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Abstract: Magnetoencephalography (MEG) allows for a
detailed tracking of when and where the information
processing is going in the human cortex. However, how
many distinct cortical regions can be separated from the
data represents a challenging problem not only for MEG
but also for all other noninvasive functional brain imaging
methods. The goal of our numerical simulation studies was
to examine the ability of MEG to discriminate between

multiple focal sources simultaneously active at single
instant in time or either simultaneously or sequentially
activated across time. I(e examined the effects of the choice

of dffirent

measures

of

goodness-of-fit, actual source

parameters, measuring noise levels, and minimizers used.

The reduced chi-square saturation provided

a

correlation, and noise level. Normally distributed noise was

added

to the calculated field distributions. The

normal

component of the magnetic field, as recorded by a secondorder gradiometers with a coil diameter of 1.5 cm and a
baseline of 4 cm, was calculated at 135 measuring locations
over a portion of spherical surface (R:11.3 cm). Multiple
dipole in a sphere model was assumed for the data. The
model order, i.e. the number of assumed dipolar sources,
was varied and three measures of goodness-of-fit were
evaluated: 1) percent of variance (%Y); 2) reduced chisquare (X.t); and 3) a modified cost function (MCF) as
proposed by [3]. Monte Carlo simulations were conducted
to assess effects of measuring and modeling noise [4].

reliable

method of determining the number of resolvable sources.

RESULTS

INTRODUCTION

Figure l, panel A, shows Xr2 values that were obtained
when multi-dipole source models of increasing model

Rapid developments and increasing clinical capabilities

of neuromagnetic techniques rely on their ability to track
both in space and time streams of cortical activity on a
millisecond time scale. This represents a distinct advantage
of electromagnetic measures of neuronal activities such as
EEG and MEG that measure directly neuronal activity.
Both of the noninvasive measures, however, require
modeling assumptions, the use of statistical techniques, and

efficient global minimizers in order to estimate the
locations and timecourses of the underlying neuronal
substrates. There is no single method or empirical condition

that would guarantee the resolution of all sources that are
active. Visual modality was particularly challenging in that
regard and the empirical studies conducted at Los Alamos
National Laboratory [e.g., l-2] were the main reason for
engaging into extensive simulation studies over the years.
Single stimulus presentations, depending on the stimulus
conditions and the time interval considered, evoked 3-5
active regions, each of which demonstrated retinotopic

organization

of early activity ll-2).

Simultaneous
presentations of stimuli was particularly challenging for the
source localization and motivated us to consider more

closely the consequences on the parameter estimation
accuracy due to the evoked source proximity [2].

METHOD

orders (1 to 6) were applied to simulated data generated by
2, and 3 dipolar sources. Adequate Xr2 values were
obtained for each model order assumed to the single-dipole
configuration. However, for the 2- and 3-dipole data, a ldipole model, and
and 2-dipole models, respectively,
could be rejected as shown by the X,2 values significantly
above the assumed confidence level. Therefore, in all cases

l,

l-

shown, the smallest model order for which adequate
minimum X,2 values were obtained corresponded to the
accurate number of dipoles, i.e., all active sources were
resolved. Figure

l,

panel B, shows that the ability to resolve

multiple simultaneously active sources by relying on the
saturation of the minimal adequate Xr2 values was not
affected by errors introduced by either underestimating or
overestimating the standard deviation of noise. However,
the identification of the accurate number of sources was not
possible in all cases considered.
Our simulations showed that the neuromagnetic source

discrimination was affected strongly by the proximity of
sources, the measuring noise level, but also by the choice of
fit. Percent of variance values
demonstrated to be highly dependent on the signal-to-noise

the measure-of-goodness of

(Sn{) ratio and therefore significantly affected its use for

the neuromagnetic source discrimination. For example,
percent of variance values bellow 90oÄ were obtained for
the models adequate in a X.2 sense and the data for which

Instantaneous and spatio-temporal neuromagnetic field
distributions were generated by 2- and 3-dipole
configurations embedded in a spherical conductor. A series
of data sets were simulated by varying source location and
orientation parameters, moments or degree of temporal

even visual inspection would suggest multiple sources
(actual source separations more than 5 cm). In cases in
which the SAi ratios were rather high values above 95%o
were obtained also for the inadequate (in a X,2 sense)
models.
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Monte Carlo simulations demonstrated that parameter
estimation accuracy decreased significantly, as well as their
precision, when the model order higher from the minimal
adequate one was assumed. However, the use of a modified
cost function allowed the addition of extra dipoles with
only a minor effects on parameter estimation accuracy since
the moments of the extra dipoles were very close to zero.

of the

accurately the onset, duration, and the shape of the dipolar
source activity over time. In general, the resolution of all
active sources is not granted and limits in source resolution
were reported in our previous studies [5].
In some of our simulation studies the model orders were
systematically increased from I to 6 in order to examine the

effects

of

under- and over-modeling on Xr2 values and

()3

parameter estimation accuracy. In typical empirical data
analysis such an extensive search across model orders is
certainly not necessary. However, both inadequate and
adequate model orders should be considered and according
to our simulations were the most efficient way to determine
the resolvable number of sources. While the use of a
modified cost function indicated that a search over model
orders might be avoided, the need for a search over a range
of weighting factors remained. The latter search was even
more challenging since the optimal choice of the weighting
factor was related to the actual source configuration,
unknown in empirical cases.

E2
o

measure

ltl
o

discrimination and related limits

However, the choice

affected parameter estimation

cases resulted

in too

weighting factor strongly

of all sources and in

some

improbable values indicating

inadequacy of the model assumed.
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to the sensitivity to the choice of the
the neuromagnetic source

goodness-of-fi1,

in

source resolution,

depends strongly on the use of adequate source modeling
assumptions. Both of these issues, especially the latter one,
influence and stimulate continuing disagreement between
the results of various researchers attempting to assess the
spatial resolution of neuromagnetic techniques. The use of
distributed source models, often based on minimum nonn
approaches, leads to conclusions of a significantly poorer

spatial resolution of two or more focal cortical sources
compared to the use of other, more adequate, source
modeling assumptions for such an activity.
REFERENCES

tll

34
E2
tr

0

addition

0123456

Model order

Figure 1: Minimum reduced chi-square values when
increasing model orders were applied to noisy field
distributions (panel A). In panel B, the minimum X.2 values

were calculated by using correct as well as under- and
overestimated standard deviations of the noise added to the
data that were generated by 2 synchronously active sources.

CONCLUSIONS

Multiple focal neuromagnetic sources modeled by
multiple dipoles in a sphere model can be successfully
resolved in many cases provided efficient measure of
goodness-of-fit was applied. The reduced chi-square
saturation provided a reliable method of determining the
number of resolvable active regions. In cases that number
corresponded to the actual number, the estimated location
parameters, were accurate, under typical empirical
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conditions, and the estimated timecourses reproduced
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