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Abstract

The dipole localization method (DLM) is a tech-
nique for finding an equivalent source of scalp-recor-
ded evoked potentials. It is based on the principles
" -of potential theory as applied to a layered spherical
medium that simulates the head. The purpose of the
method is to organize EP data, identify normative po-
tential patterns and identify cases of dysfunction.

We report applications of DLM to the responses to
median nerve stimulation and photic flash, in normal
subjects and those suffering from documented neurolo-
gical disorders. DLM is also applied to the scalp-re-
corded potentials generated by known current sources.
In most cases, the position and direction of the

equivalent sources are comparable to the locus and
orientation of the presumed or known physiological
generators.

Several possible uses of DLM in clinical applica-
tions will also be discussed.

Introduction

Investigators in electrocardiography and electro-
encephalography have developed methods for finding the
equivalent sources of empirical voltages observed on
the torso or scalp. These techniques are generally
applications of electric field theory for finding the-
oretical sources of surface potentials in a medium
that more or less simulates the physical medium con-
taining the actual bioelectric generators. Since the
head is architecturally and functionally complex and
these methods involve rather few physical assumptions
and parsimonious arguments (in order to lead to tract-
able mathematical models), one might be Justifiably
critical in attempts to overinterpret theoretical
sources as actual physiological generators.

However, one of these mathematical, models has
provided useful results to the problem. of Tocalizing
the neural generators of potentials evoked by sensory
stimuli. In this particular method, the dipole local-
jzation method (DLM), the current dipole source for
scalp-recorded EP components 1is constructed in a
layered ' conducting sphere that simulates the head.
Since this approach 1is noninvasive and results are
easily (and inexpensively) obtained, it is desirable
to establish those situations in which the theoretical
results are anatomically reasonable and clinically
useful. This is not to suggest that we should seek a
Titeral interpretation of the virtual source produced
by DLM. A current dipole source can be modeled by two
point charges of equal magnitude but opposite polarity
separated by a small distance. ‘We are interested in
assessing how closely the ‘instantaneous potential
fields observed at a distance (on the scalp) appear to
~be generated from such a theoretical source, rather
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than arguing that such a source actually resides in.
the brain. The purpose of assuming such a source isi
to make the inverse problem of finding the generators
of surface potentials well-posed. S

Thus, the equivalent sources produced by DLM can=,
not represent individual neuronal units, although they;
do represent the superposition of such units. One}
question that arises 1is whether or not the position}
and direction of an equivalent source correspond rea-,
sonably well to the Tlocus and orientation of the
actual generators. One might argue that the simplifis
cations of the model probably preclude accurate and;
reliable source localization which generalizes across
subjects. A second question concerns the possibility
of the transmission, via volume conduction, of a r
cordable signal from deep structures to the scalp,s
With the possible exception of so-called far-field;
brain stem auditory and somatosensory evoked poten-
tials [1,2] clinical EEG is 1largely based on the as-
sumption that the scalp-recorded potentials are gener-
ated by sources very close to the recording electrodes
on the scalp (e.g., [3]). i

The purpose of this paper is to give partial an=
swers to these questions. We shall. present several:
empirical cases in which the equivalent sources calcu-|
Tated by DLM have agreed rather well in position and;
direction with the locus and orientation of the pre-
sumed generators of scalp-recorded data, with results
that generalize across subjects. We shall also try to
establish how closely the results of potential theorys]
as employed in the DLM model, apply to the electrical]
properties of the head. This will be demonstrated by
applying DLM to the scalp-recorded potentials generas
ted by a known current source. Since these results are
encouraging, we shall also suggest some promising
areas of future research. TH

The Dipole Localization Method (DLM)

B

If, as a first step, the head is modeled by d
homogeneous sphere of radius R and conductivity S,
then the potential V(A,D) that would be produced by @
current dipole D at a surface electrode A is given i
closed form by a formula in [4]. Then the equivalent
dipole source for surface data (generally averaged e
voked potentials) recorded t ms poststimulus is fou
by minimizing b

g 2 B 3
RHO(D) = T (V(A3,0) - VRE)® /T V(A
1= i=

where V(A;,t) is the empirical AEP at electrode A; ab
latency t ms. In most of our work, linked ears haVe
been used as the reference. This minimizing dipol€
will be denoted by D; to emphasize that it has beel
derived from the one-layer model of the head. Its siX
parameters minimize the least squares difference ' be;
tween theoretical and empirical potentials.
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Several investigators have used this merhod of

‘Qanalysis to find the equivalent sources of potentials

~evoked by median nerve stimulation [5], tibial nerve
‘stimulation [6], Tight flash [7,8], pattern-revev=il

' stimulation [9,10], and auditory click (6]. In addi-

“tion, it is being used in neuropsychological investi-
gations to recognize the brain response in the central
masking paradigm [11] and to identify the Tlaterality
of brain response during verbal processing [12] and
under stress conditions [13]. M. Schneider [14] was
one of the first investigators to use DLM when he at-
tempted to "Tocalize" the origin of petit mal dischar-
ges.

One can account for the presence of the skull, a
layer whose resistivity is approximately 80 times that
of the brain and scalp, by simulating the head by
three concentric layers. V(A,D) no Tlonger has a
closed form, but D3, the equivalent source in this

~layered medium, cah be obtained from Dy by the argu-
“'ments in [15]. In effect, D3 is farther from the cen-

.~ "ter of the medium than is D; and has greater strength
~(larger moments).
When applying DLM to EP data, we have usually

first identified those epochs during which the quan-

tity n 2 1 .

p(t) = ( I VS(A;,t))? achieves a relative maximum.
i=1

- iThis quantity is a measure of strength or spatial
"power" and the maxima apparently occur at those times
of maximum underlying synchronous activity [16,17].
Before ascribing a physical meaning to DLM results, we
have insisted that RHO remain small during an epoch in
question (a dipole fits the data well), and that the
dipole source remain stable or, if changing, move in a
manner consistent with the apparent motion of poten-
tials along sensory pathways. These constraints are
necessary, but, as we shall see, not sufficient for
the equivalent source to be anatomically reasonable.

DLM Applied to the Response to Median Nerve Stimulation

y Several investigations have provided evidence for
the neural origins of the P20-N30 sequence of poten-
itials evoked by median nerve stimulation [18,19]. In
{particular, the feature or component appearing at ap-
" aProximately 30 ms poststimulus (denoted P30-N30) ap-
~jopears to be generated in the contralateral hemisphere
iby a single contiguous source layer in Brodmann's area
73b, that is, in the posterior bank of the central fis-
nsure..-Topographical potential maps constructed at
itime points during the epoch containing this component
exhibit anterior and posterior extrema that are
sthought to arise from a dipole-like source oriented

igentially to the cortical surface. In fact, the
ource-1ink nature of these scalp potential distribu-
ons led us to validate DLM with these data [5].

‘The first figure is extracted from these results.
dgure la shows the averaged response to right median
erve 'stimulation (RMN) at a precentral (#4) and post-
entral electrode site (#7). Figure 1b shows the
verage equivalent dipole source for the interval
-33.5 ms, the epoch containing the P30-N30 compo-
.“Sampling of data was performed at 0.5 ms inter-
\Vals so that the equivalent source for this epoch is
; he verage of ten dipoles. If the head is simulated
~DY-a unit sphere, then the x, y and z coordinates of

2 erage source Dj are -.32(.02), -.10(.02),
-:41 ,_Where numbers in parentheses are standard de-

ons... In this and other analogous figures, the x-
S “passes

Top Rt. Lat.
b

Figure 1

D. Papakostopoulos and H. J. Crow [20], noting
Tatency difference of 1-2 ms between the peaks of th
precentral and postcentral waveforms (Fig. la), argue
that two equivalent generators, 1lying in pre- an
postcentral cortex, must be hypothesized to accoun
for the difference T. Allison [21] showed that the
dual source model cannot fit both the cortical surface
and scalp topographies, but that the single source
model can. We can also demonstrate that a single:
current dipole varying in time can account for the
observed latency difference. When the ten DLM-con-
structed dipoles Dy (now uncorrected for the skull,
are used in sequence via the formula in [4] to gener-
ate 4.5 ms of simulated data at electrodes #4 and #7.
it can be shown that the waveform at #7 will have :
positive peak at 31.0 ms, and the waveform at #4 wil]
have a negative peak at 32.5 ms. A similar relation-
ship holds at other pre- and postcentral recordin
sites.

Figures 2(a,b) are outlines of topographical po-
tential maps, prepared by C. C. Wood, at certain la-
tencies in the responses to left (LMN) and right
median (RMN) in a patient with a left occipital tumor
prior to surgery. The broken curves are negative
equipotential curves and the solid curves have posi-
tive polarity. The closed contours enclose the posi-
tive and negative potential peaks at the latencies
noted below each figure. These latencies are pre-
precisely those at which p(t) is maximal. The approx-
imate Tocation of the central fissure, the presumec
site of the generators of these data, has beer
sketched in these figures. The second pair of figures
3(a,b) show the average equivalent dipole sources D-
for 4.5 ms epochs containing the appropriate latencies
(ten time points). '

"The result for left median nerve stimulation " car

: through the ears, the y-axis passes : u w s :
; 3 s : 3 . be considered "normal" in that the equivalent ' genera-
'Egﬁgn,ﬁgz ;2:22Xa2d nasion, and the z-axis passes tor appears to be approximately perpendicular’ ~to the
iy z° central fissure. - The result for “RMN is ' consistent
with the physical displacement '’ of’ sensory cortex by
2.7.2 8!
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" the tumor mass.
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a. RMN at 34.5ms
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b. LMN at 32.5 ms
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Figure 3

Another maximum of p(t) occurs, in each data set,
at approximately 15 ms poststimulus. ~RHO is small,
indicating a good dipole fit. In these cases, the
equivalent generators for an epoch are not stationary
but move vertically along the negative z-axis toward
the center of the sphere. This suggests that we may
be tracing - the . evolution of a brainstem response.
This observation was not seen in two other cases in

+which only eight and 16 recording sites were used (in-
‘icluding [51). It appears: that adequate : spatial. samp-

ling of scalp potential fields is needed for DLM to
recognize this brain stem response.

DLM Applied to the Response to Bilateral Light Flash

2.7.3
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In an ongoing study, we have been using DLM to
elucidate the processes that generate scalp-recorded
EP components and distinguish abnormal responses. Our
approach, at the outset, was to choose a stimulus that |
we might expect would produce a response which was
symmetrical and would have similar components in  sub-
jects with no neurological dysfunction. Our expec-
tation was that the dipole generators of such com-
ponents would have their positions near the y-z plane, |
appearing to be near the midline when viewed from
above, and be oriented toward the inion or nasion in
this view. A significant divergence from the expected
locus and direction might be consistent with impair- §
ment of the sensory pathways.

Visual-evoked responses to photic stimuli have #
been recorded from 40 normal subjects. A Grass ps22 &
stimulator was used with an intensity setting of four #
and with the strobe at a distance of 35 cm. The stim- §
ulus rate of 1.5 Hz was used, and all recordings were
done with the subject relaxed and with eyes closed. ;

Graph of p(t)

RN

w (scaled)

100 200
Latency in ms
a b
Figure 4. Normal

A typical result for one of these subjects is ind
Figure 4a. The power peak noted at approximately 160
ms has the equivalent generators depicted in Figure
4b. The significant observation is the orientation of
the dipole toward the inion. The angle with the posi-
tive x-axis 1is approximately g00. Based on the sym-3
metry of the stimulated visual field, the symmetry of |
the activated visual cortex as viewed from above (in
the x-y plane) and the cancellation of the intercalca-3
rine contributions to the scalp-recorded potentials,?
this result would be anticipated in normal subjects
(22,10,81. In fact, such an occipitally localized:
power peak, with equivalent sources oriented toward
the inion, was found in all 40 subjects. A

\
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|
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Generators of VER in striate cortex
(from [10,221)

Figure 5



{ In four additional cases, specific lateralized

_foccipita1-par1etal lesions had destroyed part of the

U'primary visual cortex. In these cases, there wac no

S intercalcarine cancellation of the contribution to
'surface potentials generated from the intact Tobe. The

“equivalent source was located near the occipital pole
in the intact hemisphere and oriented toward the
lesion. Figure 6 depicts one of these cases, with a
right occipital-parietal tumor.

Graph of p(t)
uv (sca]ed)l
0

{
10
Latency in ms

a b
Figure 6.

Tumor

UA11 of these subjects exhibited normal ongoing EEG's,
TWith occasional slowing of alpha frequencies and nor-
“mal or nonlocalizing photic-flash responses.
Five apparently normal subjects, for the reasons
Jjust mentioned, exhibited no occipitally localized
power peaks. Medical records indicated that all of
these subjects were suffering from presenile or senile
dementias.

Graph of p(t)

uv (scaled)
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NoTied
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Figure 7. Power curve for case of

Alzheimer's disease

\-_iwe'shall discuss these observations and possible
nterpretations of the equivalent sources of other
OWer. peaks later in this paper.
pplied ‘to the Scalp Potentials Generated from
own Current Sources
Bag,
; an the course of presurgical evaluation of sev-
Patients with medically intractable epilepsy, we
ad'ithe opportunity to record at both scalp sites
nd. idepth < electrodes  the potentials generated by
nqwﬁ lectrical current sources. One ‘purpose of these
Studies“was to show that the values of generated po-
tentialsmeasured at the depths and on the scalp and
he kttengation of these potentials were qualitatively
ntitatively consistent with those values pre-
: (byrpotentié]:theory-as-app]ied to the Tlayered
“conduction model of the head. The other aim was
lpare ‘the position and direction of - the dipole
StOrS” f ‘the scalp-recorded potentials ‘with the
Ation‘and orientation of the actual generators.

The patient discussed here had three electrode
arrays, labeled I, III and V, implanted unilaterally
in hippocampus, amygdala and the posterior mesial
temporal region.

Figure 8

There were six contacts per electrode post spaced at
one centimeter intervals. In addition, scalp record-
ings were taken from scalp electrodes in the standard
international 10-20 array.

In each experimental session, a balanced square-
wave stimulus of current amplitude 10 pamps was intro-
duced either at the more superficial contact points
III-6 and V-6 or at the centric pair of contact points
ITI-1 and V-1. Depth recordings were made at the six
electrode sites on post I. Stimulus duration was 40
ms followed by a 40 ms pause, which was followed by an
equivalent current stimulus of the same duration but
of opposite polarity. The stimulus was repeated at a
frequency of 1.5 Hz, and 200 stimuli were averaged for
each analysis using a 1 ms sampling rate. The current
density was less than 10 pcoulombs/cml per phase, so
that loading was within recommended limits of safety
in order to avoid tissue damage. No neuronal activa-
tion was seen, and stimulus intensity was signifi-
cantly less than that used in subsequent stimulation
sessions for the purpose of eliciting a clinical re-
sponse and after discharges. Using DLM analysis, we
hoped to show that voltages well within the physiolo-
gic range produced in deep structures could be record-
ed on the scalp and Tocalized using surface data alone.
Complete details of the procedure and results can be
found in [23, 24].

Figure 9 shows averaged recordings from both
depth and two scalp electrodes in the case in which
current has been introduced between electrodes III-1
and V-1. The vertical scales represent +12 uv for F7
and Tg and 85 uv for the depth sites I-1 through I-6.
The horizontal "latency" scale is marked at the times

45 ms and 120 ms, at which we applied DLM to the scalp
data. ; .
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Figure 10 shows the DLM equivalent sources (D3)
for the two latencies. In each case, the direction of
the theoretical source is almost precisely the direc-
tion of the line segment connecting the active contact
points, and the locus is within 1.5 cm of the midpoint
of the connecting line segment. The discrepancies are
most 1ikely due to the fact that the generated elec-
tric fields are not precisely dipolar in nature, since
the active sites are separated by approximately 2 cm.
In fact, when scalp data is simulated mathematically
by allowing the contact points to approach one another,
the theoretical dipole source of the  simulated data
can be shown to coincide with the "actual" generator.

DLM Applied to Auditory-evoked Potentials

12.7:9.
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In [6], DLM was applied to the Nl'PZ sequence of
auditory evoked potentials. The analysis produced a
stable centrically Tlocalized equivalent generator of
potentials that several investigators believe arise *
bilaterally 1in separated areas of auditory cortex,
The lesson to be learned from this case is that one *
must be circumspect about interpreting an equivalent
generator literally as a physiological source.

Discussion

The analysis of the potentials generated from ﬂ
known current sources demonstrates that, in some re-
spects, the head behaves 1ike a volume conductor. It i
also suggests the possibility that physiological gen-
erators in deep brain structures can be localized or !
at least identified from scalp data alone. We are in-
vest1gat1ng the possibility of employing DLM to Tocal- :
ize the origin of certain generalized epileptiform
discharges. 1

Schneider [14] attempted this unsuccessfully sev-
eral years ago. One reason for the failure was that
he applied the method to petit mal discharges, in-
appropriate data which were not generated by a local-
ized synchronous source. In "addition, he did not
"average" the epileptiform discharges, and background §
activity undoubtedly contributed to the morphology of
the waveforms. It dis not technically difficult to :
superimpose similar discharges, thus eliminating back- &
ground noise. Using this kind of averaging or super-
position technique, it may be possible to Tocalize the §
origins of these discharges without resorting to inva- |
sive techniques, such as depth recordings. y

The results obtained for the flash-visual-evoked |
response are encouraging and indicate that DLM may be
able to identify areas of dysfunction which cannot be.
well-localized by usual EEG and EP techniques. These |
studies have been limited to lesions in the parietal]
occipital head regions, and it would be important to’
determine whether more anterior lesions in the visual_
pathways can be identified and localized as accurately.
Because of the large number of patients who would have;
some degree of field cut following temporal 1obectomyu
for intractable ep11epsy, it will be possible for us}
to test the model in the cases of more anteriory
lesions. The importance of being able to Tocalize
lesions in the temporal head regions, as well as the
parietal occipital regions, 1is emphasized by the fact
that the vast majority of cerebral vascular accidents’
occur in the distribution of the middle cerebral
artery, and this involves the temporal lobe, with ot
without detectable visual field deficits on gross
neurological examination. CT scans are frequently:
normal beyond 48 hours following an ischemic 1nfarct;
while the EEG may show poorly localized or even generz
alized dysfunction. If the model can recognize suéh
dysfunction before the CT scan shows the anatomic diss
ruption caused by the infarct, this would have gredf
clinical advantage in diagnosis.

The auditory evoked potentials in these same ‘pag:
tients who have had temporal lobectomies should -alse
be valuable. Hearing is bilaterally represented, ! d
even taking cerebral dominance into consideration,@
significant asymmetry in the localization of the equiy
alent dipole should provide evidence of un11atera1=d¥ 3
function. i

As noted above, the DLM analysis was app11edh
the flash response of patients with early stage demen;
tia of an apparently degenerative nature. These Suff
jects had normal EEG's and normal or non]ocali



Jash EP's, but in whom it was virtually impossible to
ocalize an occipital equivalent dipole source. It

ould be important to follow up these observations to

ee whether the ability to localize this component pos-

' teriorly deteriorates as a function of age, or.whether

it is more specifically affected by degenerative pro- 8.
cesses that affect the cortex.

It must again be emphasized that, while under
best conditions, equivalent sources can be related to
physiological generators, the main theme of DLM in a 9.
clinical setting is to establish normative results and
jdentify and classify neurological disorders. The
evoked response for the normal subject in Figure 4

exhibits five power peaks. The source of the first is 10.

frontal and oriented toward the nasion, consistent
with the ocular origin of these potentials (e.g., [7]).
The second peak has a centric equivalent source, pos-
sibly thalamic or thalmocortical in origin. The algo-
rithm does not provide a good dipole fit for the third
(broad) peak. The source for the fifth peak is local-
ized near the occipital pole but is oriented toward

_ the nasion, perhaps indicating the movement of poten- 11.

© tials through association region toward deep midline
. structures. These observations, though suggestive of
the movement of potentials along the visual pathways,
are quite speculative. They must be clarified by com-
. paring age-matched normal controls with patients suf-

- fering from specific disorders. 12.

It would also be desirable to apply DLM to the
responses to quarter-field and hemiretinal pattern-
reversal stimulation, where the latencies and ampli-
tudes of components are better controlled and somewhat

more is known about the neural origins of these compo- 13.

nents (see bibliography in [10]).

Finally, the DLM model has been implemented on an
Apple II, where the computation costs are low and cal-

culations can be done interactively and almost on line. 14,

It is thus possible to do these analyses with a mini-
mum of expense or disruption of routine.
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