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Partitioning of Deep Versus Superficial Intracranial 
Sources Using Current Source Densities Is Not Valid 

Bruce I. Turetsky' and George Fein" i 
- 
Summary: An analytic method has recently been proposed for partitioning scalp-recorded EEG and evoked potential (EP) data into parts arising 
frcm deep (Le., subcortical) vs. superficial (i.e., cortical) sources. The method is based on the observation that the current source density (CSD) is 
seiectively sensitive to electrical activity arising from superficial sources, and the conjecture that the residual potential which remains after subtracting 
th-, CSD from the scalp potentials, represents activity from deep sources. We investigated the validity of this procedure by simulating scalp potential 
data for superficial and deep dipole sources with known locations and orientations. Our single-dipole simulations demonstrated that, when the 
ac-ual location of the source was superficial, the partitioning procedure erroneously attributed a sizeable proportion of the total topographic variance 
to the activity of deeper sources. This produced a consistent bias in the simulations with two dipoles, when both superficial and deep sources were 
pi sent .  In such cases, the relative contribution of the deeper source was consistently overestimated, and the scalp topography of the deep source 
acrivity was profoundly misrepresented by the residual which results from subtracting the CSD from the scalp potential. We conclude that the 
pl .>posed method for partitioning EEG and EP data into components arising from deep vs. superficial intracranial sources is not valid.. 
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Introduction 

An analytic method has recently been proposed for 
p irtitioning scalp-recorded EEG and evoked potential 
( f P )  data into parts arising from deep (i.e., subcortical) 
I.>.  superficial (i.e., cortical) sources (Hjorth and Rodin 
1 B8). The method is based on the observation that the 
c irrent source density (CSD) is selectively sensitive to 
electrical activity arising from superficial sources (Perrin 
et al. 1987), and the conjecture that the residual potential 
vrhich remains after subtracting the CSD from the scalp 
potentials, represents activity from deep sources. A 
nethod for partitioning recorded scalp potentials into 
aspects arising from superficial vs. deep sources would 
be a useful tool for studying the genesis of evoked poten- 
tials. Indeed, the method has already been utilized in an 
attempt to elucidate the relative contributions of deep vs. 
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superficial sources to the midlatency auditory evoked 
potential (Jacobson and Newman 1990). 

However, the method's ability to correctly assign 
variation in scalp topography to deep vs. superficial 
sources has yet to be demonstrated, either analytically 
(i.e., as a consequence of the mathematics of volume 
conduction) or on the basis of either simulated or real 
electrical sources with known superficial or deep loca- 
tions. As a minimum criterion for validity, the proce- 
dure should assign very little, if any, electrical activity to 
superficial sources when the scalp potentials have, in 
fact, arisen only from deep sources. Similarly, when 
recorded potentials are due solely to the activity of su- 
perficial cortical sources, the method should reflect this 
by not attributing any residual potential to deep source 
activity. 

From an analytic perspective, there are a number of 
problems. The procedure equates CSD estimates 
derived from scalp electrical potentials with the scalp 
potentials arising from superficial sources and it equates 
the residual after subtracting CSD measures from 
recorded potentials with scalp potentials arising from 
deep sources. The CSD, however, is not a voltage 
measure of electrical potential; it is a reference-free 
measure of the orthogonal flow of current across the 
scalp surface, measured in units of pVolts/cm2. With 
differing units of measurement, it is unclear how to sub- 
tract CSD values from electrical potentials and how to 
quantify and interpret the results of the partitioning. 
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Figure 1. Montage of 57 electrodes used to represent the 
scalp topography of electrical potential and CSD 
measures. CSD was computed by subtracting, from the 
scalp potential at each of these primary electrodes, the 
mean potential at 4 surrounding sites, located at a dis- 
tance of 5O arc length from the primary electrode and 
positioned at right angles to each other. 

Aside from the issue of units of measurement, the ration- 
ale for the partitioning is not compelling. The 
topographic gradients of CSD estimates are not the same 
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as those of electrical potentials, even for superficial sour- 
ces; thus, residual differences between CSDs and scalp 
potentials would exist, even if no deep electrical sources 
were present. Further, tangential dipoles have relatively 
shallow scalp gradients, even when they arise from su- 
perficial sources; such shallow topographic gradients 
would not be fully represented in the CSD and would be 
incorrectly attributed to deep sources. 

Despite these problems with the rationale underlying 
the proposed method, it is possible that the method is a 
good first approximation to the partitioning of deep vs. 
superficial electrical sources. We report here the results 
of our investigations into the validity of this procedure. 
We simulated scalp potential data for superficial and 
deep dipole sources with known locations and orienta- 
tions, separately simulating dipoles with tangential and 
radial orientations. We determined the degree to which 
the method accurately reflected the simulated data 
when: (1) only deep dipoles were present, (2) only super- 
ficial dipoles were.present, and (3) both deep and super- 
ficial dipoles were present. 

Method 

To simulate scalp electrical potentials arising from 
dipole sources, we adopted the classic three concentris 
shell model of the head (Ary et al. 1981). According t 2  

this model, the brain is represented as a homogeneous 
sphere with radius rl and conductivity u, surrounded by 
two shells representing skull and scalp. The skull has a 
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Figure 2. Three concentric shell models of the head, showing locations and orientations of superficial and deep dipoles 
for each of the six simulations of concurrently active dipoles. Each picture represents a mid-saggital cioss-section. 
showing a superficial dipole located just below the vertex and a deep dipole located at the center of the spherical head 
model. The nasion is to the right and the inion to the left. Arrows represent the directions of positive dipole moment. 
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Table 1. Predicted vs. Actual Proportion of Topographic Variance 

A. 
Source of Variance 

Superficial Deep 
One-Dipole Model Actual Predicted Actual Predicted 

Superficial Radial 
Superficial Tangential 
Deep Radial 
Deep Tangential 

1.00 
1.00 
0.00 

0.00 

0.50 

0.13 
0.00 

0.01 

0.00 

0.00 

1.00 
1.00 

1.02 

0.66 

0.92 

0.82 

B. 
Source of Variance 

Superficial Deep 

Actual Predicted Two-Dipole Model Actual Predicted 

Model # 1 
Model # 2 
Model # 3 

Model # 4 

Model # 5 

Model # 6 

0.77 

0.64 
1.61 
0.91 

2.32 
0.45 

0.39 

0.32 
0.80 

0.12 

0.26 

0.07 

0.23 
0.06 

0.16 

0.10 
0.73 

0.14 

0.98 

1.01 
1.01 

0.68 

0.46 

0.75 

radius r2 and conductivity a,, while the scalp has radius 
I R and conductivity a equal to the conductivity of the 

brain. Using the parameters presented by Rush and ! Driscoll(1968), we set R = 1.0, rl = .87, r2 = .92, and as /a= 
1 ,0125. For a given dipole location, orientation, and mo- 

i ment, the electrical potential at any point on the scalp 
surface was determined by analytically computing the 
potential on the surface of a homogeneous unit sphere 
(Brody et al. 1973), and then making the appropriate 
corrections for skull and scalp thickness (Ary et al. 1981). 
For simplicity, we assumed all dipole moments to be 
equal to 1. Electrical potentials arising from multiple 
simultaneous dipoles are derived simply by adding the 
effects of individual sources at each scalp site. This 
provides a reference-free measure of the potential on the 
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surface of the head. We utilized a montage of 57 scalp 
electrodes, as depicted in Figure 2. To accurately e;- 
timate the CSD at each of these 57 sites, we then sur- 
rounded each of these primary electrodes with 4 
additional electrodes, located at a 5' arc length distance 
from the primary electrode and positioned at right 

angles to each other. This provided a total of 285 
electrode sites at which scalp potentials arising from 
simulated dipole sources were computed. 

In all the simulations, the dipoles were positioned 
along the axis from the center of the head to the vertex. 
Dipole orientation was either radial (along the axis from 
the center of the head to the vertex) or tangential (or- 
thogonal to  the radial axis in the mid-saggital plane). 
Superficial dipoles were placed just below the skull, with 
an eccentricity of r=.86, while deep dipoles were placed 
in the center of the head (r=O). These simulations repre- 
sent the most extreme differentiation between deep and 
superficial dipoles, and yield an upper estimate of the 
ability of the proposed method to partition EEG into 
parts arising from deep vs. superficial sources. 

For concurrently active deep and superficial dipoles, 
we simulated the expected scalp topography for each of 
the basic six combinations of orientation of such dipoles 
(illustrated in Figure 2). A radially oriented superficial 
dipole was paired with a deep dipole that was 1) oriented 
tangentially, 2) oriented radially with the same con- 
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Figure 3. Scalp topographies depicting electrical poten- 
tial (left), CSD (center), and residual after application of 
the partitioning procedure (right) for simulated data for a 
superficial radial dipole source (top) and a superficial 
tangential dipole source (bottom). Orientation of plots is 
looking down from above the vertex. with the nose on top 
and the occiput on bottom. The residual scalp 
topographies, which represent the estimated deep 
source activity, show considerable topographic voriance 
even though no deep sources ore present. 

Figure 4. Fur Left: Scalp electrical potentials for simulated 
data for models #1, #2, and #3, per Figure 2. Second FrcT 
Left: CSD topography for each of the three models. 
Second From Right: Residual scalp topographies aver 
subtracting CSD from potential data. This represents es- 
timated deep source activity for each model. Far Rig'7t: 
Scalp topography of true deep source activity. Orien-a- 
tion of plots same as Figure 3. It can be seen that 1) CSD 
topographies reflect only the contribution of the supcrfi- 
cia1 source (depicted in Figure 3) and 2) there is IL-rle 
resemblance between estimated and true deep soLr,ce 
activity. 

figuration of positive and negative poles, or 3) oriented 
radially with an opposite polar configuration. A tangen- 
tially oriented superficial dipole was paired with a deep 
dipole that was 4) radial, 5) tangential with poles op- 
posite to the superficial dipole, or 6)  tangential with the 
same polar orientation as the superficial dipole. 

CSD measures at each of the 57 primary electrodes 
were estimated by subtracting the mean scalp potential 
for the 4 encircling electrodes from the scalp potential at 
the primary site (Hjorth, 1975). To permit comparison of 
electrical potential and CSD estimates, both measures 
were normalized, such that a radial dipole located just 
below the skull had both scalp potential and CSD 
measures equal to 1 at the overlying electrode site. The 
CSD estimate was then subtracted from the reference- 
free potential measure at each of the 57 electrodes, 
producing a "residual" scalp topography purported to 
represent the activity of deep dipole sources. 

We evaluated the performance of Hjorth and Rodin's 
(1988) partitioning by comparing the proportion of 
topographic variance (i.e., variance across scalp 
electrodes) of the signals that actually arose from super- 
ficial and deep sources, with the proportion of variance 

that was assigned to superficial vs. deep sources b! the 
partitioning method. To determine the proportio I of 
variance of the original signal that arose from indivi . i d  
dipoles when both superficial and deep sources ere 
present, we computed the variance of the scalp tc Tog- 
raphy which would result from each dipole source k k e n  
alone and divided it by the variance computed hen 
both dipoles were added together. To compuk the 
proportion of topographic variance assigned to su:lerfi- 
cial VS. deep dipoles by the partitioning method, we 
computed the topographic variance of the CSDs ,,nd oi 
the residual scalp topography, and divided each bv the 
variance of the original scalp topography. 

In addition to the quantitative analysis ab01 e, we 
evaluated the degree to which the residual scalp :opog- 
raphy conformed to the topography produced by the 
known deep source that was used to generate the simu- 
lated data. As a measure of the goodness-of-fit between 
residual and deep source topographies, we computed 
the percent of total variance of the residual scalp topog- 
raphy that could be accounted for by the activity of the 
actual deep dipole. 
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% F jure 5.  Far Left: Scalp electrical potentials for simulated 
agta for models #4, #5, and #6, per Figure 2. Second From 
L-;.ft: CSD topography for each of the three models. 
Sxond From Right: Residual scalp topographies after 
WbtraCting CSD from potential data. This represents es- 

, timnated deep source activity for each model. Far Right: 
S ;alp topography of true deep source activity. Orienta- 
t i ’m of plots same as Figure 3. It can be seen that l )  CSD 
topographies reflect only the contribution of the superfi- 
c,al source (depicted in Figure 3) and 2) there is little 
resemblance between estimated and true deep source 

b 

1 activity. i 
1 Results 

For each simulation, the actual proportions of 
t ’  )pographic variance which arose from the superficial 
I 5. deep dipole sources, as well as the estimated propor- 
t. ons of topographic variance assigned to superficial vs. 
deep dipole sources, are presented in Table I. The upper 
portion of the table (A) presents results for the four 
simulations with single dipoles (superficial or deep, tan- 

Table 2. Goodness-of-Fit Between Predicted and Actual 
Deep Source Scalp Topographies 

i 
1 

2 37.0 

Figure 6. Maximum amplitude of the scalp potential and 
CSD for a radial (top) and a tangential (bottom) dipole, 
according to the eccentricity of the dipole source. Ec- 
centricity is 1 .O at the scalp surface and 0.0 at the center 
of the head. Amplitude is normalized with respect to a 
dipole located at eccentricity of 0.86. CSD amplitude 
attenuates more rapidly than potential as the source 
becomes less eccentric. 

gential or radial). The lower portion (B) gives the results 
for the six simulations with two dipole sources, as 
depicted in Figure 2. 

When a single source was located deep beneath the 
scalp surface, the partitioning procedure correctly at- 
tributed nearly all of the variance to this single dipole. 
However, when the dipole was located superficially, the 
method misallocated a sizeable proportion of the 
variance to deep locations though no such deep sources 
were actually present. This erroneous partitioning of 
variance is readily apparent in Figure 3, which presents 
the scalp topography of electrical potential, CSD and 
residual for both the radial and tangential superficial 
sources. The residual variance, in both cases, is consid- 
erable. This misallocation of variance, for individual 
dipoles, was also apparent in the two dipole simulations. 
In each of the six models, the partitioning procedure 
underassigned variance to superficial sources and, in five 
of six cases, overestimated the proportion of total 
variance attributed to deeper sources. 

Although these results indicate that the partitioning 
procedure cannot be used to produce quantitative 
measures of the topographic variance of superficial vs. 
deep sources, we considered the possibility that the 
method could still yield an accurate qualitative descrip- 
tion of deep source topography, as in the works of Hjorth 
and Rodin (1988) and Jacobsen and Newman (1990). 

I 
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Figures 4 and 5 portray, sequentially from left to right, 
the topography of the scalp potential, of the CSD, and of 
the residual after subtracting the CSD estimate from the 
potential, for each of the six two-dipole models. These 
represent estimated deep source topographies. Adjacent 
to each of these, on the far right, is the scalp topography 
of the true deep dipole source using the same grey scale. 
It can be observed, first, that the CSD estimates for these 
two-dipole models are nearly identical to the CSD rep- 
resentations of the superficial sources seen in Figure 3. 
This is consistent with Perrin’s finding (1987) that deep 
sources do not contribute to the CSD. Visual com- 
parison of the estimated and true deep source 
topographies, however, reveals marked differences both 
in the scalp distribution and in the magnitude of 
topographic variation. In general, the topographic varia- 
tion of the estimated deep source is much greater than 
the topographic variation of the true source. Also, ex- 
cept for model #6, where the superficial and the deep 
dipoles are both tangential and oriented in the same 
direction, the topographic distributions of estimated and 
true deep source activity bear little resemblance to each 
other. Table I1 lists, for each model, the quantitative 
measure of goodness-of-fit between the residual and true 
deep source topographies. The percentage of to tal 
residual variance explained by the true deep source 
exceeded 50% in only one case (#6), while, for models #3 
and #5, the true deep source explained none of the 
topographic variation of the residual. 

The validity of these test results is dependent upon the 
validity of our initial estimates of the scalp potential and 
CSD. We therefore considered whether our computa- 
tional algorithms provided estimates of these measures 
that otherwise behaved in accordance with theoretical 
expectations. Figure 6 depicts the maximum amplitudes 
of the voltage and CSD estimates produced by tangential 
and radial dipole sources located at various depths below 
the scalp surface. Values are normalized relative to a 
source located just beneath the skuI1. It can be seen that, 
as a source moves further away from the scalp, the CSD 
declines at a much faster rate than the electrical potential, 
and that a dipole situated deep within the head con- 
tributes very little to the estimated CSD. These relative 
amplitude curves are in excellent agreement with the 
predicted values presented by Perrin et al. (1987). 

Discussion 
Based on our simulation studies, we must conclude 

that Hjorth and Rodin’s (1988) proposed method for 
extracting deep component activity from scalp potential 
data is not a valid procedure. We note that, by implica- 
tion, our results also call into question Jacobson and 
Newman’s finding (1990) that deep sources with a fron- 
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tal positive and occipital negative orientation contribute 
to the Pa component of the middle latency auditory 
evoked potential. The motivating premises of the 
method, that 1) CSD estimates reflect the contributions 
of superficial sources only and 2) subtracting the CSD 
removes this superficial source activity, are not totally 
valid. The CSD does, indeed, reflect only the contribu- 
tions of superficial sources. However, its topography is 
not the same as that of the associated scalp potential. 
Consequently, subtracting the CSD from the scalp 
potential, even after appropriate scaling, does not com- 
pletely eliminate the effects of these superficial sources 
This produces a consistent bias in the way in which 
variance is allocated between superficial and deep sour- 
ces. The partitioning procedure artifactually attributes 
activity to deep sources even when they are not presen! 
and it overestimates the relative contributions of deep 
sources when they are present. It also does not accurate- 
ly depict the scalp topography of deep source activity. 

The three concentric shell model that we have 
employed can be criticized for being an overly simplified 
representation of the biophysics of brain electrical ac- 
tivity. However, we would not expect misspecificationj 
of the model, alone, to produce the extensive misalign- 
ment between predicted and actual scalp topographiei 
that we have observed. The failure of the partitionin,: 
procedure also cannot be attributed to errors in the com- 
putational algorithms. The agreement between our rela- 
tive amplitude curves (Figure 6) and those of Perrin t t 
al. (1987) offers substantial validation for our computa- 
tional methods. 

The search for methods to decompose recorded 
evoked potentials into the contributions of distinct ur<- 
derlying sources is an important endeavor, and one I I 
which creative thinking must be encouraged. The 
method proposed by Hjorth and Rodin (1988) represen:s 
such an effort. It was an inventive approach that a:- 
tempted to extend the theoretical utility of CSD record- 
ings. Unfortunately, it failed to perform as i.s 
formulators had hypothesized. While it is important to 
know this before application of this particular methcd 
leads to numerous false conclusions, the work of Hjor:h 
and Rodin (1988) should serve to encourage, rather th< n 
discourage, others to attempt equally creative a3- 
proaches to an extremely difficult problem. 
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