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Abstract—For the multimodal functional neuroimaging
combining fMRI and EEG, it is of significance to correct the
distortion due to the fMRI-EEG mismatches, which arise from
the fundamental difference between brain electric and
hemodynamic activities. In the present study, we proposed a
novel two-step approach (referred to as “Twomey algorithm’)
for the fMRI-constrained cortical source imaging. In the first
step, a “hard” spatial prior derived from the fMRI was imposed
to solve the EEG inverse problem with a reduced source space;
in the second step, the fMRI constraint was removed and the
source estimate from the first step was re-entered as the initial
guess of the desired solution into an EEG least squares fitting
procedure with Twomey regularization. We evaluated the
performance of Twomey algorithm in comparison with the well-
known 90% fMRI-constrained Wiener filter and the EEG-alone
weighted minimum norm methods in a randomized computer
simulation setting. We examined the effects of invalid fMRI
priors including fMRI invisible sources, fMRI extra regions
and fMRI displacement. The present results in terms of the
point spread function (PSF) and the localization error (LE),
demonstrated that 1) relative to the EEG-alone solution, a
higher spatial resolution can be achieved by using the fMRI
priors in cortical source imaging; 2) the occurrence of fMRI
invisible sources is the most problematic factor responsible for
the error of the fMRI-EEG integrated cortical source imaging;
and 3) the Twomey algorithm is more robust than the Wiener
filter approach under invalid fMRI priors. The proposed
Twomey approach may make an important contribution to the
multimodal neuroimaging integrating fMRI with EEG.

I. INTRODUCTION

Both functional magnetic resonance imaging (fMRI) and
electroencephalography (EEG) are the widely used tools
to study the human brain function. Functional MRI, through
measuring the regional hemodynamic change, is capable of
localizing the “activated” brain regions with a high spatial
resolution in a millimeter scale [1,2]. However, the
sluggishness of hemodynamic response limits the use of
fMRI to study the temporal aspect of rapidly changing neural
activities. To the contrary, neural activities generate the
instantaneous change of the external electrical potential field
measurable by EEG through recordings from an array of
sensors placed on the scalp; therefore EEG provides
excellent temporal resolution. However, due to the lack of a
physical mechanism (e.g. spatial encoding in MRI/fMRI) to
spatially separate the source signals that contribute to the
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generation of scalp potentials, the EEG-based functional
imaging faces a technical difficulty of solving a highly ill-
posed “inverse problem”, in order to infer the locations of
the electrical sources from EEG measurements.

Nevertheless, the complementary nature and feasibility of
recording fMRI and EEG simultaneously have recently
attracted great interest in integrating these two modalities, in
an attempt to achieve high resolutions in both spatial and
temporal domains [3]. For the focalized fMRI activations, a
short-window time course can be obtained for each activated
region, by placing multiple current dipoles around the fMRI
activations and fitting the dipole parameters to the measured
EEG signals instant by instant [4]. A more generalized
approach is the use of fMRI activations as spatial priors for
imaging the continuous cortical distribution of current
density from the instantaneous EEG signals. This method,
namely the fMRI-constrained cortical source imaging,
implies that the activated fMRI voxels are more likely to be
the EEG sources than other cortical locations [5, 6].

Although the fMRI-constrained cortical source imaging
has a sound physiological basis, it is still important to
consider possible mismatches between multi-modal signals,
such as the presence of fMRI extra sources, fMRI invisible
sources and displacement of fMRI activation from electrical
current sources. The fMRI extra sources are referred to the
fMRI activations that produce no observable EEG/MEG
signals at the instant of interest. The fMRI invisible sources
are the generators of bioelectrical signals that are not
detected by fMRI. Additionally, the possible difference in
the locations of synaptic electrical activity and the involved
vessels can cause slight displacement of fMRI “hotspots”
away from neural electrical generators [7].

To deal with fMRI-EEG (or MEG) mismatches, previous
studies suggested using fMRI partial constraint (e.g. 90%
fMRI weighting) [5]. In the present study, we proposed an
alternative algorithm using Twomey regularization [8] to
correct the distortion due to invalid fMRI priors. The
proposed algorithm consists of two steps. In the first step, a
“hard” spatial prior derived from fMRI was imposed to solve
the EEG inverse problem with a reduced source space; in the
second step, the fMRI constraint was removed and the
source estimate from the first step was re-entered as the
initial guess of the desired solution into an EEG least square
fitting procedure with Twomey regularization [9].

II. METHODS

A. EEG-based Cortical Source Imaging
To model the distributed electrical activity, several
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thousands current dipoles are evenly placed on the cortical
surface [10]. The electrical potential generated by any
unitary current dipole can be accurately calculated by
boundary element method (BEM), utilizing a three-layer
triangulated head model [11]. Under the quasi-static
condition, any scalp potential distribution is expressed as a
linear superimposition of the contribution from all of the
dipole sources plus additive noise, as Eq. (1).

®=LJ+b (D
where & is the vector of instantaneous EEG recordings, J
is the vector of unknown dipole moments, 5 is the noise
vector, and L is the transfer matrix.

Accordingly, the cortical
source imaging, stated as an
EEG inverse problem, is to
estimate the magnitudes of all
of the current dipoles from the
EEG recordings. To overcome
the ill-posedness of the inverse
problem, additional constraints
must be imposed to obtain a
unique solution. Figure 1
illustrates an example of
cortical source model, BEM
model and the EEG source
imaging result.

Fig.1. Nlustration of the
EEG-based cortical source
imaging.

B. fMRI-EEG integrated cortical source imaging

The Twomey algorithm for the
fMRI-EEG integration consists of
two steps. In the first step, a “hard”
fMRI constraint is imposed by
constructing a diagonal source
covariance matrix Ry from fMRI. As
illustrated in Figure 2, the diagonal
element of R, that corresponds to
any source location within an fMRI
activation is set to a weight factor f
(f >1), otherwise 1. By setting fas a
dominantly large value (e.g. f=100),
the fMRI-derived source covariance
matrix effectively reduces the EEG
source space to the fMRI active
region, while all of the other non-fMRI locations are highly
penalized. As a result, the source reconstruction J ™ | as in
Eq. (2), has a spatial resolution as high as fMRI.

JPMRL — MR Gy T MR erLT (I’LRfLT + C)_l @)

where r is the regularization parameter which can be
determined by the “L-curve” method [12] and C is the noise
covariance matrix estimated from the EEG data itself.

As would be expected, such an overconstrained high-
resolution cortical source reconstruction is highly sensitive to
invalid fMRI priors. To overcome the resulting distortion in
the second step, J™* is re-entered as an initial estimate into

R,
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Fig.2. Nllustration of
fMRI-derived
cortical source
covariance matrix.

the EEG least square fitting procedure with Twomey
regularization [8], which minimizes the difference between
the desired solution J and a rough estimate J™*. The
Twomey regularized solution can be written as (3)

argmin(|¢2(L7 ~ )+ 2 -1 3)
J

Here, the weighting matrix C'"* is still introduced to

compensate for different levels of noise contamination in the
sensor space. To minimize (3), the solution tends to shift
away from J™¥ in a way to reduce the residual error of
EEG data fitting. Again, A4 in (3) can be obtained by the “L-
curve” method [12]. Consequently, the solution to (3) is

Jremes = g (LT 4 AC) (@ - L M) “
where J™M¥ = TMX G  From (4), the Twomey solution can
be interpreted as the fMRI overconstrained solution ™
plus a data-driven correction term which is a minimum norm
projection of the data that is not explained by J ¥ . In fact,
this solution is still a linear inverse solution and the inverse
operator can be written as (5):

7o =M (el 4+ AC) (1 - LT ) (5)

C. Computer Simulation

Through computer simulation, the performance of the
proposed method, abbreviated as Twomey, was examined in
comparison with weighted minimum norm [13] and the well-
known 90% fMRI-constrained Wiener estimation [5],
denoted as WMN and Wiener, respectively.

The simulation was based on randomized placement of
unitary dipole sources and synthetic fMRI activations in
consideration of three types of fMRI-EEG mismatches:
fMRI invisible sources, fMRI extra sources and fMRI
displacement. The instantaneous EEG measurements at 128
channels were generated through forward calculation with
additive Gaussian white noise at SNR=5. The random source
placement was repeated for 100 times for each simulation
condition.

For fMRI invisible and extra sources, a measure of
estimation error defined as “point spread function” (PSF) can
be calculated for any source location [14]. Mathematically,

p = Z‘(TL)/':' 2/‘(TL)"I' ’ ©

where (7L).

Ji

describes the sensitivity of the estimate at a

location j to activity at location i.

For fMRI displacement, “localization error” (LE) was
calculated as distance between the location of the current
dipole and the center of gravity of the source estimate. The
reconstructed source image was thresholded such that 80%
of the power of the estimated sources was remained.

III. RESULTS

Fig. 3 shows two examples of cortical source imaging
from 128-channel EEG data simulated at SNR=5 using three
different inverse algorithms (WMN, Wiener and Twomey).
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The upper row shows an example with five unitary dipole
sources (Fig.3.A). The fMRI activation covered three
sources, leaving the other two sources (marked by blue
dotted circles) to behave as fMRI missing sources (Fig.3.C).
WMN resulted in extended cortical source reconstruction
(Fig.3.B) and ambiguity of localizing the simulated “true”
sources. With valid fMRI priors, the 90% fMRI-constrained
Wiener estimation substantially improved the spatial
resolution of imaging fMRI visible sources; however the
fMRI invisible sources were considerably underestimated
(Fig.3.D). In contrast, the Twomey solution exhibited high-
resolution reconstruction of the fMRI visible sources
comparable to Wiener estimate, and it also remarkably
accentuated and improved the estimation of activity

A} Five Dipole Sources B) Weighted Minimum Norm C)fMRI Activation

F) Three dipole sources G) Weighted minimum norm H) MR covering
- 2 extra regions

D 0.024
0

associated with the fMRI invisible sources (Fig.3.E). This
example demonstrated the efficacy of Twomey algorithm in
revealing fMRI invisible sources.

The lower row shows an example with three unitary dipole
sources (Fig.3.F). Except covering all of these three sources,
the fMRI activation included two more extra regions without
EEG sources (Fig.3.H). Similar as the first example, WMN
solution had low resolution (Fig.3.G). For both Wiener and
Twomey solutions, the fMRI visible sources maintained a
high-resolution reconstruction. However, in Wiener solution
slightly spurious sources appeared in the extra fMRI regions
(Fig.3.I). By use of Twomey algorithm, the spurious sources
induced by the fMRI extra areas appeared with smaller
intensity in the reconstructed cortical source image (Fig.3.J).
This example demonstrated that the fMRI extra sources did
not significantly distort the fMRI-EEG integrated cortical
imaging using either the new Twomey algorithm or the 90%
fMRI-constrained Wiener filter approach. The slightly
spurious sources that may occur within the extra fMRI
regions for the Wiener filter approach can be further
suppressed by using the alternative Twomey algorithm.

Fig. 4 shows the PSF values for all three algorithms (WMN,
Wiener and Twomey) in 100 random trials with 5 unitary
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D) Wiener

Iy Wiener

point sources and SNR=5. The simulated fMRI activations
covered 4 sources, leaving one source to behave as an fMRI
missing source. Fig. 4.A) shows the mean PSF averaged over
the four fMRI visible sources in each trial. Clearly, both
Wiener and Twomey resulted in much smaller PSF of fMRI
visible sources than WMN. However, for the fMRI invisible
source (as shown in Fig. 4.B), considerably larger PSF was
found for Wiener than for WMN. The values of PSF of the
fMRI invisible source for Twomey was much smaller than
those for Wiener, and in many trials they were even smaller
(or at least comparable) than WMN solution. Fig. 4.C)
illustrates the PSF of the fMRI invisible source for both
Wiener and Twomey algorithms as a function of the
respective PSF value in WMN solution in the same trial.

0.34 0.25
Do DD

E) Twomey

Fig. 3. Typical examples of effects
of fMRI invisible and fMRI extra
sources on three cortical source
imaging methods: EEG-alone
weighted minimum norm, 90%
fMRI-constrained Wiener filter
and Twomey algorithm. The
upper row shows the results of
simulation on fMRI invisible
sources; the lower for fMRI extra
sources.

DO.TT
0

J) Twomey

0.168
D 0

Clearly, as for the fMRI invisible sources that were more
“visible” (with smaller PSF values) in WMN solution, it was
more obvious to observe the improvement by use of Twomey
algorithm relative to Wiener. If the fMRI invisible sources
could hardly be imaged even in non-fMRI-biased WMN
solution, Twomey algorithm was also less helpful in
revealing such fMRI-missed sources.

Fig. 5 summarizes the effects of displacement of fMRI
active region relative to the associated electric current dipole
source on the localization error of fMRI-EEG integrated
imaging approaches (Wiener and Twomey), in comparison
with EEG-alone WMN solution. The bars in Fig. 3 represent
the mean LE averaged over 100 random, with or without
different levels of fMRI displacement (5, 10, 15 or 20 mm).
The WMN solution had a mean localization error around 1-
cm, and the error tended to decrease with higher SNR. With
accurate fMRI priors, the fMRI-constrained solutions in both
Wiener and Twomey had much smaller mean LE (about 4 to
5-mm) than WMN, and Wiener gave slightly smaller LE
than Twomey. If the fMRI activation was displaced away
from the electrical source, the LEs for both Wiener and
Twomey increased when the displacement was enlarged.
With a smaller fMRI displacement (e.g. 5S-mm), the LEs for



Wiener and Twomey were very close, whereas with a
relatively larger fMRI displacement (e.g. >1.0cm), Twomey
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Fig. 4. The values of Point Spread Function (PSF) for either fMRI
visible sources or fMRI invisible sources in 100 random trials.

gave smaller LE than Wiener. Moreover, even with the fMRI
displacement as large as 2-cm, Wiener and Twomey still had
smaller LE than WMN solution, except at SNR=10 Wiener
had larger LE than WMN. This finding suggests that the
incorporation of fMRI spatial prior even with less than 2-cm
displacement was still helpful to localize the electrical
sources, compared to the EEG-alone WMN solution.
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IV. DISCUSSION AND CONCLUSIONS

We have developed a new multimodal Twomey algorithm
to integrate fMRI and EEG for cortical source imaging. The
performance of the proposed Twomey algorithm has been
evaluated via a series of computer simulation. The present
results demonstrate that 1) relative to EEG-alone solution,
higher spatial resolution can be achieved by using fMRI
priors in cortical source imaging; 2) the occurrence of fMRI
invisible sources is the most problematic factor that induced
the error of fMRI-EEG integrated cortical source imaging; 3)
under invalid fMRI priors, the Twomey algorithm provides
better performance than the 90% fMRI-constrained Wiener
filter approach.

In order to accurately integrate the fMRI and EEG/MEG,

it is important to better understand and quantitatively model
the coupling between electrophysiological and fMRI signals
with the underlying neural activities. However, at the current
stage when such a quantitative relationship between these
signals are not yet well established, our proposed Twomey
algorithm represents a contributive advancement over the
conventional approach (90% fMRI weighted Wiener filter
approach) to achieve high resolution spatiotemporal mapping
with improved robustness against the presence of invalid
fMRI prior information.
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