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Introduction 

Except for the special case of singly active sources, characterization of the 3D spatial 
resolution of magneto- and electro-encephalography (M/EEG) remains an open issue. 
The underlying difficulty arises from the circumstance that most source estimators 
aim to solve a global inverse problem, that is, to find a complete solution in the brain 
that can account for all measured data at the outer head surface (typically with 
regularization). Whether the underlying source model is discrete and overdetermined 
(e.g., several dipoles) or distributed and underdetermined (e.g., cortically constrained 
current density), all global estimators yield source estimates that are linearly coupled 
across locations. Consequently, an estimation error at one location propagates errors 
to other locations in a complex network, which renders spatial resolution difficult to 
characterize in general. Local source estimators, on the other hand, do not attempt to 
solve the global inverse problem. Rather, they solve for linear transformations of the 
measurements that optimize, in some sense, estimates of source activity at a given 
location, independently of estimates at other locations. A linearly constrained 
minimum variance beamformer ([1], [2], [3]) is an example of an underdetermined 
local estimator, whereas optimally localized averaging (OLA) of both multiplicative 
(MOLA, or Backus-Gilbert method [4]) and subtractive (SOLA [5]) varieties are 
overdetermined local estimators. 
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REGAE 
 
We describe a new regional approach to local source estimation, called REGAE 
(regional activity estimation), which has SOLA as its nearest relative.  SOLA 
optimizes a tradeoff between two parameters (spatial resolution and noise sensitivity), 
whereas REGAE, specialized for probabilistic regions centered on a point (pREGAE), 
optimizes a tradeoff between three parameters (false alarm rate, hit rate, and spatial 
resolution) within the framework of signal detection theory. Specification of a 
threshold converts an estimator into a detector. False alarm rate is the probability of 
falsely detecting a source signal from a region of interest (ROI) when the measured 
activity actually has no ROI component.  Hit rate is the probability of correctly 
detecting ROI signals in the presence non-ROI signals and other noise.  Jointly, false 
alarm rate and hit rate determine a detector’s discriminability, indexed by 'd , which 
is the area under the receiver operator characteristic (ROC) curve.  In the case of 
pREGAE, the ROI has a 3D gaussian probability density centered on a point of 
interest. Signal discriminability increases as the spatial spread of this distribution 
increases.  Thus, there is an inherent tradeoff between spatial resolution and signal 
discriminability, which pREGAE attempts to optimize.  Using realistic head and 
source space models, we characterize this theoretical tradeoff as a function of EEG 
sensor density (32 to 256 channels) and source location (parietal, temporal pole, and 
anterior cingulate cortices). 
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Regional Activity Estimation & Detection 
 
An estimator of regional source activity is a function f , which has the general form 

ˆ [ , , , , , ]( )sp sig cfg snrfα = S S R M M H v  

where 
α̂  Estimated total activity in a region of interest 

spS  Source space model = locations and orientations of current dipole elements 

sigS  A priori model of signal statistics in the source space 

R  Region of Interest (ROI) = source space vector with values in [0,1] 

cfgM  Geometric configuration of sensors, which determines a measurement space 

snrM  Statistical models of signal & noise in the measurement space 

H  Head model of volume conduction from source signals to measured signals 
v  Measurement vector 

 
Given an estimator, a detector of activity in a ROI is determined by specifying a threshold, θ , 
such that ROI activity is judged to be present if and only if α̂ θ> .  Detection performance is 
characterized by varying the threshold to generate a ROC (receiver operator characteristic) 
curve of hit rate (1.0 – Type II error probability) as a function of false alarm rate (Type I error 
probability).  REGAE assesses estimation quality via signal detection performance. 
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BEM Head Model 
(Scalp & Inner Skull shown) 

 
256 Electrode Configuration

 
Source Space model: 
Tetrahedral mesh of a 
gray matter segmentation 
of the MNI average brain 
(3152 locations, 3 dipoles 
per location) 

Source signal statistics 
were assumed to be 
gaussian and i.i.d. 
throughout the source 
space. 

Regions of interest were 
defined as 3D gaussian 
distributions centered on 
points of interest. 

The total signal subspace 
of measurement space was 
unrestricted, and 
instrumental noise was 
assumed to be zero. 

Based on the principles of regional projection and 
maximum ROI/non-ROI discriminability, the REGAE 
estimator determines a matrix E , in a manner to be 
described elsewhere, such that T Tα̂ = v E Ev . 

Specific assumptions made in this study 
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Results 
 
ROIs:  Figures 1(a), 2(a), and 3(a) show concentric ROIs centered on points of interest in 
parietal, anterior cingulate, and temporal pole cortices, respectively.  Each ROI is restricted to a 
gray matter segmentation of the MNI average brain.  Shown are the full-width at half-
maximum (FWHM) diameters for gaussian spreads about the points of interest. 
 
ROC curves: 256-channel receiver operator characteristic (ROC) curves for the three regions, 
for various spatial spreads, are shown in figures 1(b), 2(b), and 3(b).  Hit rates were obtained by 
simulating independent and identically distributed activity throughout the source space, 
including the ROI, whereas false alarm rates were obtained by simulating non-ROI activity 
only.  These curves illustrate the inverse relationship between signal discriminability and 
spatial resolution.  For example, in the parietal region using 256 EEG channels, if the 
probability of a Type I error (false positive) is fixed at 0.05, then Type II error (miss) 
probabilities of 0.70, 0.30, 0.10, and 0.03 can be achieved via spatial spreads (FWHM) of 20 
mm, 30 mm, 40 mm, and 50 mm, respectively. 
 
Discriminability/Resolution curves:  In figures 1(c), 2(c), and 3(c), ROI/non-ROI 
discriminability (d’ = area under the ROC curve) is plotted as a function of spatial spread of the 
ROI (= 1/resolution) for 32, 64, 128, and 256 channel configurations.  The resulting curves are 
S-shaped (clipped on the right), with different characteristics for different regions.  Of the three 
regions, the parietal performance was best.  For each doubling of the number of channels, there 
is a significant improvement of discriminability/resolution, which continues up to 256 
channels. 
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Parietal ROIs 
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Fig. 1(a)
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Parietal Region ROC Curves 
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Fig. 1(b)
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Parietal Discriminability/Resolution Curves 
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Fig. 1(c)
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Bilateral Anterior Cingulate ROIs 

Color FWHM, mm 
white 10 
blue 20 
red 30 

green 40 
yellow 50 

)

                        

Fig. 2(a
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Anterior Cingulate Region ROC Curves 
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Fig. 2(b)
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 Anterior Cingulate Discriminability/Resolution Curves 
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Temporal Pole ROIs 

Color FWHM, mm 
white 10 
blue 20 
red 30 

green 40 
yellow 50 

F

                         
ig. 3(a)



                                                                                                                                                                                              HBM 2001 - 13 

Temporal Pole Region ROC Curves 
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Fig. 3(b)
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 Temporal Pole Discriminability/Resolution Curves 
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Fig. 3(c)
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Discussion 
 
References [6], [7], and [8] illustrate the difficulty of characterizing the 3D spatial resolution of 
M/EEG when more than one or two point sources are simultaneously active.  Here we have 
introduced a new framework for source estimation, called REGAE, which provides an 
alternative approach to this problem.  Since any or all locations within the brain’s source space 
might contribute to the measured activity, the problem is to distinguish “source states” that 
have a ROI contribution from those that do not.  Thus, there is an inherent tradeoff between 
spatial resolution (the reciprocal of ROI size) and discriminability of ROI versus non-ROI 
signal.  Here we have assumed a maximum entropy distribution of the source states, that is, 
equal and independent probabilities of activity across all locations in the source space.  Because 
we have assumed in this study that everything of brain origin is signal of interest, the present 
analysis is particularly applicable to the estimation of ongoing brain activity. 
 
Based on the three regions considered, it is apparent that signal discriminability and spatial 
resolution can vary considerably as a function of location of interest in the source space, with 
better performance for superficial cortex in the upper hemisphere of the head (where most of 
the sensors are located).  At the same time, these “calibration curves” permit the equalization of 
different points of interest with respect to signal discriminability by varying ROI size. 
 
The curves obtained here for EEG represent currently attainable discriminability and resolution, 
but not necessarily absolute limits.  We expect to improve performance by using cortical 
surface source spaces for individual subjects, and by extending the analysis from ongoing 
activity to event-related activity via signal/noise models for specific tasks. 
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