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ABSTRACT

This article describes a new method for 3D QEEG
tomography in the frequency domain. A variant of Statistical
Parametric Mapping is presented for sourca log spectra.
Sources are estimated by means of a Discrete Spline EEG
inverse solution known as Variable Resolution
Electromagnetic Tomography (VARETA). Anatomical con-
straints are incorporated by the use of the Montreal
Neurological Institute: (MNI} probabilistic brain atlas. Efficient
methods are developed for frequency domain VARETA in
order to estimale the source spectra for the set of 10%-1(F
voxels that comprise an EEG/MEG inverse soiution. High
resolution source Z specira are then defined with respect to
the age dependent mean and standard deviations of each
voxsl, which are summarized as regression equations cak
culated from the Cuban EEG normative database. The sta-
tistical issues invoked are addressed by the use of extreme
value statistics. Examples are shown that. illustrate the
potential clinical utifity of the methods herein developed.

INTRODUCTION

me quantitative evaluation of the frequency content of
EEG b&ground activity has been the focus of intense
research activity for several decades."® Though other
aspects of EEG activity may be measured,’ quantitative
electroencephalography (QEEG) has been, to date, aljost
exclusively based upon spectral analysis.

The seminal work by Matousek and Petersen (1973)
showed the age dependence of broad band EEG spectral
parameters (BBSP) and the possibility of constructing age
corrected tables of these measurements to highlight
pathology. Subsequent work by John et al {1980)¢ estab-
lished the use of both a) regression equation of QEEG
parameters with age (“developmental equations”) to partial
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out the variation due to normal brain maturation, and b} the
Z transform, to quantify the deviation from normality. This
work also underscored the importance of log transforming
BBSP to conform to the requirements of parametric statis-
tics. Shortly thereafter, Duffy et al {1981)" introduced the
technique of Statistical Probability Mapping and the idea
that mapping of statistics derived from EEG and EP signals
could help to tocalize brain abnormalities. The increase of
diagnostic accuracy accruing from use of these procedures
was discussed in John et al. (1988).° Subsequently, the
use of developmental equations was shown valid for sub
jects from Cuba® and from many different cultures.

Assessments of this technique have documented its
present utility in many clinical applications. A number of
classification algorithms based upon QEEG have been
described. The area ‘A’ under the Receiver Operating Curve
(ROC) assessed the diagnostic accuracy of a specific set of
BBSP. The ROC curve is a plot of True Positive probability
vs. False Positive probability,® and varied from a chance
level for some disease entities to more than 0.8 in tumors
and epilepsy.” The major recent developments of QEEG
have been directed toward increasing its sensitivity and
specificity for the detection of abnormal background
rhythms, especially for classification of major categories of
neuro-psychiatric diseases (see review in Hughes and
John, 1994).%

High, independently replicated specificity and sensitivi-
ty of multiple discriminant functions has been demonstrat-
ed for differential classifications of a number of different
neuro-psychiatric pathologies. Cluster analyses based
upon QEEG measures have revealed the existence of het-
erogeneous pathophysiclogical subtypes within sympto-
matically homogeneous samples of patients, with differen-
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tial response to treatment or evolution of illness, and for
identification of subtypes predictive of differential evolution
or response to treatments, s

Further improvements in diagnostic accuracy were
obtained by the use of the full EEG spectrum. In High-
Resolution QEEG,™ the means and standard deviations of
the log spectrum are summarized as “developmental sur-
faces” that are a funefion both of age and frequency, The Z
transform of the log spectrum (Z spectrum) is then a nar-
row band counterpart to similar BBSP measures, though
the number of variables to evaluate increases and special
statistical techniques are needed to control the type
error.” Using ROC analysis,?' showed that the use of the
full log spectrum may increase the value of A up to 16% for
some pathologies when compared to BBSP,

In spite of these promising results for the detection of
abnormal background atiiity, the general opinion has
been that traditional or Topographic OEEG has very little to
offer in terms of focatization of underlying pathology. This
impression was corroborated in a study by Biscay et al
(1992)" in which Localization Operator Curves (LOC), the
localization problem analogues for ROC curves, were intro-
duced. LOC curves graph measures of False Positive and
False Negative pixels, weighted in accordance to their dis-
tances from the true localization of the lesion and the
region detected as abnormal by the ciassifier. LOC anaty-
sis showed that the lecalizing ability of QEEG parameters
obtained from the raw EEG was quite limited, even when
transformations such as multiiariate QEEG maps? or the
Laplacian® montaage are used.

The basic difficulty is that the events of real interest to
clinical neurophysiology are the primary currents of neuronai
ensembles in the brain, which are unobservable. The meas-
urements that are available to topographic QEEG are volt-
age or magnetic measurements on the scalp. It is clear that
the activity recorded at each sensor is a linear combination
of the activity of all generators due to volume conduction,
Furthermore, the different tissues of the head effectively act
as a spatial low pass fiter* that imposes additional smear-
ing. Thus, there Seems to be a basic limit tc the localization
capability of topographic QEEG due to the biophysics of
EEG generation. When this argument is reviewed, together
with the impressive achievements of several other image
modalities, # would seem that there is litthe possibility Jeft for
advance in terms of extracting localizing information from the
EEG or MEG recordings obtained in clinical settings. .
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Using spatio-temporal methods, an early demonstration
that this is not the case was provided by Scherg and von
Cramon (1985),® who decomposed the auditory evoked
potential into a reduced number of source waveforms, used
to provide an image of the source currents in activated
regions on the human auditory cortex and, shortly thereafter,
Scherg and ven Cramon (1990)* illustrated the clinical utili-
ty of this method in patients with temporal lobe lesicns, At
about the same time, Lehman” and Michel (1988)# demon-
strated that FFT data could be used for intracerebral local-
izalion of dipole sources of EEG power maps,

Intensified interest in EEG inverse methods is reflacted
in the increasing number of more recent publications
reporting methods to estimate 30 distributions of primary
current density that could explain observed brain electric
and magnetic fields,2** Parficutar impetus to such efforts
was provided by the description of a method for Low
Resolution Electromagnetic Tomography, or LORETA.®
This report was shortly followed by the initial work by mem-
bers of the present group on Variable Resolution
Electromagnetic Tomography™ and related MEG efforts
at sourge localization.” These were the initial attempts to
develop an EEG/MEG “Tomography” that would integrate
the high temporal resolution of eleclrophysiclogical meas-
urements with the spatial or metabolic information provid-
ed by other neuro-imaging modalities.”

Of particular interest are techniques for using individ-
ual or probabalistic anatomical information provided by
MR to constrain EEG/MEG inverse solutions to the
sites where primary currents might be generated. These
constraints contribute to overcome the non-uniqueness of
the inverse solutions. The use of EEG/MEG Tomography
makes it possible to reformulate OEEG techniques in a 3D
anatomic framework. Current methods for EEG/MEG
Tomography allow the calculation of ‘source derivations”
that are estimates of the time varying activii of neural
generators. This paper focuses upon spectral analysis of
these source derivations as a natural extension of existing
frequency domain QEEG techniques. This can be desig
nated as Tomographic QEEG." The present method
extends topographic QEEG to a spatially low-resolution
tomographic QEEG that might be both practical and of
potential clinical utility.*t

Accomplishment of such an extension required recon-
ciliation with several realistic issues and the implementa-
tion of a number of new procedures:

*In an ordinary chnical setling, i is not feasible to obtain a high resolution MA| befere each individual EEG recording, The use of statistical brain atiases™ 5775
offers the possibility of incorporating probabilistic: anatmoical constraints info the EEG/MEG inverse solution, The Montreal Neurolagical nstitute (MNI} proba-
bilisic atias* is used here to constrain a Discrete Spline EEG inverse solution, known as Variable Resoluion Electromagnetic Tomography, or VARETA ¥
Confiymation that acceptably accurate source localization is provided by the use of this Probabilistic MR) Alas has been demonsiraled by toncordance of
VARETA images with CT scans, in numerous individual patienis with space occupying o cerebrovascular lesions by Femandez-Bouzas et a (1997, 1998,

19994 and Prichep et al (2001).%

A summarized version of the results of this paper was presented at the 14th International Congress of EEG and Clinical Neurephysiology >



CLINICAL ELECTROENCEPHALOGRAPHY

1. Methods are developed in this paper for frequency
domain VARETA, which estimates the source spectra
for each of the 10%10° voxels that comprise an
EEGMEG inverse solution. An efficient algorithm,
based upon the computation of the square mot of the
cross-spectral matrix,*' is presented here.

2. High resolution source Z-spectra have been defined*
and age dependent means and standard deviations for
the log spectrum of each voxel have been summarized
as regression equations calculated from the Cuban
normative EEG database.

3. Avariant of Statistical Parametric Mapping? is introduced
here for the first time to assess the significance of source
log spectra. The statistical issues involved are soived by
the use of extreme value statistics, as has been dis-
cussed in Galdn et al (1994) and placed upon a firm
theoretical basis in Worsley et al (1995).® This paper is
restricted to analysis based upon an eyes closed resting
EEG from 19 scalp electrodes placed according to the
International 10/20 System. The effect of using a larger
number of electrodes will be discussed elsewhere.

4, Examples are shown that illustrate the potential clinical
utility of VARETA, based upon data from only 19 leads.

METHODS
Normative PEEG data

The results to be presented below are based upon
EEG recordings from normal subjects obtained from the
Normative Cuban digiial EEG database.” To construct
this database, 276 subjects (133 male, 143 female) were
randomly selected from a register of 116,000 inhabitants
of different municipalities in Havana City. Using a strati-
fied design, a sample was obtained with an age range
from 5 to 97 years and a quasi-logarithmically spaced dis-
tribution (yearly from 5 to 15.9 years old; every two years
from 16 to 19.9; every five years from 20 to 97). Strict cd-
teria for selection, which excluded 65% percent of the
original population, resulted in this sample, considered
“functionally healthy.”

The EEG recordings from these subjects had been
obtained using the MEDICID-03M system. The ampiifier
specifications of this system were: gain of 10000 dB, low
cut at 0.5 Hz and high eut at 30 Hz, 60 Hz notch filter and
a noise level of 2 mV RMS. The sampling frequency was
100 Hz. Nineteen menopolar derivations of the 1020 sys-
tem were recorded {FP1, FP2, F3, F4, C3, C4, P3, P4, O1,
02, F7,F8, T3, T4, T5, T6, Fz, Cz, Pz) using linked ear-
lobes as a reference. The impedance of all derivations was
required to be below 5 K. Eye movement artifacts were
monitored by use of the electro-cculogram (EQG).

Artifact free segments of 2.58-sec. duration were
selected by means of visual editing by an expert elec-
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troencephalographer, who was also requested to eliminate
obvious changes in state such as drowsiness. Twenty-four
such segments of eyes closed (EC) EEG were collected
from each subject. It has been shown that quantitative
analysis of this amount of EEG yields a stable replicable
set of QEEG measures b1+

Frequency domain distributed source analysis

The source analysis in the frequency domain consists
of the following steps:

First, as is usual in QEEG analysis, time domain EEG
data is transformed to the frequency domain (see Appendix
A). Using each frequency in every channel, the complex
covariance matrix, known as the cross-spectra, is calculat-
ed. When analyzing topegraphic spectra, only the real vak
ues [the diagonal of the cross-spectral matrix) are used.
However, as is shown in Appendix B, calculation of the
source spectra for tomography requires the use of the full
information, which is available in the ¢ress-spectral matrix.
This is because the tomographic inverse solution is a linear
mmbinatiin of both the spectra and cross-spectra derived
from the surface recording. In other words, the additional
information contained in the EEG cross-spectra guantifies
the inter-correlations of electrical activity among é&lec-
trodes, which provides essential constraints upon potential
configuration of sources.

Second, the cross-spectral matrices obtained from the
surface are used to calculate the cross-spectral matrices of
the sources for each frequency. To do this, it is necessary
to obtain an estimate of the primary currents in the sources
that generate the voltages measured in the electrodes dur-
ing the EEG recording. This problem is known as the
“inverse problem (iP) of electraencephalography.” It is well
known that the IP problem has no unigue solution. A num-
ber of methods have been proposed to circumvent this did-
ficutty. In this paper, we use the method developed by
Valdes and his collaborators,®® named Variable
Resolution Electrical Tomography (VARETA).

VARETA is a technique for estimating the distribution
of the primary current in the source generators of EEG
data. Like Low Resolution Electromagnetic Tomography
or LORETA* VARETA is a Discrete Spliie Distributed
Solution.” Spline estimates are the spatially smoothest
solutions compatible with the observed data. However,
while LORETA imposes maximal spatial smoothness.
VARETA imposes different amounts of spatial smooth-
ness for different types of generators, the actual degree
of smoothness in each voxel being determined by the
data itself, hence the use of the term variable resolution.
VARETA allows spatially adaptive nonlinear estimates of
current sources and eliminates ‘ghost solutions” (artifac-
tual interference patterns), which are often present in lin-

*Preliminary papers describing VARETA can be found at http:/fwww.geocities.com/CapeCanaverai/Lab/80g4/
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ear distributed inverse solutions.* Due to this procedure,
VARETA produces focal solutions for point sources, as
well as distributed solutions for diffuse sources.

Understanding this nonlinear estimation procedure
requires some further comment. Bayes theorem is used
whenever a priori constraints are necessary in a statistical
estimation problem. Both LORETA and VARETA are
Bayesian estimators of the primary current. While LORETA
assumes a fixed “smaocth” covariance matrix for the primary
current, VARETA estimates the spatial covariance matrix
and actually uses the results to impose voxel current gradi-
ents which best conform to its assumptions of smoothness.
Together with the use of voxel Z scores {see discussion of
effects of Z in Appendix B), this acts to diminish the domi-
nanoe over deeper saurges otherwise assigned to sources
near the surface of the cortex. The effectiveness of these
steps can be gauged by the apparent ability of VARETA to
lncalize deep sources accurately.**** In addition, anatomical
constraints are placed upon the allowable solutions by intro-
ducing a “gray matter weight” for each voxel. The effect of
these weights on the inverse solution is to prohibit sources
where the mask is zero (for example, CSF or white matter).
VARETA solutions are plotted in proportional Tajairach
space using probability masks derived from the average
Probabilistic MRI Atlas produced by the Montreal
Neurological Inslilute.®*# The mean head used in this
work was obtained4 by averaging a set of 305 normal MRI
scans, transformed to Talairach space after being subjected
to nonlinear warping to match a set of 50 ¢common land-
marks. When a precise localization is desired, MRI scans of
an individual subject can be used.

An average head volume conductor model was con-
structed and placed in registration with the Probabilistic
MRI Atlas with the positions of the 19 electrodes in
Talairach space, as has been defined in Brain Electric
Source Analysis (BESA).% Further details of this three con-
centric sphere model have been described elsewhere.’
The version of VARETA in previous desctiptions,® =55
was developed for the time domain. In this paper, we
extend this methodology to the frequency domain. For
those readers interested in the mathematical aspects, a
detailed description of this procedure is provided in
Appendix B. The most outstanding feature of this imple-
mentation is that the cross-spectral matrices in the sources
are obtained directly from the cross-spectral matrices in
the surface. This greatly facilitates the computatiop.
QEEG for source spectra (QEEGT)

The methodology developed for the quantitative
analysis of the EEG (QEEG) at the scalp electrodes has
ken extended here to the sources. Two major steps
were required:

a) Previous studies?*681519%% have shown that the loga-
rithmic transform ensures approximate Gaussianity both
for broad band as welt as narrow band absolute power
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spectral parameters. Following this approach a regres-
sion modef was fitted for the full set of frequencies and
all voxels. (See Equation (9) in Appendix B). Therefore,
age regression equations were calculated for the source
spectra for the full frequency range, from a database of
normal subjects. Evaluating these equations for every

0.39 Hz narrow band across the frequency range 0.39 to

19 Hz and the age range (5 to 97 years) of the norma-

tive database, 3D surlaces of the evolution of the EEG

spectra for each source were obtained.

b) The techniques that have been developed by Valdés et
al (1990, 1882)*= for the statistical parametric mapping
of lhe log spectra calcuiated from scalp recordings were
now extended to the analysis of source spectra. In order
to evaluate the statistical probability of any voxel value al
any frequency, it is necessary to compare the log trans-
formed source spectra with age matched normative vak-
ues for the corresponding voxel. This transformation was
initially introduced by John et al. {1977} to achieve a
known standard distribution for al QEEG variables. To
achieve similar known distributions for values to be used
in VARETA, we have defined the Z transform for the
source spectrum (Equation (10) in Appendix B). This
permits the calculation of Me Z transform for every voxel
at every frequency, relative to the age expected norma-
tie values. The result yields a 3D image of Z values for
all the sources at each frequency, which can be viewed
as a statistical pobabilii tomographic image, with each
voxel color-coded proportional to its Z score.

Use of the Z-transform not only provides an objective
criterion for estimation of statistical significance, but also
confers an additional major benefit. Rescaling each voxel
at each frequency to Z-values, in conjunction with the use
of variable rather than fixed resolution and the spatial con-
straints provided by use of a probabilistic mask restricting
swrces to gray matter, acts to diminish the relative contri-
butions to VARETA images from swrces close to the sur-
face. Without this mitigating modification, sources near the
cortical surface would dominate the images and effectively
mask the detection of deep-lying sources (Equation (6) in
Appendix B shows another way to deal with such domina-
tion by the more superficial sources). The effectiveriess of
Z transform in this reaard will be illustrated by simulations
in a subsequent paper.

Z values may be displayed either:

«as a funclion of frequency (Z source specira) at a

given voxel, or

« as a function of selected tomographic slices {Z image)

spaced at intervals which correspond to the slices in
the Talairach atlas (depending upean the orientation of
the slices, the interval between them varies from
about 4 to 17 mm),

Special purpose 3D graphic tocls were developed in
order to allow such interactive evaluation of the large
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Scatter plot of me source spectrum with age. Vertical axis: the spectrum at frequency 9.75 Hz for a voxel near the calcaring sulcus,
Horizomtal axis: age. The thick lines are the regression curve and the 95% corfidence intervals for the data.

amount of transformed data that is available. The tomo-
graphic slices can be scanned rapidly, in the transaxial, coro-
nal or sagittal planes. Afternatively, should it be desirable, a
brain electrical tomographic (BET) viewer software algorithm
enables visualization of the 3D image sticed along any
desired oblique plane. The anatomical identification of any
selected voxel is automatically displayed, based on the
probabilistic classification of brain tissues developed at MNL.

In a generalization of topographic maps, three-dimen-
sional color-coded images are generated, in which every
voxel is color-coded, scaled in units of standard deviations.
This quantifies the significance of the deviation of a given
voxel from the corresponding age matched normative
group. Extreme deviations from the normative values will
show up as “hot spots” as has become standard in
Statistical Parametric Mapping (SPM). ,

As with other variants of SPM, an important issue is the
correct assessment of the probability of deviations from the
norms. This must take into consideration the large number
of measurements and their cotrelation.? In this work, the
approach introduced by Worsley et al {1995 is taken.
This author uses the theory of Gaussian random fields to
compute the probability of the maxima or minima of image
data. Thii probability depends on the shape af the search
region as well as on the correlation between voxel values.

51

Regularization parameters

The source spectra for the 276 individuals in the “or-
mative database ware analyzed for each of 49 frequencies,
in steps of 0.39 Hz from 0.39 to 19 Hz, for a grid size of
3623 vaxels, yielding a basic database of approximately 49
million source spectra. In order to restrict the permitted
gradients from voxel to voxel and thereby specify the
amount of smoothing, a “regularization parameter” (see
equation (5) in Appendix B) must be calculated.

A major guestion was whether it was necessary to cal-
culate the regularization parameter for each single cross-
spectral matrix. The regularization parameter calculated
from the raw EEG crass-spectra of the normative subjects
varied considerably. However, after transformation to the
average reference and rescaling to standardize the geo-
metric power as the Global Scale Factor (see expression
(3) in Appendix A), the log of the regularization parameter
was well described by a Gaussian distribution with mean
0.22 and standard deviation 0.04. In view of this small
value for the standard dewiation, the regularization param-
eter was fixed to the mea” value. This accelerated the Cal-
culations by a" order of magnitude.

RESULTS

A quadratic regression provided a” adequate fit to the
data in all cases. The adequacy of the log transforms to
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Patiems of EEG source spectral maturation, The insets on the sides show the regression surfaces for the mean log source spectra of vox-
els from the right (A, C, E} and fefi (8, O, F) frontal, tlemporal and occipital fobes. Note symmetry of regression surfaces for homologous
fight-left voxels. Top inset shows axes: Z-axis is log spectrum, the x-axis is frequency (0.39 to 19 Hz) and the y-axis is age (5 to 97 years}.
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achieve the Gaussian distributions required for valid use of
parametric statistics is shown in Figure 1, which shows the
scatter plot of the values of log source spectra at 9.75 Hz
against age. Thii evidence was checked by means of stan-
dard goodness of fit tests for Gaussian@ The vertical axis
corresponds to the log of the spectral value at this fre-
quency for a voxel near ffie calcarine sulcus. The horizon-
tal axis corresponds to the logarithm of age. The lines over-
laid on the data points are the regression curve and the
99% confidence intervals obtained for the data.

New knowledge about the maturational changes in the
QEEG was generated from the developmental surfaces.
The full set of functions which define the mean value of the
log spectra of the sources in each voxel, es a function of
frequency and age, is the generalization of the “develop.
mental equations” of John et al (1977),2 and the “develop-
mental surfaces” of Valdés et al (1990)." They describe the
developmental changes of the EEG source spectrum with
maturation, for every voxet within the full volume of the
brain. Figure 2 shows some of these patterns of EEG
source spectral maturation.

For typical voxels from the different brain lobes, this fig-
ure shows developmental surfaces in which the Z-axis is
the mean value of the log spectra of the sources, the x-axis
is frequency (0.39 to 19 Hz) and the y-axis is age (5 to 97
years). The symmetry of the surfaces for homologous right-
left regions of the brain is striking. The main features of this
surface are similar to those described previously for topo-
graphic High Resolution QEEG.* A peak in the alpha band
is superimposed on a I/l type spectral component. The
alpha peak increases in height and frequency with matura-
tion and then slows at the upper age limit. This peak is well
localized in space and frequency and shows a clear ante-
rior-posterior gradient, being most prominent near the cal-
carine sulgus.

These features can be seen more clearly in Figure 3,
which shows the mean EEG log-source spectra for ages
10, 15, 25, and 50 years, for the voxels designated as B,
D, and F in Figure 2. Note that the scales for Figures 3 B,
B, and F are logarithmic and not equal. In fact, the spec-
trum plotted in F is much larger than that in B.

Figure 4 presents a number of examples intended to
illustrate some of the features and advantages provided
by VARETA, as well as to demonstrate the accuracy of
spatial localization and clinical sensitivity of Statistical
Parametric Mapping of source spectra. The frequency
selected for the illustration of the utility of VARETA images
for basic and clinical investigations was either at the max-
imum value of the topographic power or at the most abnor-
mal point in the Z-spectra of each example. A full descrip-
tion of each element of Figure 4 is provided in the legends
of Panels A-E:

In brief, Panel A illustrates the ttility of VARETA images
to deblur the excessively ditfuse and often misleadingly
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widespread distribution of activity seen at the scalp level,
produced by distance from the source and the smearing
influences of the scalp, skull, cerebrospinal fluid and
meninges. In this Panel, GEEG topographic (a] and VARE-
TAtomographic images (b) can be compared, as they were
computed from the same eyes closed resting EEG data of
one individual. The predominant and asymmetrical alpha
sources are lateralized to the left side in both images. It has
elsewhere been shown® that, depending on their direction-
al orientation, the tomographic map may reveal lateraliza-
tion of the strongest sources either ipsilateral or contralat-
eral to the predominant location of activity in the topo-
graphic map. The VARETA image (c) from the same sub-
ject and at the same frequency, but computed from the
eyes open EEG. Note the diminution of power that corre-
sponds to alpha blocking. A quantitative study of alpha
sources and their desynchronization is under preparation.

Panel 8 (ad) demonstrates the utility of Z-transforma-
Eon of every voxel in the source spectra. It presents a) the
raw VARETA image from a patient who presented with right
hemiparesis and aphasia and b) the comparable VARETA
image averaged across a group of healthy 76-year-olds

from the Cuban normative database. The raw difference (c)
between the VARETA images of the patient and the normal
group and (d) the Stafistical Probability VARETA Z-Image
are shown, to illustrate the improved localization of abnor-
mality obtained by replacing the raw data in each voxel by
the eclor coded value of the corresponding Z-score com-
puted for that frequency in that voxel.

Panel C illustrates the neuroanatomical locus of the
space occupying mass parietal meningioma found in the CT
of the same patient whose VARETA data ware shown in
Panel B. The multimodal congruence of the lesion seen in
the VARETA and CT images is apparent. Similar good neu-
roanatomical carresponidence has been described in other
radiological investigations of the utiiity of VARETA for tocal-
ization of space occupying brain lesions.

Panel D permits comparison of CT and VARETA local-
ization of a cerebrovascular lesion in another patient, who
presented with a left hemiparesis, right facial palsy and
dysarthria. As can be seen, the €T scan from this patient
revealed a hemorrhagic stroke in the right putamen and the
VARETA Statistical Prabability Image showed an abnor-
mality centered upon this brain region.

Panel E illustrates findings in a patient who presented
with a left hemiparesis. Clinical recovery was complete
after 15 days, indicating a reversible ischemic neurological
deficit, or RIND. While a CT scan (not shown) within the
first 24 hours was negative, a SPECT scan carded out in
the same time period {braught into registration with the
average head of the probabilistic brain atlas to construct
the illustrated 3D image) suggested an occlusion of the
anterior branch of the right middle cerebral artery. The
interpolated topographic QEEG Statistical Probability Map
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(See caption on facing page.)
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Figure 4.

NOTE: In the QEEG image in Panel A (a) and in Panel E (a. b, ¢} of this Figure, tie RIGHT side of the head is displayed en the RIGHT
side of the topographic image. However, radiologic convention was used in Panels B, C and D, and the LEFT side of the brair is
depicted on the RIGHT side of the tomographic VARETA and CT images.

Panel A (a-c; left to right):
a) Topographic map (viewed from above with tie face at the top of the map, 19 channel eyes dosed, resting EEG recording) of
ahsolute power (1 V?) at the peak of the Alpha band (9.75 Hz). from a normal 25-year-old male subject.

b) VARETA tomographic image of the source log absolute Alpha power flog 4 V°) at the corresponding peak (9.75 Hz). recorded from
the same normal individual (eyes dosed, resting EEG recording). In this and all other VARETA images depicted in this color plate, the
view is from below or in front 5o the left hemisphere is on the right side of ma image and sources are located in accordance with con-
straints provided by the MNI probabilistic brain atlas. Note the more focal distribution and muitiple loci of alpha source generators in
the tomographicimage.

This tomographic inverse solution was calculated using only 19 electrodes arrayed according to the International 10/20 System.

C) VARETA tomographic image of the source log absolute Alpha power, in the same subject and at the same frequency as in bj
above, bid far the eyes open resting EEG.

Panel B (a-d: left to right):
a) VARETA image of source log delta (2.73 Hz) in a 76-year-old male patient with right hemiparesis, who was aphasic.

b) VARETA image of the average normal source log defta (2.73 Hz) for healthy 76-year-olds, compuled from the Cuban nermative
datahase.

¢) VARETA image of the difference at 2.73 Hz between the 76-year-old patient and the average norma! 76-year-old.

d) Statistical Probability VARETA Z-image of the patient at 2.73 Hz. For comparison with the actual CT scan of this patient, see
Figure € (a).

Panei C (a, b; from top to bottomj:
a) CT scan of 76-year-old male patient, shown above in Panel B, with right hemiparesis and aphasia, revealing a hypodense region
refiecting edema surrounding a left parietal meningioma.

b) VARETAZ-image of this patient (same as in B, d), al the very narrow frequency band centered al 2.73 Hz showing abnormal
excessactivityin KN pareital region,

Panel D (a. b; from top to bottom):
a) CT sean of a 54-year-old female patient with hemiparesis, right facial palsy and dysartfiria which was diagnesed as a hemorrhagic
stroke in the right putamen,

b) VARETA Z-image of this patient, at the narrow frequency band centered at 1.56 Hz, showing abnormal excess activity with maxi-
mum in right putamen.

Panel E (a, b, ¢):
Data from & 72-year-old who presented with neurological symptoms which were eventually determined to reflect a reversible
ischemic neurological deficit (RIND). A CT scan of this patient within the first 24 hours was negative and is therefore not shown..
(Note mat in &, b, and ¢, the 3D images are viewed in diagonal orientation as if looking toward the lower right, with me right forehead
nearest O Me viewerand the nose at the lower right margin.)

a) Reconstruction of a SPECT study of this patient with a RIND, diagnosed as caused by an occlusion of the anterior branch of the
right middle cerebral artery. Note the asymmetry of rCBF that comaborates the clinical diagnosis. This 3D image was obtained by
placing the SPECT in registration with the average MNI head. The image has the same orientation as in b) and c}.

b) Topographic statistical probability map showing Z scares distribution at 4.29 Hz for this patient, maximum in right anterior regions.

¢) Tomographic VARETA statistical probability 3D image at 4.29 Hz for this patient, indicating a slow wave localized in the right ante-
rior regions just anterior to the region of least rCBF in the SPECT. The abnormal region in the topographic image is much more dif-
fuse than in the tomographic image. Note that the 3D images have been placed in normal orientation with the right side of the head
oNn me righf side of the image, to make more clear the good correspondence between the site of occlusion identified by these two
different functional imaging techniques
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of this patient, obtained during the same time period,
showed a highly significant but diffusely localized power
excess on the anterior regions of the right hemisphere. The
tomographic VARETA Statistical Probability Image was in
good correspondence with Me SPECT, exhibiting a maxi-
mal Z value in a region of the brain just anterior to the zone
of least rCBF shown in the SPECT study, but the abnor-
mality was more discretely loéalized than in the topograph-
ic QEEG image.

DISCUSSION

This paper extends classical QEEG methodology, orig-
inally developed to provide statistical evaluation of local
deviations from normative values of broadband spectral
parameters for scalp derivations and their interpolated
topographic mapping, to the tomographic localization with-
in the volume of the brain of the generators of such scalp
measurements. This requires determination of source der-
ivations as obtained by EEG inverse solutions and their
statistical evaluation. A particular type of EEG Distributed
tnverse Solution, VARETA, is used for this purpose. VARE-
TA is extended to the frequency domain, for the estimation
of EEG source spectra and cross-spectra.

The result of applying VARETA to identify the locus of
the alpha rhythm corresponds well to results obtained
wing frequency domain source localization based upon
equivalent dipole localization.®= Surface topographic EEG
maps reveal alpha rhythms extensively distributed across
the scalp albeit with posterior predominance. The VARETA
distributed inverse solution shows concentrated foci for the
alpha rhythm and thus lends support to a localized origin
for this rhythm in normal subjects.

One of the main abjectives of the present paper was to
describe the development of tomographic QEEG methods
that could be used with conventional digital EEG recording
systems and procedures. In order to enable widespread
clinical utifization of VARETA, two obstacles had to be
overcome: the need for a) individual high resolution MRI
seans and b) for spatially dense arrays of EEG electrodes
as prerequisites for achieving useful localization. The first
goal was reached by using a probabilistic brain atlas in the
calculation of the inverse solution instead of the individual's
MR It is shown here, through examples, that this approx-
imation may be sufficient in many situations in which a very
precise MRI reconstruction is not essential. Our studies
comparing the tomographic images of dense "versus
sparse arrays of scalp electrodes indicate that useful
results may be obtained with the relatively small number of
electrodes in the International 16/20 System.

These resuits should not be construed to mean that we
are advocating the use of only a reduced electrode set. It
is inevitable that the point spread function of the inverse
solution increases as the number of electrodes decreases.
The effect of spatial under sampling on EEG studies has
been dealt with quite thoroughly recently from a theoretical
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point of view.2 The use of a reduced electrode set shouid
therefore be considered only a first approximation.

Neither do we wish to imply that individual radiological
images are not advantageous for VARETA to provide more
accurate functional localization. Provision has been made
for VARETA to be computed when individual MRIs might be
readily available or considered essential for the precise
localization required for a particular clinical application.
Nonetheless, reassuring evidence has been obtained
which shows that feci of brain lesions within Me pseudo
MRI tomogram obtained by VARETA localizations using
Me Probabilistic MRI Atlas are in good registration with
images of the same lesions obtained from CT or MR scans
of the individual patient-Abundant evidence also exists
that the brain dysfunctions distinctive for cerebral ischemia,
cognitive deterioration in the elderly, developmental disor-
ders, major psychiatric illnesses and traumatic brain injury
or post-concussive syndrome are anatomically exiensive, 2
Thus, for many potential applications, the VARETA image
may be found to provide a clinically useful “virtual function-
al MR¥” image, readily available and cost effective.

Examples of clinical results that can be obtained by
using SPM for source QEEG have been presented The
analysis of the patient with a parietal meningioma illustrat-
ed the utility of the Z fransformation to make more evident
and provide statistical evaluation of a QEEG abnormality.
The close correspondence between localization of lesions
by VARETA Z images with more conventional radiological
imaging methods was illustrated by comparison with CT
images of this meningioma case and of a case of a hem-
orrhage in the putamen. The analysis of the patient with a
reversible ischemic neurological deficit show a dose cor-
respondence between the QEEG source Z image and the
SPECT study. The degree to which source QEEG may
serve in the evaluation of cerebrovascular disease is the
subject of current quantitative evaluation by using L-RCG
curves.® Until now, metabolic images have had to be ¢ol-
lapsed in a somewhat arbiirary fashion to EEG electrodes
in order to permit comparisons.® Additional evaluations of
Me validity of VARETA in neurological disease have been
carded out by studying local brain lesions and some exam-
ples have been shown elsewhere.”

Studies by means of simulations have demonstrated
that a variable resolution inverse salution possesses cer-
fain advantages over a fixed resolution method..*
Specifically, VARETA seems to eliminate ghost solutions
and minimize the diffuse allocation of variance especially in
the case of muttiple or distributed sources.

A quantitative description of the age development of
EEG source spectra has also been constructed. The result-
ing tomographic norms constitute a 3 dimensional exten-
sion of previous topographic normative description.?' They
also serve as the basis for construction of Statistical
Parametric Maps (SPM) for saurce QEEG.
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Obviously, further work is needed to establish the kinds
of emrors that might be introduced by using the average
MRl atias and the level of accuracy of spatial resolution
required for useful clinical results to be provided by this
method. Multimedal registration of VARETA images with
other modalities of functional brain imaging in a variety of
Main dysfunctions can be expected to provide important
estimates of the reliability of this technique for source local-
ization. A vexing question is the issue of what source of
information could be considered as the “gold standard.”
Should the same gold standard be relied upon, for exam-
ple, in applications as diverse as localizing the discrete
brain structures occupied by a tumor or containing an
epileptic focus or identifying the multiple regions and inter-
actions possibly responsible for the behavioral and cogni-
tive dysfunctions in a psychiatric patient, for which no reli-
able imaging technique has been established? How might
one distinguish between a cause versus a correlate of a”
abnormal brain state?

Many improvements to or extensions of the method are
possible and some of them are being currently evaluated:
1. Though based upon VARETA, the SPM principles

underlying tomographic QEEG are equally applicable

for any type of inverse technique currently available or

to be developed [e.g., Grave de Peralta et al (1996,

199n]_u1,32

2. The probabilistic atlases used were those available.
These atlases were not designed specificatly for con-
straining EEG inverse solutions. The development of
slatistical atlases designed for EEG studies is being
evaluated.

3. A possible problem with a probabilistic atlas might be
the presence of gross brain deformations. Methods
must be developed in order to deal with this situation.

4. Studies are under way to develop normative equations
for a full 120-channel normative QEEG database.

5. Though possible to compute, Z images of coherence
for EEG sources present a daunting problem in scien-
tific data visualization. It is, however, the analysis of the
interactions between brain regions, which is potentially
the most promising area of future development of
source QEEG.

6. Finally, the use of information from other neurcimaging
modalities may be combined with the EEG inverse solu-
fion, in order to provide a multimodal. integrated statis-
tical parametric map that could provide a” enhanced
view of normal and pathological brain function.
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APPENDIX A

It is well established that quantitetive analysis of a total
of 60 seconds artifact free EEG is sufficient to obtain sla-
tionary spectral estimates. Therefore, a total of 24 artifact-
free epochs, each 2.56 Seconds long, were sefected. Each
epoch was considered to be a time series that comprises
Ng=19 components, one for each derivation. For each given
time instant 1, this raw EEG can be represented by a vector
denoted as, Vi (t), where i varies from 1 to Ng (Number
of subjects), j front t to Ng= 24 {Number of EEG epochs),
and t varies from 1 to Ny=256 (Number of ime: instants).
Transformation to the frequency domain

In thii method, it is assumed that the observed EEG
epoch V{5 (), resufts from distortions of the “true” EEG
activity V; ;(t) by twoinfluences: a) the first one arises from
attenuation of the raw EEG by variability of scalp and skull
thickness, changes in conductivity between the brain and
the surface related to age and other factors; b} the contri-
hution of the reference activity, whii has been subtracted
from each electrode.

Data preprocessing was based upon the model shown
in equation (1).® In this step, two corrections are applied to
the raw EEG to deal with these distortions, as explained in
a) and b):

a) muttiplication by a random, general scale factor
(GSFYE; specific for individual i,
b) subtraction of the activity of the reference electrode

Bi.

This results in: i
Vi = Gi Vi @ - Bigo 1800,
where | is the Nd vector of ones.

This model is based upon the assumption that all the time
series are observations from stationary stochastic processes.
In order to enable a tomographic analysis, which can
describe spectral sources of the different frequencies without
the need to consider interactions, it is desirable to construct
adescription in which the frequencies are independent. It has
been shown™ that under the above assumption, fransforma-
tion to the frequency domain by the Fast Fourier Transform
(FFT) {yielding a complex Gaussian distribution) is equivalent
to a Principal Components Analysis which provides compo-
nents that are independent by definition.

After the corrections defined above, the resulting V;; ()
were fransformed to the frequency domain by means of the
FFT, producing a set of complex vectors Vy{0}. @ refers
to frequency and varies from 1to Ngpy=49 (number of fre-
quencies). These indexes correspond to the frequencies
every 0.39 Hz, from 0.39 to 19.11 Hz, which is the bandwidth
of the normative database presently used with VARETA.
(Note that this limitation is not inherent in VARETA. In fact,
the raw VARETA can be calculated for any frequency band-

(1)
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width one selects. However, without a normative database
with such bandwidth, the Z transform cannot be calculated,
50 Stafistical Parametric Mapping cannot be provided.)

To accomplish tomographic mapping of the source
Spectra, it is first necessary to establish the interactions or
covariances among all channels at each frequency, which
can be calculated as a complex covariance matrix. By
virtue of the central limit theorem,” vu(m) is distributed as
a complex multivariate Gaussian vector that is statistically
independent from the vectors at all other frequencies. This
vector has zero mean and a complex symmetric (hermitic)
govariance matrix ¥;(@}, which is estimated by:

(2)

whare « denotes the conjugate transpose of a vector."

(Note: On occasion, it may be desirable to work directly
with the cross-spectral matrix and not begin with the raw
EEG. Inthat case, the corrections for the Global Scale Factor
(GSF) and the reference electrode can be removed in a dif-
ferent way, as follows:

Si(co)-czﬂ S @)+ H,

1 Ne
Sifm)=re f?-:1 Vi) V;{@),

@

where H denotes the centering matrix® that transforms the
data to the average reference®” and the maximum likeli-
hoot estimate of the GSP is:

Gi=exp [N—:N; dé::g log (Sfd ((0))] where S (@)is

the I,m entry in the cross spectral matrix, exp is the expo-
nential function and fog is the natural logarithm ]

APPENDIX B
Frequency domain VARETA
Source EEG Inverse Solution

Based on the three concentric sphere model,* the for-
ward problem of EEG may be specified in the frequency
domain as follows: %%

Vi () =K+ J; (@) + E (@), @
where |he magnitude V; (0) denotes the true data and E;
(a0} refers to emor conmbutlons from influences such as
impedance fluctuations on the sensor astay. J, () repre-
sents the malrix of the x, y and Z components of the primary
current field discretized on a grid inside the brain. In this
work, the grid size was set o Ng=3623 points. K Is the lead
field matrix that relates current densities to obsesved meas-
urements, which is obtained by spatial discretization.®

A complete treatment of the problem would require a
discussion of how to select the reference. Following
Pascual-Marqui et al {1994),® we have chosen to trans-
form the data and the matrix K to the average reference.

The voxels for which primary currents must be estimat-
ed were defined by a grid placed in the volume of the brain.
For VARETA using Me average MRI atlas, voxels were only
included as specified by a mask identifying regions where
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the probability of gray matter was not zero, based upon the
probabilistic brain tissue maps available from the Montreal
Neurological Institute.

The usual objective of distributed EEG inverse solu-
tions is to estimate the primary current field J; from the data
matrix V. This is the inverse EEG problem for the source
time series and, as is well known, has no unique sol&n.
The general VARETA inverse solution®" for this problem is
obtained by searching for those J that minimize the follow-
ing objective function:

((v,(co) K J () X 52 (0) X (VD) - K by
((o)) +d ((0) st‘xJ,, (0)}) +{m+ Ny xlnl S, (co)|
+ tz» i s, @)x6} (5)

where T is the regularization parameter and G = (A * Lg'
“AZ*lgr Ag)’

This is a hierarchical generalization of the usual
Bavesian formulation for inverse problems.™ It should be
noted that to minimize expression (5). the J;{td) must be
the outcome of a tradeoff between several factors:

N
1. S 01 K30 25 O ()X 7, @)

is just the usual measure of fit between the data and the
model. 3 is the covariance matrix of sensor noise.

N
2. j:Ji, (@Y %, @)+ J, (@) s a term that impos-
=

es lhe mask upon the solution which defines those viaxels in

which sources of the EEG are to be permitted. The source

covariance Y5, ((0) matrix specifies these assumptions.

3. The remaining term results from placing a natural con-

jugate prior™ on ¥ ;; {d) in which the a priori covariance

matrix is proportional to G.

The purpose of G is to incorporate a number of
assumptions about the sources which define the "regular-
ization parameter”:

» spatial smoothness is determined by L, the Kronecker
product of L with the identity matrix J5. L is any scalar
roughness operator such as the discrete Laplacian or
discrete thin plate spline operator. In this paper, the
Laplacian operator is adopted as in Pascual-Marqui et
al {1854).*

« the diagonal matrix A, specifies the amount of smooth-
ness to be applied at each point of the spatial grid.
Large values of smoothing force constant solutions.
Zero values specify no smoothing, i.e., a point solution.

+ the diagonal matrix Ay, defines Me a priori probabiity,
obtained from the mask, that there might be any pri-
mary current density at a given location.

- e
In this work. A =W+ A&, (6)
where W is the weight matrix introduced” to eliminate the
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bias due to the greater sensitivity of observations to more
superficial sources. The diagonal matrix Ag contains an
estimate of the probability that there might be cortical gray
matter for each point on the solution grid. These probabili-
ties are available from the probabilistic tissue maps avail-
able at M.

In its most general form, the caleulation of a VARETA
estimate involves the use of the Expectation-Maximization
(EM) Algorithm™ in which T;{02} is estimated by minimizing
the Generalized Cross-Validation Criterion (GCV).*
Essentially, an estimate of the source spectra is obtained
for each voxel and frequency by interpolation from the
neighboring voxels and compared with the values actually
allocated to that voxel. This nonlinear estimation procedure
may achieve super resclufion and eliminate ‘ghost solu-
tions” that are artifacts of simple linear inverse solutions.
Source Cross-spectral Matrix Estimation

What has been described up to now is the estimation of
the sources Ji{cd) for tomography. Topographic metheds in
Me frequency domain are based upon estimates of 2{),
the source cross-spectrum. An algorithmic simplification was
introduced to allow the efficient estimation of this parameter.
That simplification consists of substituting the data set Jj{d)
= i1 (), Jio (), L, di ()] for aigiven frequency by its

A
statistical equivalent S {®) in all calculations.

This statistical equivalent is the symmetric square root
of the estimate of the “true EEG” cross-spectrum defined

as S?((D) =¥ (@)~ diag (7[,-;;((0)) ¥ (@), where 'F; ()

is the matrix of eigen-vectors and diagfA; {(d)) is the diag-
onal matrix of the square roots of the eigen-values of $;(d}.

Wth this notation, the estimation procedure is as follow
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Localization of Deep White Matter
Lymphoma Using VARETA: ACase Study

LeslieS. Prichep, E. Roy Johnand MeeLee Tom

Key Words

Brain Lesions

Multimodal Brain Imaging

QEEG

source Localization

Variable Resolution Electromagnetic
Tomography (VARETA)

ABSTRACT

Methods have recently bean proposed for localization of
multiple brain sources of particular EEG frequencies record-
ed from the scalp, to identify their most probable neu-
roanatomical generators. This paper reports the accurate
localization of a deep white matter fymphama, using Variable
Resolution Electromagnetic Tomography (VARETA). The
accuracy of thii focalization was confirmed by MRI studies.
The patient was referred for a quantitative EEG evaluation,
two weeks following an automobile accident, with no know
loss of consciousness. mere was marked excess and
asymmetry of frontal slow wave activity, with highly signifi-
cant hypocoherence. Significant gradient shifts within the left
hemisphere were also seen. Visual inspection of the EEG
tracings revealed theta paroxysms in left dorsolateral and
mesial frontal regions. The MRI revealed a large space-
occupying lesion deep within the white matter of the left
frontal lobe, with evidence of subependymal spread and sig-
nificant surrounding vasogenic edema. Localization of the
sources of the maximai QEEG abnormalities using VARETA
was consistent with the lesion location séen in the MRI
images. This case demonslrates that VARETA can achieve
highly sensitive and accurate localization of sources of
QEEG abnormalities which lie in the deepest brain regions.

INTRODUCTION

Inthe last several years, anumber of methods have been
describedforthe source localization of generators of EEG or
evoked potentials recorded from the scalp. The nitial efforis
toward this goal were directed toward dipole source potential
analysisin thetimedomain, applied tothe brainstem audito-
ry evoked potentials' andto cortical auditory evoked poten-
tials.2 Subsequently, attention was directed tothe problem of
localization of multiple sources in the frequency domain,
enabiing analysis ofthe generators of EEG rhythim ¢

While the literature already contains anumber of demon-
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strations of clinical application of such methodsforthe local-
ization of epileptiiorm activity: cerebrovascular accidents
andtumors,** anissue of major clinical relevance is the ques-
tion whether such methods are necessarily restricted to
sources inthe cortical gray matter refatively near the surface of
the brain, or whether meaningful results can be obtained in
deep brain structures such as the thalamus. This paper
reports successful localization of a deep white matter lym-
phomain asingle patient, with confirmation by MRl studies.

CASEHISTORY

The patientwas a66-year-old female who presentedfor
electrophysiological examinationio the Neurometric Evalu-
ation Service (NES), Department of Psychiatry, New York
University Schaat of Medicine, two and a half weeks after
beingin amotor vehicle accident. The patient had no recall of
thespacificsoftheaccident, butrepartedtohavebeen mild-
ly bruised. There was no report of loss of consciousness.
Subsequent to the accident, the patientcomplained of a per-
sistent headache, confusion, and memory problems. No
abnormalities were found on conventional neurological
examination, however, the patient was referred for an MRI
evatuation and a quantitative EEG evaluation.

METHODS
EEG Acquisitionand Analysis

Twenty minutes of eyes closed, resting EEG wererecord-
edfrom19electrodes pasted onthe scalp al positions corre-
sponding to the International 10420 Electrode Placement
System ,**In addition, EOG electrodes were placed diago-
nallyabove and belowthe orbil of the eye, for detectionofeye
mavementartifact, a ground electrode placed upon the cheek
and an EKG lead on the thorax. The recording was monopo-

Leslie S, Prichep, PhD, is the Associate Director of the Brain Research
Laboratories and Associate Professor inthe Department of Psychiatry, New
YorkUniversity School of Medicine, and a Research Scientistatthe Nathan S,
Kline Instifute for Psychiatric Research, Orangeburg, NY. E. Roy.ohn, PhDis
the Director of the Brain Research Laboratories and Full-Professor in the
Departmant of Psychiatry, New York University School of Medicine and a
Rasearch Scientist at the Nathan S. Kine Institue for Psychiatric Research,
Orangeburg, NY. MeeLoe Tom, MS, isanAssistant Research Scientistin the
Brain Research Laboratories, Depariment of Psychiatry, New York University
School ofMedicine, and Manager of the Neurometric Evaluation Service,

Address correspendence and reprint requasts to Dr. Leslie S. Prichep,
Brain Research Lahoratories, Dept. Psychiatry, 550 FirstAvenue, New Yosk,
NY10016.

Email: leslie@BRL4.med.nyu.edu



CLINICAL ELECTROENCEPHALOGRAPHY

Selected Wide Band
Z - QEEG Features

Delta Theta

ABSOLUTE
POWER

RELATIVE
POWER

INTERHEM.
SYMMETRY

Figure 1A &1B.

©2001VOL. 32 NO. 2

B Very Narrow Band
Z - Spectra
& v,
| F7 F3 bz Fa 1 Fl
\ M i
IF o e O Y
13 ca cz ca T4
ey Ln—
s [
e P3 R P4 | 76
1 f\'hn\w mm vaw\ u\\\ VV—\::: m
# o1 IS g ey s T
2 ™
e oo,

5 1015

A) Topographic QEEG Z maps of absolute power (top row), relative power (second row) and interhemispheric power symmetry (third

row). These maps represent the difference between this patient and the expected normal values for her age, expressed in standard devi-
ation of the normal group (not show” in the figure). Color codingis proportional to the Z-score. in, steps corresponding to those Show’ on
the Z scale, (range +3.2). The center of the scale is normal (black), with shades of red to yellow indicating excess and blue to green indi-

cating deficit. [Anterior is up and left on the left]

B) The Very Narrow Band Z Spectra for each of the 19 scalp locations. Each panel represents the Z-spectra for that region, with a hori
zontal line at Z = 2.0 (P > 0.05). Show” at the Fp1 location (top left square) with W are the frequency points selected for VARETA imag

ing fromthese spectra.

|ar, referential tolinked earlobes. Amplifiers had abandpass
from 0.5 to 70 Hz (3dB points), with a 60 Hz notch filter. All
impedances were kept below 5000 chms, checked regularly
throughout the procedure. The ND converter sampied‘ at
200 Hz per channel, with 12-bit resolution. The data were
reducedto 100 Hz priortoanalysis, using aresampling algo-
rithm which minimizes aliasing. This data acquisition was
performed using a Cadwell Spectrum 32.

Afier visual editing to remove artifacts, 46 artifact free
samples were selected, each 2.5 seconds long, for quantita-
tive analysis. Significant test-retest reliability of samples of
thislength has been confirmed." These datawerethen sub-
mitted forneurometric QEEG analysis. * Fast Fourier Trans-
forms (FFTs) were performed on every segment in each
channel. Average values across the 46 segments were
obtained for alarge number of quantitative spectral features,
including absolute and relative power in the delta (1.5-3.5
Hz), theta (3.5-7.5Hz), alpha (7.5-12.5Hz) andpeta (12.5-20
Hz), as well as the inter- and intra-hemispheric coherence
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and symmetry between regions for the same frequency
bands. Data were log transformed for Gaussianity and age-
regressed.”®" Standard or Z-scores were then computed
for each of these measures, using the mean values and stan-
dard deviations of the normative distributions from the neu-
rometricdatabaseforeach.

RESULTS
Wide Band Neurometric Findings

There were highly significant abnormalities (P < 0.001)
seeninthe QEEGanalysis, including: [1] excesses of absolute
powerin deltain eftfrontal regions, maximal at F3; [2) excess-
es ofabsolute andrelative delta activity over frontal and central
regionsinboih hemispheres; [3]increased mean frequencyin
delta in the left frontal and central regions; [4] slow wave
asymmetries between frontal regions and between central
regions, with more power onthe leftthan the right hemisphere;
[5] gradient shifts in slow waves within the left hemisphere
between anterior and posterior regions with more power inthe
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1.95 Hz

4.68 Hz

Figure 2A & B.

A) QEEG VARETA 3D images at two different narrow-band frequencies. At each frequency the VARETA images of transaxial, sagittal
and coronal sections are shown at levels shown in the schematic (third row). The top row is at 1.96 Hz and the second row Is at 4.68 Hz.
Color coding is in standard deviation unit.3 of the normals, not shown in this figure. with white representing the center of the scale,
shades of red to yellow showing increasing excess and green showing increasing deficit. The Z scale range is +1.0 for the first row of
images and +3.0 for the second row. These images follow radiologic convention, laterality is reversed.

B) Selected slices from the MRI evaluation of this patient.
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anterior regions; 6] hypocoherence in slow waves between
lettand right frontat regions, between central regions, between
posterior temporal regions and between partetal regions.
Visual inspection of the EEG record revealed theta parox-
ysmsinleft dorsolateral and mesialfrontalregions.

Topographic interpolated head maps of Z-scores for
selectedfeatures showing the most prominent abnormalities
are displayed in Figure 1A, including absolute power (top
row), refative power (middie row) andinterhemisphericpower
symmetry (bonom row) for the delta and theta frequency
bands. These maps are color coded in standard deviations
units of the normative reference group {not shown inthe fig-
ure). Examination of these lopographic maps indicates sig-
nificant departures from expected normative values. Colors
atthe extremesindicate P <0.001.

The abnormal QEEG findings did not correspond to our
considerable experience with patients after mild head injury,
nor did the multivariate profile of abnormalities correspond to
thatdefined by statistical descriptors of post-concussion syn-
drome following mild head injury, described by us*or others.”
Very Narrow Band Findings

The very narrow band (VNB) power Z-spectrafromthe 19
leads were examined and are illusiratedin Figure1 B. Theres-
olution of these VNB specirawas 0.39 Hz over the frequency
range from 0.39 to 19 Hz. The VNB frequencies atwhich the
largest Z-scores were found (significant differences from
expected normal value for age) were ascertained to be at
approximately 1.96 Hz and 4.66 Hz. These two points are
markedwitha W atFp1in Figure1 B. An asymmetry of signifi-
cant deltaexcesscan be seen, with higher Zvalues on anteri-
orregions on thelefi side. The thetapeak, whilelargeston the
left side, spreads acrossthe midline in the F4 and C4 regions.
Variable Resolution
Electromagnetic Tomography Findings

Thetwo mostabnormalfrequenciesfrom the ZVNB spec-
tra (described above) were 1.96 Hz and 4.68 Hz, Using Vari-
able Resolution Electromagnetic Tomography (VARETA),
the sources of these abnormalities were sought. VARETA
identifies the most probable underlying sources of the scalp
recorded EEG, estimated by means of adiscrete spline EEG
inverse solution,’ {(Bosch-Bayard et af, this voiume}. Anatom-

... ieal constraints are incorporated by the use of the Montreal

Neurological Institute (MNI) probabilistic brain atlas.’ The
VARETAresults are depicted in Figure 2A. The source of the
delta activity (top row) was attributedto arelatively focal deep
source, shifted tothe lefi side. The theta source (secondyow)
was lessfocal, alsodeep andmaximal onthe left.
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MRI! Findings

The MRI indicated a large abnormal enhancing mass
lesionwithin the deep while mafter of the left frontal lobe with
evidence of subependymal spread aboutthe margins of the
left ventricular system as well asthe right frontal hor. Signif-
icant surrounding vasogenic edema was also reported. The
lesion was noted to have decreased signal on T2 weighted
imaging and increased signal on diffusionweightedimaging.
Thesefindings were consideredto be consistentwith that of
CNS lymphoma. Figure 28 shows1he MRl Jevels most clear-
ly showing thelesion.

Comparing the images shown in Figure 2A and 2B, a
very high correspondence hetween the VARETA lacaliza-
tion of maximal abnormality and the MR canbe seen.

DISCUSSION

This case demonstrates the high sensitivity and accurate
localization of sources of QEEG abnormalities lying in the
deepest brain regions. The conclusions fromthese observa-
tionsarecompatible withthose reached by others.** These
authors described VARETA localization of cerebrovascular
lesions or tumors in many different brain structures. In the
groupof patients which they described, the centers of mass of
the space occupying lesions, as ascertained by CT scans,
werewithin afew millimeters ofthe centroids of the sources of
excessive delta activity, and the centers of the edematous
surrounds of the lesions were close to the centroids of the
thetaexcesses.

We suggest thatthe deHa excesses around the tumorin
the presentcase arose due to compression of neuraltissue
(at the level of the thalamus} by the expanding tumor voi-
ume. The source of the theta excess was more diffuse,
most probably reflecting the edema at the margins of the
tumor. The correct location of the sources which served as
the generators of the salient neurometric QEEG abnormal-
ities provides support for the belief that valid VARETA
images can be constructed for generators in deep brain
regions and are not a priori restricted to sources near the
surface ofthe cortex.

Thesefindings demonstrate the potential clinical utility of
QEEG and VARETAanalysisfor a preliminary identification of
such brain abnormalities. This has important implications
for clinical use due tothe availability and cost effectiveness of
EEG evaluations as comparedwith MRI and other more inva-
siveimaging methods.

DEDICATION
This paper is dedicatedto thememory of RB.
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