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INVESTIGATON OF THE NEURONAL EFFICACY AND EEG SOURCE
POWER UNDER STEADY-STATE VISUAL STIMULATION
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Abstract— Understanding the nature of the link between
neuronal activity and BOLD signal plays a crucial role i) for
improving the interpretability of BOLD images and ii) on the
design of more realistic models for the integration of EEG
and fMRI. The aim of this study is to investigate the neural
mechanism underlying hemodynamic behavior in a series of
visual stimulation frequencies and explore possible implications
for the neurovascular coupling. We studied the relationship
between electrophysiological and hemodynamic measures by
performing simultaneous steady state electroencephalography
(EEG) and fMRI recordings in a healthy human subject during
a series of visual stimulation frequencies (6 Hz, 8 Hz, 10
Hz, 12 Hz). BOLD amplitudes were computed for voxels
within an anatomical mask which was obtained by mapping
the significantly active voxels using general linear modelling
(GLM) on fMRI data. On the same anatomical map, EEG
power time series belonging to the fundamental frequency and
its harmonics due to the stimulation are estimated using a
distributed source imaging technique. The neuronal efficacies
which represent the vascular inputs driving the BOLD response
are estimated by use of an extended version of Balloon model. A
nonlinear relationship is demonstrated between the mean EEG
source powers and the neuronal efficacies driving the BOLD
response. The result suggests that BOLD signal which is an
indicator of the metabolic demand of both synchronized and
non-synchronized neuronal activities; changes independent of
EEG activity which is a measure sensitive to the synchronicity
of neuronal activity.

I. INTRODUCTION

Functional magnetic resonance imaging (fMRI) based
on blood oxygenation level dependent (BOLD) signal has
been extensively used to investigate sensory and cognitive
responses in human subjects [?]. Accurate interpretation of
these signals requires knowledge of the relationship between
the hemodynamic response and the neuronal activity that
underlies them. The observed fMRI response to a stimulus is
the complex result of several cascaded processes including
stimulus induced neural activity, neurovascular coupling and
hemodynamic response [?]. Many of the previous studies
focusing on the BOLD response demonstrated that while
longer duration stimuli behave in an approximately linear
manner, shorter duration stimuli produce responses larger
than those predicted from a simple linear model. The
hemodynamic response non-linearity could arise from one
of these processes or a mixture of them. Regarding the
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hemodynamic response effect, the Balloon model has been
suggested to account for the nonlinear convolution of rCBF
and BOLD signal [?]. Its predictions are consistent with
the experimental results measured by simultaneous BOLD
and perfusion imaging technique [?]. Because blood flow
could not be measured by BOLD fMRI, Friston et al. (2000)
extended the Balloon model by using the stimulus input as
an index of neural activity, instead of the cerebral blood
flow [?]. Although some of the previous studies [?], [?]
considered both hemodynamic and neuronal nonlinearities;
the absence of actual measurements of neuronal activities
in these studies makes it difficult to clearly seperate the
two effects. Simultaneous recordings of electroencephalog-
raphy (EEG) and fMRI make it possible to investigate the
spatiotemporal correlation between the electrophysiological
activities and the hemodynamic responses in human subjects.
Although there are many investigations being carried out
which take advantage of this combinational technique, the
spatiotemporal correlation between the two modalities has
not been well-known [?], [?]. The aim of this study is
to investigate the relationship between the hemodynamic
response to brain activation and the underlying neural mecha-
nism by performing simultaneous EEG-fMRI measurements.
Steady state EEG-fMRI data are recorded simultaneously
from a healthy volunteer where flickers are presented at 6,
8, 10 and 12 Hz. The steady state electrical responses of
the brain are processed by solving the EEG inverse problem
with an imaging approach which allows for a design of
spatiotemporally optimized filter function that maps the EEG
data at the sensor space to the current distribution in the
source space. The BOLD signal is nonlinearly deconvoluted
to obtain the neuronal efficacy (as originally described in
[?], [?]) which represents the vascular inputs driving the
BOLD response and the interplay between the two indices
are studied.

II. METHODS
A. EEG-fMRI Data Recording

Steady-State EEG-fMRI are recorded simultaneously from
a healthy volunteer where flickers are presented at 6,8, 10
and 12 Hz. Repetion time of the scanner is 2.98s. Each
session starts with 29.8s baseline recording followed by
three blocks each consisting of 44.7s of stimulation and
44.7s baseline recording yielding a total period of 298 s
(100 volume images). A Philips 1.5 T MR system is used
to acquire 72" weighted images using a gradient echo
EPI sequence with repetition time TR = 2981ms, echo
time TE = 50ms, flip angle FE = 90°, matrix size =

6576



64 x 64, 32 axial slices and voxel size = 3.59mm x 3.59mm
x4mm. A high resolution (Immx 1mm x1mm) 75 weighted
individual anatomical MR scan is also taken from the same
subject to perform segmentation, registration and template
normalization using SPM to align the fMRI space with the
template used for EEG forward modeling.

EEG is recorded simultaneously by using an MR com-
patible EEG amplifier (BrainAmp MR+, Brain Products,
Germany) with 30 channels for EEG and a channel for
ECG. The EEG signal is sampled with a rate of 5000
Hz and filtered between 0.01 and 250 Hz. Gradient and
ballistocardiographic artifacts in the EEG are removed by
using Brain Analyzer software.

B. Hemodynamic Model

Friston et al. [?] have extended the Balloon model [?] to
include the relationships between phsiological (i.e. neuronal
synaptic activity and a flow inducing signal) and hemody-
namic processes. This extended model is simply named as
the hemodynamic system in our paper. A set of four non-
linear ordinary differential equations governs the dynamics
of the intrinsic variables which form the underlying states of
the BOLD signal. These state variables are the flow inducing
signal (s), the cerebral blood flow (f;,), the cerebral blood
volume (v) and the total deoxyhemoglobin content (¢q).They
are all normalized to their resting state values. We start with

fin=s5 (1)

The flow inducing signal is generated by neuronal responses
to the input stimulus function (u(t)) by

s=eu(t) — ks/s — kf(fin—1) (2)

€, ks and Ky are parameters that represent the efficacy
with which input causes an increase in flow signal, the
rate constant for signal decay and the rate constant for
autoregulatory feedback from blood flow. Inflow determines
the rate of change of volume through

TV = fzn - fout(v) (3)
fout(v) = Ul/a

Eqn. ?? says that normalized venous volume changes
reflect the changes between inflow f;,, and outflow f,,; from
the venous compartment with a time constant (transit time)
7. Outflow is a function of volume and can be modeled with
a single parameter o [?]. The change in normalized total
deoxyhemoglobin voxel content ¢ reflects the delivery of
deoxyhemoglobin into the venous compartment minus that
expelled

E (f ins E 0)
Ey
E(fin, Ep) is the fraction of oxygen extracted from inflowing

blood and Ej is the resting net oxygen fraction by the
capillary bed. The BOLD signal y(t)

Tq= fin - .fout (U)Q/U €]

y(t) = Vo(ki(1 — q) + k2(1 — q/v) + k3(L —v) (5)

ki =TEy
ko =2
ks =2Ey —0.2

is taken to be a static nonlinear function of volume (v) and
deoxyhemoglobin content (q) where Vj is the resting blood
volume fraction.

C. System Identification

Bayesian estimation requires informative priors on the
parameters which are specified in terms of sample mean
and covariance, over voxels, of the parameters reported in
Friston et al (2000) [?].The priors for efficacy parameter are
taken to be relatively flat with an expectation of zero and a
variance of 16 per second. Only the biophysical parameters
(ks» Kf, T, o, Eg) have informative priors. The efficacies
are assumed to be independent of the biophysical parame-
ters with zero covariance. Bayesian inference procedure for
nonlinear observation models of the form

y=nh(0,u)+e (6)

is applied under Gaussian assumptions about the parameters
0 and errors e ~ N (0, C;). Assuming the posterior density
of the parameters is approximately Gaussian, the problem
reduces to finding its first two moments, the conditional mean
ng|y and covariance Cp,,.

D. Deriving the Efficacy Parameter on EEG-fMRI Activation
Mask

Prior to the EEG-fMRI correlation analysis, the fMRI
preprocessing (realignment, slice timing correction, spatial
normalization and spatial smoothing with an 8 mm isotropic
full width at half maximum (FWHM) Gaussian kernel) and
statistical analysis were performed using SPMS8 software
(Wellcome Department of Imaging Neuroscience, UCL).
Activated regions were identified for each frequency and
modality independently. The indices of the BOLD responses
derived from hemodynamic modeling are the vascular inputs,
parameterized by neuronal efficacies (¢). Neuronal efficacies
are calculated for each voxel on the common active region
of the EEG and fMRI activation maps by using the Bayesian
Inference of the hemodynamic system [?]. The stimulation
function w(¢) modeling the input of hemodynamic system
comprises of a train of spikes indexing the presentation of
visual stimulation and was fixed for all cases of changing
stimulation frequencies. Each session is modeled as a boxcar
function convolved with a canonical hemodynamic response
function. The statistical model includes global, low frequency
and motion-related confounds. Only voxels surviving a T
threshold of p < 0.05 are considered. The analysis of all
conditions shows that the activated regions are primarily lo-
cated in primary visual cortex (Fig. 1, Bonferroni correction,
p < 0.05).

6577



Fig. 1. The activated regions of all conditons are located primarily at the
visual cortex (The color indexes the T value).

E. EEG Source Reconstruction

EEG source reconstruction procedures project the scalp
EEG data to the grey matter source space by solving the in-
verse problem. Inverse problem requires constructing a head
model and solving the solution of the forward problem.The
forward problem of EEG, which enables computation of the
electrical potentials on the scalp surface given the source po-
sitions and strengths, is solved using the Boundary Element
Method (BEM) with the Center of Gravity (COG) approach
on a realistic head model as shown in Fig 2. The human head
is modeled as three homogeneous isotropic conductor layers;
the outermost surface being the boundary for the scalp, the
intermediate for the skull and the innermost surface being
for the brain. The triangulated head model that we use in
this study is obtained from the templates of the SPM library.
n. = 29 electrode locations are registered to the scalp surface
by spline interpolation using the 10-20 electrode placement,
inion-nasion and pre-auricular coordinates. Forward problem
is solved to compute the lead field matrix H, using the
ns = 5124 vertex points of the segmented cortical mesh
on which the electrical sources are oriented normal to the
gray matter.

Fig. 2. The realistic head model obtained from SPM canonical templates
consists of triangulated surfaces covering the scalp, skull and brain.

The forward model of EEG is given by a two-level
hierarchical model

Y = Hj+ Y (7)
j=e? ®)

where Y represents a n. X n; data matrix of channels x
time, j is ng X n; matrix of source activity, e denotes the
observation error and €(?) represents the unknown source
activity.

Cov(vec(eM)) = v @ ¢ )

Cov(vec(e€?)) = V@ @ ¢? (10)

V() s the temporal correlation matrix of the observation
noise e and it is assumed to be an identity matrix in
this study. The symbol ® stands for the Kronecker product.
The temporal correlation structure of the sources V (%), is
constrained by the first 200 principal eigenvectors of a Gaus-
sian auto-correlation matrix with standard deviation (o = 2),
windowed with a rectangular function of n; = 1000 denoted
as F' [?]. F transforms the temporal covariance structure
of the sources to a subspace that embeds the temporal
covariance structure of the sensors. The spatial covariance
structure of the sensor space is assumed as an identity matrix
and given as

c® =aMe (11
The spatial covariance structure of the source space is
C® =2PQP + QY (12)

where H Q?)H T is the spatial smoothing (spatial coherence)
constraint projected to the sensor space formed by applying
a Gaussian kernel (¢ = 10mm) to the geodesic distances
between the vertices of the triangles forming the source
manifold. H Q(QQ)H T is similarly projected as the probability
constraint for voxels for their belonging to the gray matter
tissue. The hyperparameters of the covariance constraints A},
A2 and A3 are estimated using restricted maximum likelihood
(ReML) algorithm defined by Phillips et al. [?].

F. EEG Data analysis

For each stimulation frequency, EEG data is downsampled
to 1000 Hz and split into 100 blocks. EEG inverse problem
is solved and the energy of each source is computed for
each temporal block. For each source location, a 100 point
EEG energy power time series is reconstructed temporally
corresponding with the fMRI BOLD response.

III. RESULTS

Measures of the hemodynamic and electrophysiological
responses to changing stimulation frequencies in the alpha
band are evaluated on an EEG-fMRI active region which
corresponds to a voxel cluster in the primary visual cortex.
The mean EEG power sources are calculated by averaging
the EEG power during the activation period. Figure 3 illus-
trates the changes in EEG power with neuronal efficacies
at each active voxel at all frequencies. The same relation
is also illustrated between the average efficacy and EEG
source power of all voxels at each frequency with a line
plot. A linear correlation analysis was carried out between
the EEG mean power changes and the neuronal efficacies and
the regressive results show that the relationship is nonlinear
(Fig.3, R? = 0.43).
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EEG Source Power vs Efficacy
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Fig. 3. The correlation between mean powers of EEG current sources

and the neuronal efficacies derived from the BOLD signal over the active
voxels within the anatomical mask. Each circle represents the efficacy power
relationship for a particular active voxel at the stimulation frequency studied.

IV. DISCUSSION

This study shows that in a flashing visual stimulation
experiment, there is no significant correlation between EEG
power and BOLD signals as a function of changes in the
stimulation frequency in the alpha band. In some of the
previous studies [?], [?], at high spatial resolutions, the
BOLD signals have been shown to be linearly linked with
electrophysiological activity, measured by local field poten-
tial (LFP) and/or multiple unit activity (MUA). However;
recent findings illustrate that the relationship between the
hemodynamic responses and the local electrophysiological
activities is nonlinear [?], [?], [?] which may be due to
the fact that the hemodynamic signal at a specific posi-
tion integrates electrophysiological activity over a broader
spatial region, likely larger than the location with the LFP
and MUA [?] and probably at supramilimeter scales [?].
Consistent with these studies, our results illustrate that the
conversion of neural activity into a vascular input is not
a linear process. The nonlinear relationship between the
mean EEG powers and the neuronal efficacies driving the
BOLD response suggests that BOLD signal which is an
indicator of the metabolic demand of both synchronized and
non-synchronized neuronal activities; changes independent
of EEG activity which is a measure sensitive to the syn-
chronicity of neuronal activity.

V. CONCLUSIONS AND FUTURE WORKS
A. Conclusions

We use simultaneous EEG-fMRI recordings to study the
correlation of hemodynamic responses and electrophysio-
logical activity in human primary visual cortex. The study
may give insight to further studies that aim at finding a
transfer function to the dynamic mechanism of neurovascular
coupling

B. Future Works

The method employed on a single subject data will be
implemented for multiple subjects and a group study will be
performed to see whether such a nonlinear trend is valid on a

larger population. The frequency range will also be extended
to beta and gamma bands.
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