interferer power is 10 times as large as the source power in
the measured data. The results indicate that the presence of the interferer causes only a slight
shift in the mean estimated Granger causality from source 1 to source 2 that is nearly
independent of the interferer strength. The EM approach is robust to unmodeled,
independent source activity because such activity is represented in the state-space model by
the observation noise. NBF is also robust to interfering source activity because output power
is minimized, although it exhibits some sensitivity to the angle between source 1 and the
interferer.

Example 3: Four Spatially Distributed Sources

This example is inspired by the properties of the human subject example presented in
Section VII. The four ROIs are the inferior occipital gyrii (I0G) and the superior parietal
lobules (SPL) in each hemisphere as illustrated in Fig. 6. The activity simulated in each ROI
has a raised cosine distribution with 10 mm geodesic radius as shown by the insets in Fig. 6.
A P =4 order MVAR model is simulated to generate the back-to-front causal influences
depicted by the line drawing superimposed on the cortical surface in Fig. 6.

The matrix C in the observation equation (Eq. (14)) is designed assuming the ROI extent is
known, but the spatial distribution of activity within each ROI is unknown as described in
Section 111.B. The results obtained using K = 2 and K = 3 singular vectors for each ROI at
SNR =5 dB are depicted in Fig. 7. Note that as K increases, the number of spatial degrees of
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freedom estimated and the ability to represent spatial detail for each ROI increases. Hence
we observe that at high SNR the K = 3 based solution provides better quality estimates of
Granger causality than K = 2. At lower SNR (not shown) the K = 2 based solution results in
less bias than K = 3 because the spatial detail is less visible at lower SNR and the additional
spatial degrees of freedom associated with K = 3 are more difficult to estimate. The NBF
significantly underestimates Granger causality.

Example 4: Four ROIs with Spatial Mismatch

This example uses two MVVAR models with order P = 4 corresponding to the scenario in
Fig. 6 to explore the effects of errors in assumed ROI location and extent. Three different
observation models are considered. The first assumes the true ROIs (10 mm geodesic radius)
are used in the observation equation (Eq. (14)). In the second case the centers of the
assumed ROIs used in the observation equation are 10 mm from the true centers. The third
case assumes the ROI centers are 10 mm from the true centers and the geodesic radius of
each ROI is 20 mm instead of the true value of 10 mm. Each ROI is represented in the
observation equation using K = 3 singular vectors. The results are depicted in Fig. 8 for SNR
=5 dB. Note that ROI location mismatch and location/size mismatch result in relatively
small errors in the estimated Granger causality relative to the case of no mismatch for the
EM approach. NBF significantly underestimates Granger causality and exhibits greater
sensitivity to mismatch.

VII. Application To Real EEG Data

We apply the EM algorithm to 56 channels of EEG data collected from three healthy
subjects passively watching a 30-minute portion of an engrossing movie (The Good, The
Bad, and The Ugly). The data were zero-phase filtered using a Chebyshev type Il filter with
passband 1Hz - 20Hz and then down sampled to a 62.5 Hz sampling rate. Three artifact free
segments were selected from EEG recordings for each subject to gauge consistency of the
estimated connectivity. For Subject 1 each segment consists of one contiguous 16-sec epoch,
while for Subjects 2 and 3 each segment consists of four 3-sec epochs. Connectivity between
I0G and SPL regions in both hemispheres is evaluated because these regions are likely to be
activated by visual simulation [31], [32]. Fig. 6 depicts these four regions on a cortical
surface reconstruction of the average brain from the Montreal Neurological Institute (MNI).
Each of the four ROIs is modeled using K = 3 singular vectors. Forward models for the
dipoles in each ROI are computed within the Geosource software package (EGI, Eugene,
OR) using a four-shell spherical head model with locations derived from the MNI
probabilistic atlas. Dipoles are constrained to 7mm cortical voxels of the average MNI brain
and consist of three orthogonal source orientations (xyz). The MVAR model order P is
selected based on the Bayesian information criterion (BIC) [33]

BIC(p)= - 2logp(Y|0,)+¢,log(T) (22)

where log p(Y|®p) is the maximum observed data log-likelihood defined in Eqg. (19), ¢ is
the number of free parameters estimated by EM and T = N x J is the total number of
samples. The BIC curves vary; however, P = 12 is the exact or near minimum BIC in each
subject.

An order P = 12 MVAR model is estimated using the EM algorithm and the conditional
Granger causality metric between the two 10G and SPL regions is computed. Fig. 9 depicts
the results of processing each segment for Subject 1. Only significant conditional Granger
causality values are shown. We determined a significance threshold for each connection
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using random temporal permutation of the measured data to destroy cortical interactions.
One hundred random permutations of the data over time and epochs for each subject/
segment are generated using MATLAB’s “randperm” command and an order P = 12 MVAR
model is fit to each permutation using the EM algorithm to obtain a histogram of conditional
Granger causality under the hypothesis that the interactions are zero. Significance thresholds
are determined such that only 5% of the permuted cases exceed the threshold. Connection
S| — Ir is not significant in all three segments for Subject 1. In Subject 2 and 3 all non-
homologous connections are significant for all three segments.

We assess the consistency of the estimated conditional Granger causality values across the
three independent segments in all three subjects by computing the coefficient of variation
(CV). CV is the ratio of the sample standard deviation to the sample mean expressed as a
percentage [34]. Hence, a CV of 0% indicates the three values are identical, while a CV of
100% indicates the sample standard deviation is equal to the mean. For example, the CV for
I — SpinFig. 9is 12.5% while Sg — I is 29.4%. A histogram of CV values for the 23
significant non-homologous connections in all three subjects is shown in Fig. 10. Fifteen of
the 23 CV values are less than 20% and the maximum CV is 34.4%. This indicates general
consistency in the estimated conditional Granger causality metric across different segments
of data.

The results reveal general patterns of consistency between the three segments for each
subject. The true connectivity pattern for each subject is unknown and likely varies some
between segments. The consistency of the estimates between segments and significance
relative to that of temporally permuted data suggest that this approach is identifying genuine
cortical interactions.

VIII. Discussion

The state-space formulation of Eq. (16) integrates the MVVAR cortical connectivity model
with the EEG measurement physics and explicitly accounts for the presence of noise in the
measured data. The presence of noise is not explicitly addressed when estimating MVAR
parameters via two-stage approaches that attempt to first estimate cortical signals and then
fit an MVAR model to the estimated cortical signals. Our analysis reveals that noise in the
estimated cortical signals from two-stage approaches leads to biased MVVAR parameter
estimates, and that the effect of the noise depends strongly on the cosine of the angle
between the forward models associated with different sources. In contrast, the EM algorithm
provides a means for obtaining ML estimates of the MVAR model parameters in the state-
space formulation. ML methods are known to be asymptotically unbiased, and thus, given
sufficient data, our EM approach is expected to yield unbiased MVAR model parameter
estimates.

Simulated examples support our analysis of two-stage approaches. Bias in estimated
Granger causality is evident at all but the highest SNRs and this bias depends on the
similarity of the forward models associated with different cortical sources. Simulations also
show that our EM approach yields unbiased Granger causality estimates at significantly
lower SNRs and is relatively insensitive to varying similarity between forward models. The
NBF is sensitive to the similarity between forward models and the performance degrades
significantly as SNR decreases. The NBF significantly underestimates Granger causality in
the four ROI examples, even at a relatively high SNR of 5 dB. The robustness of our state-
space approach to noise is a significant advantage given the relatively low SNR of typical
EEG data.
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Explicitly modeling noise with unknown spatial covariance also endows our approach with
robustness to artifacts and brain activity that is not from an ROI of interest, as shown in Fig.
5. The estimated Granger causality is relatively insensitive to the power of a spatially
distributed interfering source for two different source/interferer configurations.

The observation model of Eq. (14) describes extended cortical sources with unknown spatial
activity distribution in a very parsimonious fashion by only representing the components of
the spatial activity that are measurable via EEG physics. This significantly reduces the
number of unknown parameters that must be estimated compared to approaches that
tessellate the cortical ROIs with dipoles and estimate the strength of each dipole. At high
SNR fine structure in the spatial activity distribution is more visible and a larger number of
bases are recommended. At low SNR the fine structure of the cortical source spatial
distributions is buried in the noise and fewer bases should be used since the estimated
coefficients of higher order bases will be dominated by noise. These conclusions are
supported by the results given in Fig. 7. The number of bases appropriate for a given source
is also proportional to the spatial extent of the ROI. Given our experience with these bases in
this and source localization applications [25], [35], we anticipate that between two and five
bases per ROI will be appropriate in most MVAR modeling applications.

Our source model also provides a principled way of associating a single time series with a
ROI while allowing the spatial activity distribution within the ROI to be unknown. In
contrast, the two-stage approach of [12] averages magnitudes of each dipole in the ROl —a
nonlinear step that may alter the estimated cortical interactions, while the NBF approach of
[15] can only return a single time series for an ROL. It is possible to employ conditional
Granger causality to estimate connectivity when more than one time series is associated with
each ROI. Use of a single time series implies that the spatial activity distribution is constant,
i.e., it varies only in amplitude. Our approach is easily extended to represent time varying
spatial activity patterns by using a second time series for a ROI. In this case the spatial
activity in the ROI is the sum of the patterns associated with the first and second time series
and this sum varies with time. We have focused here on the constant spatial pattern case
because reliable estimation of time-varying spatial patterns is likely to require higher SNR
and fairly large ROIs to compensate for the additional complexity in the spatial and MVAR
models.

The requirement that C is full rank ultimately determines the maximum number and
locations of ROIs that can be studied. Linear dependence between the columns of C implies
that activity in one ROI cannot be distinguished from activity in another ROI. In practice,
the noise covariance matrix and singular values of C determine the number and locations of
ROIs for which it is reasonable to estimate an MVVAR model. since the singular values of C
represent the strength with which the corresponding cortical signal component can be
measured. We recommend that users evaluate the singular values of C and exercise caution
with scenarios involving relatively small singular values. Similar limitations apply to the
NBF.

Use of spatial bases with unknown coefficients (the A1 in Eq. (14)) for describing source
activity provides some measure of robustness to uncertainty in the source forward models,
e.g., due to use of a template brain, errors in assumed source locations, and various errors in
cortical surface extraction, coregistration, and electrical properties. The robustness results
because the unknown coefficients are chosen to provide the best fit to the true spatial
distribution of the source. These conclusions are supported by the results shown in Fig. 8 —
the connectivity estimates are not significantly affected by errors in the ROI locations and
extent. Note, however, that this implies care must be exercised when estimating connectivity
between ROIs that have very similar (nearly linearly dependent) bases, because the
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coefficients for each ROI may extract the identical (or very similar) underlying source
activity.

We have assumed the locations of the cortical sources of interest are known, as is typical for
previously proposed MVVAR modeling approaches. For example, Hui, et al., [15] also
assume ROls are known. Babiloni, et al. [12] and Astolfi, et al. [13], [14] select ROIs based
on anatomy, as we have done in Section VII. Ding, et al. [11] use a source localization
technique to identify ROIs. Note that use of source localization to identify ROIs does not
eliminate the advantages of the state-space formulation relative to two-stage connectivity
estimation methods. The disadvantage of two-stage methods lies in decoupling the
estimation of cortical signals from estimation of MVAR model parameters.

Clear validation of cortical connectivity estimation algorithms using human data is very
difficult because the true connectivity is rarely known to reasonable precision. Hence, we
have assessed consistency of connectivity estimates across three distinct segments of data in
three subjects. All three segments lead to either significant (23/24) or insignificant (1/24)
connectivity estimates using thresholds obtained after connectivity is destroyed via random
temporal shuffling of the data. Second, the patterns in estimated conditional Granger
causality for different connections within each subject are consistent across segments. For
example, Subject 1 (Fig. 9) shows I, — S| as the strongest connection in each segment,
while S| — I_and I — Sg are consistently of moderate strength and Sg — I} and Ig — S
are consistently the weakest significant connections. Third, the CV for each connection in
each subject is relatively small. The maximum CV is 34.4% and 15 of the 23 significant
connections have CV’s less than 20%. This high level of consistency within each subject
across independent data segments strongly suggests that our estimated models are reflecting
underlying physiological interactions and not noise. The movie viewing experimental
paradigm was not designed to assess consistency between subjects; this will be the subject
of future research.

Although the focus of this paper is EEG, it is straightforward to apply the state-space
formulation and EM algorithm to MEG data. The only modification to the procedure is that
the observation matrix C in Eq. (14) is designed using MEG forward models.

Acknowledgments

We thank Drs. Alex Shackman and Yuval Nir for helpful discussions on performance evaluation using human
subject data.

This work was supported in part by the Wisconsin Alumni Research Foundation and the National Institutes of
Health under Awards R21EB005473 and R21EB009749.

References

1. Lutkepohl, H. Introduction to Multiple Time Series Analysis. 2. Berlin: Springer-Verlag; 1993.

2. Bressler S, Richter C, Chen Y, Ding M. Cortical functional network organization from
autoregressive maodeling of local field potential oscillations. Statist Med 2007;26:3875-3885.

3. Ding, M.; Chen, Y.; Bressler, L. Granger causality: Basic theory and application to neuroscience. In:
Schelter, B.; Winterhalder, M.; Timmer, J., editors. Handbook of Time Series Analysis. VVol. 17.
Weinheim: Wiley; 2006. p. 437-459.

4. Bernasconi C, Konig P. On the directionality of cortical interactions studied by structural analysis of
electrophysiological recordings. Biol Cybern Sept;1999 81(3):199-210. [PubMed: 10473845]

5. Brovelli A, Ding M, Ledberg A, Chen Y, Nakamura R, Bressler S. Beta oscillations in a large-scale
sensorimotor cortical network: Directional influences revealed by granger causality. PNAS June;
2004 101(26):9849-9854. [PubMed: 15210971]

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cheung et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Page 16

. Winterhalder M, Schelter B, Hesse W, Schwab K, Leistritz L, Klan D, Bauer R, Timmer J, Witte H.

Comparison of linear signal processing techniques to infer directed interactions in multivariate
neural system. Signal Processing Nov;2005 85:2137-2160.

. Geweke J. Measurement of linear dependence and feedback between multiple time series. J of the

American Statistical Association June;1982 77(378):304-313.

. Geweke J. Measures of conditional linear dependence and feedback between time series. J of the

American Statistical Association Dec;1984 79(388):907-915.

. Kaminski M, Ding M, Truccolo W, Bressler S. Evaluating causal relations in neural systems:

Granger causality, directed transfer function and statistical assessment of significance. Biol Cybern
Aug;2001 85(2):145-157. [PubMed: 11508777]

Baccala L, Sameshima K. Partial directed coherence: a new concept in neural structure
determination. Biol Cybern May;2001 84(6):463-474. [PubMed: 11417058]

Ding L, Worrell G, Lagerlund T, He B. Ictal source analysis: Localization and imaging of causal
interactions in humans. Neurolmage Jan;2007 34:575-586. [PubMed: 17112748]

Babiloni F, Cinoctti F, Babiloni C, Carducci F, Mattia D, Astolfi L, Basilisco A, Rossini P, Ding L,
Ni Y, Cheng J, Christine K, Sweeney J, He B. Estimation of the cortical functional connectivity
with the multimodal integration of high resolution EEG and fMRI data by directed transfer
function. Neurolmage Jan;2005 24:118-131. [PubMed: 15588603]

Astolfi L, Cincotti F, Mattia D, Marciani M, Baccala L, Fallani F, Salinari S, Ursino M, Zavaglia
M, Ding L, Edgar J, Miller G, He B, Babiloni F. Comparison of different cortical connectivity
estimators for high-resolution EEG recordings. Human Brain Mapping Feb;2007 28:143-157.
[PubMed: 16761264]

Astolfi L, Cincotti F, Mattia D, Fallani F, Tocci A, Colosimo A, Salinari A, Salinari S, Marciani
M, Hesse W, White H, Ursino M, Zavaglia M, Babiloni F. Tracking the time-varying cortical
connectivity patterns by adaptive multivariate estimators. IEEE Trans Biomed Eng March;2008
55:902-913. [PubMed: 18334381]

Hui H, Pantazis D, Bressler S, Leahy R. Identifying true cortical interactions in MEG using the
nulling beamformer. Neurolmage Feb;2010 49:3161-3174. [PubMed: 19896541]

Kay, S. Fundamentals of Statistical Signal Processing: Estimation Theory. Upper Saddle River, NJ:
Prentice Hall PTR; 1993.

Clement L, Thas O. Estimating and modeling spatio-temporal correlation structures for river
monitoring networks. J of Agricultural, Biological, and Environmental Statistics 2007;12(2):161—
176.

Xu K, Wikle C. Estimation of parameterized spatio-temporal dynamic models. J of Statistical
Planning and Inference Feb;2007 137:567-588.

Yamaguchi R, Yoshida R, Imoto S, Higuchi T, Miyano S. Finding module-based gene networks
with state-space models. IEEE Signal Process Mag Jan;2007 :37-48.

Nalatore H, Ding M, Rangarajan G. Denoising neural data with state-space smoothing: Method and
application. J of Neuroscience Methods April;2009 179:131-141.

Shumway R, Stoffer D. An approach to time series smoothing and forecasting using the EM
algorithm. J of Time Series Analysis 1982;3(4):253-264.

Cheung, B.; Riedner, B.; Tononi, G.; Van Veen, B. State-space multivariate autoregressive models
for estimation of cortical connectivity from EEG. Engineering in Medicine and Biology Society
2009 (EMBC 2009); Annual International Conference of the IEEE; Minneapolis, MN. Sept 2009;
p. 61-64.

Van Veen B, van Drongelen W, Yuchtman M, Suzuki A. Localization of brain electrical activity
via linearly constrained minimum variance spatial filtering. IEEE Trans Biomed Eng Sept;1997
44(9):867-880. [PubMed: 9282479]

Baillet S, Mosher J, Leahy R. Electromagnetic brain mapping. IEEE Signal Process Mag Nov;2001
18:14-30.

Limpiti T, Van Veen B, Wakai R. Cortical patch basis model for spatially extended neural activity.
IEEE Trans Biomed Eng Sept;2006 :1740-1754. [PubMed: 16941830]

Dempster A, Laird N, Rubin D. Maximum likelihood from incomplete data via the EM algorithm.
Journal of the Royal Statistical Society, Series B 1977;39(1):1-38.

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cheung et al.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Appendix

Page 17

Kalman R. A new approach to linear filtering and prediction problems. Trans ASME, Series D, J
Basic Eng March;1960 82:35-45.

Gupta N, Mehra R. Computational aspects of maximum likelihood estimation and reduction in
sensitivity function calculations. IEEE Trans Automatic Control 1974;AC-19:774-783.

Granger C. Investigating causal relations by econometric models and cross-spectral methods.
Econometrica 1969;37:424-438.

Chen'Y, Bressler S, Ding M. Frequency decomposition of conditional granger causality and
application to multivariate neural field potential data. J of Neuroscience Methods Jan;2006
150:228-237.

Ganis G, Thompson W, Kosslyn S. Brain areas underlying visual mental imagery and visual
perception: an fmri study. Cognitive Brain Research July;2004 20:226-241. [PubMed: 15183394]
Mechelli A, Price C, Friston K, Ishai A. Where bottom-up meets top-down: neuronal interactions
during perception and imagery. Cerebral Cortex June;2004 14:1256-1265. [PubMed: 15192010]
Akaike H. A bayesian analysis of the minimum AIC procedure. Ann Inst Statist Math Dec;1978
30(1):9-14.

Miller, I.; Freund, J. Probability and Statistics for Engineers. 2. Englewood Cliffs, NJ: Prentice
Hall; 1977.

Bolstad A, Van Veen B, Nowak R. Space-time event sparse penalization for magneto-/
electroencephalography. Neurolmage July;2009 46:1066-1081. [PubMed: 19457366]

Rauch H, Tung F, Stiebel C. Maximum likelihood estimates of linear dynamic systems. AIAA
Journal 1965;3:1445-1450.

Pezeshki A, Van Veen B, Scharf L, Cox H, Nordenvaad M. Eigenvalue beamforming using a
multi-rank MVDR beamformer and subspace selection. IEEE Trans Signal Process May;2008
56(5):1954-1967.

http://www.ece.wisc.edu/~vanveen/Pubs.

EM Algorithm: E-step and M-step

Following [21], we expand Eq. (18) and write the result of the E-step as
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where
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are obtained using the fixed interval smoother [36].

For the M-step step, setting the derivative of q(®|®") with respect to each unknown
parameter equal to zero yields (see [21])
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The estimate of the spatial patterns A1, i =1, 2, ..., M is derived as follows. The expectation
of joint log-likelihood for the complete data q(@|@®") at the (r + 1)1 iteration in Eq. (23)
depends on the A' only through the last term and is thus proportional to
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Take the derivative q(®|®") with respect to Al and set it to zero to obtain
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we can combine the condition in Eq. (38) for each of the M ROIs to obtain the following
system of MK equations in MK unknowns
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which is solved to obtain the unknown A i=1,2, ..., M. The solutions to Eq. (40) are then
normalized to satisfy ' A'=1.

Furthermore, the estimates of A1 in Eq. (40) can be decoupled from the estimate of R in the
(r + 1) iteration as follows. Rewrite the expression of R in Eq. (34) as
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Substituting Eq. (14) for the expression of y,’,/ in the second and third terms of Eq. (41), we
have
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Eq. (42) can be written independent of A as

J N
_ 1 v v ~T T r-1 T
k= '/N/g:m;y"’/yn»j y"-/anN,jE {X"’JXH,J'IY’Q } XuniYn,j

1 T

J N
L vI _ xT -
= mjglglywy nj " Yn X D7 X Y

(44)

where D is defined in Eq. (24).

At the beginning of the EM algorithm, the matrices AP, p=1, 2, ..., P are initialized to
diagonal matrices with randomly chosen entries in each diagonal element and are checked
for stability. Q is set to a diagonal matrix with randomly chosen positive entries. Initial
values for R and A are chosen using an LCMV beamformer designed to estimate Axp j in
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. . . -1 To—1 1 1 J N T

Eq. (14), that is, using weights W=R,;C(C"R;;C) " where Ryy_mzjzlznzlyn,jyn,j.
Following [37] we set the initial A' equal to the eigenvector corresponding to the maximum
eigenvalue of (WTRyyW)' where (WTRyyW)' denotes the it diagonal M by M block of
WTRyyW. Lastly, we initialize R as a diagonal matrix based on the variance in the data yp j
after removing estimated variance due to CAxp j, that is, R = diag{Ryy — CARATCT}
where Ryy = ATWTRWWA. MATLAB software for implementing the EM algorithm is
available [38].
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Red Source o Green Source

Black Source

Magenta Source

Fig. 1.

Dipolar source locations for Example 1 (the black source is hidden in a sulcus). The blue
shaded region depicts all source locations that have forward model angles equal or
exceeding cos 6 = 0.8 with respect to the red source.
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Fig. 2.

EM and NBF approach performance as a function of SNR estimated over 100 runs. Error
bars denote one standard deviation. (a) MVAR cross coupling coefficients A2 and AZL. (b)
Granger causality metric from source 1 to source 2 and source 2 to source 1.
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Fig. 3.

EM and NBF approach performance as a function of the angle between source forward
models estimated over 100 runs at SNR = —5 dB. Error bars denote one standard deviation.
(a) MVAR cross coupling coefficients A12 and A2L, (b) Granger causality metric from
source 1 to source 2 and source 2 to source 1.
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Source 1 Interfering Source

(cos 6 =0.8)

Source 2

Source 1
(cos 6 =0.5)

Fig. 4.

Two-source and interferer scenarios for Example 2. The green patch is the interferer while
the purple patch is source 2. The red and blue patches depict the locations of source 1 for
two different scenarios.
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Fig. 5.

Estimated and true Granger causality from source 1 to source 2 for a simulated two-node
network in the presence of an interfering source as a function of SIR and the angle between
the interferer and source 1 forward models at SNR =5 dB. Error bars denote one standard

deviation.
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Fig. 6.

Inferior occipital gyrii (I and Ig) and superior parietal lobules (S and Sg) are shown in
green on a rear view of the brain. The line drawing superimposed on the brain illustrates the
causal influences simulated in Examples 3 and 4 while the insets near each ROI depict the
simulated spatial activity distribution
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Fig. 7.

Estimated and true conditional Granger causality for the simulated four-node network of
Example 3 as depicted in Fig. 6 at SNR = 5 dB. The observation equation (Eg. 14) is
designed using either K = 2 or K = 3 basis vectors for each ROI. Error bars denote one
standard deviation.
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Fig. 8.

Estimated and true conditional Granger causality corresponding to the simulated four-node
network depicted in Fig. 6 with ROl mismatch at SNR =5 dB. Error bars denote one
standard deviation.
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Fig. 9.

Subject 1 conditional Granger causality metrics estimated during movie viewing for three
different segments of data.
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Fig. 10.
Histogram of the coefficient of variation for non-homologous connections in all three
subjects.
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