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Abstract

Macroscopic techniques are increasingly being used to estimate functional connectivity in the brain, which pro-
vides valuable information about brain networks. In any such endeavors it is important to understand capabilities
and limitations of each technique through direct validation, which is often lacking. This study evaluated a mul-
tiple dipole source analysis technique based on electrocorticography (ECOG) data in estimating effective con-
nectivity maps and validated the technique with intracortical local field potential (LFP) recordings. The study
was carried out in an animal model (swine) with a large brain to avoid complications caused by spreading of
the volume current. The evaluation was carried out for the cortical projections from the trigeminal nerve and
corticocortical connectivity from the first rostrum area (R1) in the primary somatosensory cortex. Stimulation
of the snout and layer IV of the R1 did not activate all projection areas in each animal, although whenever an
area was activated in a given animal, its location was consistent with the intracortical LFP. The two types of con-
nectivity maps based on ECOG analysis were consistent with each other and also with those estimated from the
intracortical LFP, although there were small discrepancies. The discrepancies in mean latency based on ECOG
and LFP were all very small and nonsignificant: snout stimulation, —1.1-2.0 msec (contralateral hemisphere) and
3.9-8.5 msec (ipsilateral hemisphere); R1 stimulation, —1.4-2.2 msec for the ipsilateral and 0.6—1.4 msec for the
contralateral hemisphere. Dipole source analysis based on ECOG appears to be quite useful for estimating effec-
tive connectivity maps in the brain.

Key words: current dipole source estimation; direct cortical stimulation; electrocorticography; evoked somato-
sensory potential; neuroimaging techniques; somatosensory cortical connectivity; somatosensory projection;
trigeminal nerve

Introduction

RAIN CONNECTIVITY IS actively being investigated using

functional magnetic resonance imaging (fMRI) (Blatow
et al., 2007; Friston, 2009; Friston et al., 2003; Stephan and
Friston, 2010), electrophysiological techniques such as elec-
trocorticography (ECOG), electroencephalography (EEG),
and magnetoencephalography (MEG) (David et al., 2006;
Gross et al., 2002; He et al., 2011; Kiebel et al., 2006; Kver-
aga et al., 2011; Lin et al., 2009; Varela et al., 2001) and
transcranial brain stimulations (Fox et al., 2012; Shafi
et al., 2012). As cortical connectivity maps begin to produce

interesting new insights into the working of the brain, there is
an increasing need to ascertain that the effective cortical con-
nectivity maps estimated with noninvasive or quasi-noninva-
sive neuroimaging techniques correspond to actual maps in
the brain (David et al., 2008; Logothesis, 2012; Ojemann
et al., 2013).

Here we studied the capabilities and limitations of a mul-
tiple dipole source analysis technique in estimating effective
connectivities based on ECOG data and validated the estima-
tes using intracortical local field potential (LFP) recordings
as gold standard. The effective connectivity has been studied
classically by identifying the connected regions with evoked
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potential measurements and then measuring the latency of
the initial response in each region. It can be also studied
by measuring synchronized oscillatory activities between
these regions (Brovelli, 2012; Brovelli et al., 2004; He
et al., 2011; Lin et al., 2009). We estimated the connectivity
based on a dipole source analysis of evoked ECOG data. The
validation was carried out for the projections from the tri-
geminal nerve to the cerebral cortex and cortical forward
connectivity from one dominant area in the primary somato-
sensory (SI) cortex to the other areas of the cortex. The study
was carried out in an animal model (swine) with a large brain
to avoid complications caused by spreading of the volume
current. The somatosensory cortex occupies a disproportion-
ately large portion of the cerebral cortex because of the im-
portance of the snout in this species (Craner and Ray,
1991a,b; Okada et al., 1999).

Materials and Methods
Subjects

The experimental protocol was approved by the Animal
Research Committee at the University of New Mexico Health
Science Center. This report is based on experiments carried
out on 19 anesthetized piglets (3—5 weeks old, 4-9kg).

Surgical procedure

Each piglet was sedated with Telazol (8 mg/kg) i.m., and
the ear vein was cannulated for intravenous injection of Fen-
tanyl (0.1 mg/kg/h). A catheter was inserted into the trachea
for artificial ventilation. The animal’s head was secured in a
custom-made head holder. The scalp was incised along the
midline after local subcutaneous injection of 1% lidocaine,
and the entire dorsal portion of the skull and dura were re-
moved. The exposed cortical surface with intact pia was irri-
gated with saline. Heart rate and oxygen saturation were
continuously monitored throughout each experiment. A
bolus of Telazol or Fentanyl was given as needed based on
the physiological monitoring during the measurements.

Gross anatomy of the somatosensory cortex of the swine

The trigeminal nerve innervating the snout projects to sev-
eral cortical areas in each hemisphere (cf. Fig. 1) (Craner and
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Ray, 1991a,b; Okada et al., 1999). These include the first ros-
trum area (R1) and second rostrum area (R2) of the SI cortex,
and the secondary somatosensory (SII) cortex. The R1 is a
large area that includes the coronal gyrus and adjacent sulcal
areas of the cortex. It has a clear somatotopic representation
of the contralateral snout with sulcus naris in the middle of
the coronal gyrus corresponding to the nostril (Okada
et al., 1999). The R2 is a smaller area in the cruciate gyrus
anteromedial to R1. It receives input from the snout bilater-
ally (Craner and Ray, 1991a). The SII cortex is located in the
sulcal and gyral walls of the suprasylvian cortex lateral to the
coronal gyrus (Craner and Ray, 1991b). This area receives
bilateral projections from the snout.

ECOG recordings

The ECOG recordings were carried out in six animals
under both the snout and right R1 stimulation conditions.
The left medial snout was stimulated with electric stimuli
(50 usec, 3.0 mA, at 0.6 pulses/sec) delivered with a bipolar
needle electrode. The epipial ECOGs were measured simul-
taneously at 106 locations with an array of silver ball elec-
trodes ~1mm in diameter and 4 mm apart (made from
Teflon-insulated silver wires, 250 um bare diameter) placed
over the exposed dorsal portion of the brain with the dura
removed. The array was held by a plastic skull molded
for each individual to fit its cortical surface with holes for
the electrodes. Several holes were also present in the plastic
skull for inserting the stimulating electrode for direct corti-
cal stimulation.

Once the mapping was completed, the connectivity map
from the R1 to other areas of the somatosensory cortex
was determined in the same animal, using the same proce-
dure as for the snout projection map. The cathode of the stim-
ulating electrode (glass micropipette filled with 3M NaCl,
tip diameter 10-20 um) was placed in the layer IV of the
R1 at the location receiving maximum projection from the
snout. A small ring of thin silver wire was placed on the ex-
posed cortical surface, concentrically around this micropi-
pette electrode, to serve as the anode for focal bipolar
stimulation. The depth of layer IV was defined as the depth
at which the fastest thalamocortical volley with a negative
LFP was found. All the ECOG data were recorded with a

FIG. 1. Cerebral cortex of juvenile
swine (example animal 0670). Stimu-
lating (star) and recording (dots,
n=>59) electrode positions. Outline of
the cerebral cortex reconstructed from
a photograph. SI includes R1 and
R2—nomenclature from Craner and
Ray (1991a). Snout represented con-
tralaterally and somatotopically
around the coronal gyrus and the
surrounding sulci and sulcus naris (n).
R2 is in the sigmoid gyrus. SII is
lateral to the coronal gyrus of R1
within and along the ss. SI, primary
Sl somatosensory; SII, secondary so-
matosensory; ss, suprasylvian sulcus.



102

bandwidth of 0.1-1,000 Hz and sampling rate of 10,000 Hz.
Each average response was based on 30 epochs.

Localization of generators of ECOG data

As a prerequisite to the source analysis, the locations of all
the recording and stimulation electrodes as well as the con-
tour of the major sulci were determined with a magnetic po-
sitional tracking device (Polhemus FASTRAK) for each
animal. Since the Polhemus transmits and receives magnetic
field to determine this information, care must be taken to
avoid distortions and biases caused by the presence of mag-
netic materials around the head of the animal such as the ste-
reotaxic headholder. We used in-house software to monitor
the position of the stylus of the Polhemus online, displayed
on a monitor in 3D. For each electrode, we collected 100
samples continuously and values greater than 1.2 and less
than 0.8 relative to the mean were rejected as outliers (be-
cause of, e.g., the orientation of the stylus relative to the mag-
netic metals). The average position was computed from the
accepted values. The estimated values were double-checked
by comparing these values with the values obtained with a
tape ruler. The differences were generally <1 mm.

The source analysis was carried out with BESA software
(Megis). An isotropic homogeneous sphere was fit to the
brain surface determined by the digitized ECOG electrode lo-
cations. The sphere was placed within the x-y-z coordinate
system conventionally used for EEG and MEG analysis in
which the x-axis goes from the left to the right ear, the y-
axis is orthogonal to the x-axis, pointing to the nose, and the
z-axis is orthogonal to the x- and y-axis, pointing to the vertex.
The center of the best fitting sphere was placed at the origin of
this coordinate system. All the electrode location data were
transformed into this new coordinate system. The data from
106 ECOG electrodes were converted to a BESA-compatible
data format. If there were bad channels (e.g., because of poor
electrical contact with the pial surface), we estimated their val-
ues using a spline interpolation with Legendre polynomials of
order 10 based on 10 closest neighbors.

We then transformed the ECOG data into a Laplacian
map. The Laplacian map was obtained by taking the second
spatial derivative of the evoked potential along the two or-
thogonal directions on the cortical surface. The peaks in
the map correspond to the areas where there is a maximum
current inflow or outflow from the cortical surface below
each peak. The Laplacian maps were spatially sharper than
the raw ECOG maps, and thus they facilitated the identifica-
tion of the active cortical areas for both the snout and R1
stimulations.

In our initial source analysis we used the genetic dipole fit-
ting function available in BESA to locate the dipole sources.
The genetic algorithm is an optimization strategy based on
evolutionary processes. It creates a population of individuals
and each individual represents one solution. The source num-
ber was set to the number we found from the surface Lapla-
cian analysis. Then, the source information, including dipole
strength, locations, and directions, was output. We found
from this initial analysis that a one-step simultaneous fitting
of the data at all 106 locations distorted the source localiza-
tion results because of a dominant strong response in the
right R1, especially for the data obtained with direct cortical
stimulation.
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We thus used a two-step procedure to estimate the multi-
ple sources. Once the peaks were identified from the Lapla-
cian map, a single equivalent current dipole (ECD) was
placed within the region of each peak including up to 10 elec-
trodes and then the genetic algorithm was used to determine
its location and orientation within the time window of peak
amplitude with a constraint that there is only one ECD in
the region. We then used the genetic algorithm to estimate
the orientation and source waveform of the ECDs located
in the region of each peak in the Laplacian map. The number
of ECDs was set to the number corresponding to the number
of peaks in the Laplacian map. The location of each ECD
was fixed at the location determined in the first step, while
the orientation was free to vary. The source fitting was car-
ried out using the data from all 106 electrodes.

An inverse transformation and rotation matrix was then
applied to the result using our in-house software in order to
project the sources onto the piglet cortex. The strength is rep-
resented by the length of the dipole and the direction by the
color, with red representing the dipole’s positive side and
blue representing the negative side. The onset latency was
defined as the time at which the source waveform deviated
from the baseline.

Intracortical LFP recordings

The projection from the snout to the cortex and cortico-
cortical connectivity from the R1 were determined with the
intracortical LFP recordings in order to validate the maps es-
timated from the ECOG source analysis. In one set of exper-
iments, the snout and R1 maps were obtained from each of
four animals. The stimulation methods used for the ECOG
analysis were used. The recording electrode was same as
the stimulating glass micropipette with the reference elec-
trode placed on the retracted scalp. When a reliable response
was detected at a given cortical location, multiple electrode
recordings were obtained with a 1-2 mm spacing on the cor-
tical surface to delineate the active tissue area, the area in
which the LFP was more than half the maximum amplitude
at a particular depth. The recording electrode was inserted
into the cortex at the center of activity as perpendicular to
the cortical surface as possible and LFPs were recorded in
0.5 mm increments from the cortical surface to the depth of
2.0mm. There were two types of laminar profiles: (1) the
LFP reversed vertically along the cortical lamina in one
case, which was interpreted to be caused by a vertically ori-
ented cortical current generator in the gyrus; (2) in the sec-
ond case, the polarity reversal was seen across along the
transverse direction parallel to the cortical surface, which
was interpreted to be caused by a horizontally oriented cur-
rent generator perpendicular to the sulcal wall. The depth
of the vertically oriented generator was defined as the shal-
lowest recording position at which the negative potential
was found. The depth of the horizontally oriented genera-
tor was defined as the average of the depths at which the
negative and positive potentials were at their maximum.
The LFPs were recorded with the same parameters as for
the ECOG.

In another set of experiments, the connectivity map for the
R1 was determined in a larger number of animals (n=9) to
establish the reliability of the map based on intracortical
LFP. The stimulation and recording procedures were the
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same as above. Figure 1 shows the recording electrode loca-
tions for one animal (No. 0670) in this series. Once a peak of
activity was found, the depth profile of the evoked potential
was determined. The mean depth corresponded to the layer
IV determined histologically in our previous study (Ikeda
et al., 2002).

The onset latency of the initial response was defined in all
cases as the time at which the first component with polarity
reversal deviated from the baseline. In some recordings there
was an earlier component without any synaptic delay and
without any polarity reversal across depth. This was inter-
preted as volume conducted from the response evoked elec-
trically without any synaptic delay by the stimulating
electrode; consequently, they were disregarded in estimating
the forward effective connectivity latencies.

Connectivity analysis

The connectivity maps from the snout and from the right
R1 were determined simply based on the onset latency of
the evoked response at each projection site. The connectiv-
ity maps for each type of stimulation were estimated sepa-
rately based on the ECOG source analysis and LFP latency
measurements. The connectivity maps based on the ECOG
are based on the onset latency of the initial component of
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the source waveform at each projection site as defined
above in the section Localization of generators of ECOG
data. The connectivity maps based on the LFP are based
on the onset latency of the initial synaptically mediated
component as defined in the section Intracortical LFP
recordings.

Results

Cortical projection and connectivity maps identified
with ECOG

Trigeminal nerve (snout) stimulation. Snout stimulation
activated 2-5 cortical areas in the six animals studied. The
number of areas activated varied across the animals, but it
was reproducible across animals whenever they were
detected. Figure 2 shows the results for one animal with
five identified active areas. Figure 2A shows a superimposed
set of ECOG waveforms. Figure 2B shows the surface Lap-
lacian map on the pial surface at 60 msec after snout stimu-
lation. A source analysis was carried out to identify the
location, orientation, and waveform of each current source
in the cortical network activated by the stimulation (Fig.
2C). The source locations are shown on the outline of the
electrode array and cortex of this animal. These locations
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for the 106 channels. (B) Surface
Laplacian map 60 msec post-stimulus.
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side. Left: Locations of five sources are
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coronal views of the electrode array
and an outline of the exposed cortex
determined with Polhemus FAS-
TRAK. Right: Waveforms of the five
sources. ECD, equivalent current di-
pole; ECOG, electrocorticography.
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correspond to the peak areas in the Laplacian map. The
source waveforms are also shown in Figure 2C. The left
snout stimulation activated the contralateral R1 most
strongly (source 4 near electrode 73 with a strong bipolar
peak in the Laplacian map). The stimulation also activated
the contralateral R2 (source 2 near electrode 49 with a
monopolar peak) and SII (source 5 near electrode 64 with
a bipolar peak). The ipsilateral activation was seen in left
R2 (source 3 near electrode 46 with a monopolar peak) and
in left R1 (source 1 near electrode 78 with a monopolar
peak).

An analysis of the time course of activation based on the
Laplacian map (not shown) showed (1) initial peak response
clearly seen at 15 msec, (2) differentiating into activation of
R1 and R2 in the right cortex between 15 and 20 msec, (3)
activation of right SII by 30msec, and (4) ipsilateral re-
sponses starting at 40msec in left R1 and R2. Right R1
and R2 responses were detected in all six subjects, while
right SII responses were seen in two subjects. Left R1 re-
sponse was detected in two subjects, whereas left R2 activity
was observed in three subjects. The activation of left SII cor-
tex was not seen in this animal because of the limited cover-
age of the electrode array, but it was seen in n=2/6 subjects.
The source waveforms showed strong and fast activation in
right R1 (No. 4), weaker but fast activation in right R2
(No. 2), stronger but delayed activation in right SIT (No.
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5), very small activation in left R2, and clear but delayed ac-
tivation in left R1. Left SII activity was not localized in this
animal, but was localized in 2/6 animals.

Direct cortical stimulation of R1. The R1 stimulation acti-
vated 1-5 cortical areas in the six animals studied. The num-
ber of areas activated varied across the animals as for the
snout stimulation. Several areas were activated in all animals
except one, in which the activation was observed only at
around the stimulating electrode in right R1. In all cases,
when focal evoked potential was seen in a given area on
the pial surface, that location was comparable to the location
found with the intracortical LFPs described below. Figure 3A
shows the superimposed ECOG waveforms evoked by stim-
ulation of the R1 at the location indicated by a star in Figure
3B and C. Figure 3B shows the Laplacian map for this sub-
ject with five active areas at a latency of 60 msec after stim-
ulation. Figure 3C shows the results of the dipole analysis.
The five ECDs are shown in the horizontal and coronal
views of the electrode array and exposed cortex. Figure 3C
also shows the source waveforms.

The R1 stimulation at the location indicated by the star
produced a strong source in the R1 (source 5 near electrode
62 with a bipolar peak) with the initial component having no
synaptic delay and short-latency components. The R1 stimu-
lation produced short-latency activation of right R2 (source 2
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near electrode 38 with a bipolar peak in Fig. 3B) and right SII
(source 3 near electrode 41 with a bipolar peak). The stimu-
lation also produced clear activity in the contralateral left R1
(source 4 near electrode 78 with a bipolar peak) and weak ac-
tivity in left SII (source 1 near electrode 76 with a bipolar
peak). Weak activity was seen in left R2 in the Laplacian
map near electrodes 46, 47, and 57, but it was too weak
and ill-organized to be detected by the dipole analysis.

Validation of the cortical projection and connectivity maps
based on intracortical LFP

Trigeminal nerve (snout) stimulation. In this study with
four animals, the snout was stimulated using exactly the
same protocol as for the ECOG study above. Evoked re-
sponses were measured with intracortical LFP over the entire
somatosensory cortex, searching for reliable LFP with polar-
ity reversal across cortical layers. Snout stimulation acti-
vated 3-5 cortical areas in the four animals studied. The
number of areas activated varied across the animals, but
each area was reproducibly activated in at least two animals.

3. CW2
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2. Ipsilateral R2
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FIG. 4. Intracortical LFPs elicited by the snout stimulation
(location shown by red star in animal 0696) in various re-
gions of the somatosensory cortex. Stimulation elicited re-
sponses in left SII (1), left R1 (2), right R2 (3), right SII
(4), and right R1 (5). These potentials showed focal activa-
tion with clear polarity reversals across the cortical layers
in each area. LFP, local field potential.
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Figure 4 shows the data from one animal in which all five
areas were activated by the snout stimulation. These poten-
tials show clear polarity reversals across the cortical layers,
indicating that the stimulation activated each of these
areas. LFPs were elicited in the contralateral right R2 (loca-
tion 3), SII (location 4), and R1 (location 5) and in the ispi-
lateral left SII (location 1) and R2 (location 2). There was no
clear polarity reversal in the left R1.

The cortical projection from the snout is shown in Figure
5. Figure 5A summarizes the group results for four animals.
The upper row of Figure 5B shows the individual results. The
snout projected to very similar locations in the R1, R2, and
SII of the contralateral right hemisphere across the animals,
except for the very posterior activation of SII in animal 0697.
The activation in the ipsilateral left side was seen in R2 in 3/4
of the animals, in SII in 2/4, and none in R1. This pattern is
consistent with the results based on ECOG, except for the
lack of ipsilateral left R1 activation.

Direct cortical stimulation of R1.  The R1 stimulation acti-
vated 4-5 areas in all 9 animals studied. Figure 6A shows the
results for one animal. There are evoked responses in the
three cortical areas (right R1, R2, and SII) ipsilateral to stim-
ulation. Activation in the R1 (n=9/9) was distributed over
the lateral portion of the coronal gyrus and lateral to the
sulcus naris, and was localized within 2mm surrounding
the stimulation site. The response waveforms were very
complex and varied significantly with recording electrode
position. The response near the stimulating electrode con-
tained a very sharp response without synaptic delay, fol-
lowed by complex variation of the waveform across layers
(location a in Fig. 6A). Activation of the R2 region (n=7/9)
was localized in the cruciate gyrus and its adjacent sulcus,
medial to the coronal gyrus of R1, within 2.0 mm in any di-
rection from the peak. The waveforms in the R2 (location b
maximum response) consisted of an initial response without
polarity reversal across the cortical layers, followed by a
component whose amplitude varied across the depth. The re-
sponses were generated in the sulcus (n=5/7) and gyrus
(n=2/7). Activation was found in right SII (area c) (n=28/9).
The center of activity was located within the cortex lateral
to the anterior half of the rostral suprasylvian sulcus. The
waveoform at response maximum (location c) consisted of
an initial component that did not reverse its negative polarity
across the depth. As for the initial component of the response
in the R2, this component decreased as a function of the dis-
tance from the stimulation point, indicating it was generated
outside SII, attributable to the intracortical spread of the ip-
silateral R1 response because of volume conduction. Its spa-
tial extent was rather widespread, probably owing to
unexpectedly strong evoked potentials in the adjacent R1.
This initial component was followed by the second compo-
nent, which showed polarity reversal at the depth of
1.3£0.6 mm (n=8). The region of polarity reversal was con-
fined to a small volume of tissue <4 mm in any direction.

Stimulation of the right R1 elicited cortical potentials in
the contralateral left R1 in all nine animals (Fig. 6B). The re-
sponses from one animal were distributed along the anterior—
posterior direction, but sharply attenuated along the coronal
plane. The maximum response was seen at position ““‘a.”” The
responses were generally confined to a focal area of <4 mm
in any direction among all animals. Cortical potentials in the
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FIG. 5. Projection maps for the tri-
geminal nerve (snout). (A) Group
summary of the connectivity map.
Stimulation activated the contralateral
right R1, R2, and SII, and ipsilateral
left R2 and SII. (B) Top row: individ-
ual data of the four animals studied.
Bottom row: maps of corticocortical
connectivity from right R1 (at the lo-
cation of maximum projection from
the same snout position) in the same S

B 0695

Left snout

stimulation

animals. Although the number of acti-
vated sites was variable across the an-
imals, any given projection area when
activated was very similar between the
snout and R1 stimulation conditions. .
Right R1

stimulation

R1 were generated by underlying currents directed vertically
from the deep layers to the cortical surface in 6/9 animals and
by horizontal currents in 3/9 animals. Activation of the left
SII was seen in 8/9 animals. The maximum response for
one animal was at location b. The region of active tissue
did not extend beyond 4.0 mm in any direction and was lo-
cated in the crown of the gyrus lateral to the anterior half
of the rostral suprasylvian sulcus in the contralateral hemi-
sphere. The onset latency of the initial component was
11.2+3.3 msec, which was significantly longer than that of
the contralateral R1 response of 7.5+ 1.3 msec (paired z-
test, p<0.01). The locations of the ipsi- and contralateral
SII responses were highly symmetrical in 5/7 animals in
which bilateral activation was found. There was no clear po-
larity reversal in the left R2.

The cortical areas receiving forward projections from
the right R1 cortex are summarized in Figure 7. As illus-
trated in Figure 7A, the group data indicated that there
were forward connections from the right R1 to the ipsilat-
eral R2 and SII and contralateral R1 and SII. However,
there was no clear-cut connection to the contralateral R2.
The individual connectivity maps are shown in Figure 7B.
A visual comparison of Figure 7A and B shows that the
maps for the individual animals are quite similar to the
map for the group data. When a particular area was acti-
vated in a given animal, that area matched in location
with the area shown for the group data. It is unclear why
evoked responses were not uniformly detected in all the
five cortical areas in every animal. The connectivity map
based on the intracortical LFP is consistent with the map
based on the ECOG. The activity in left R2 was detectable

i
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Left snout stimulation

Right
R2 response

Sll response

R1 response

in some cases based on ECOG, but it was too weak and ill-
organized to be detected by the dipole source analysis, thus
consistent with the intracortical LFP result.

Direct comparison of the cortical projection and connectiv-
ity maps for R1 determined with intracortical LFP.  As part of
the study described in the section Trigeminal nerve (snout)
stimulation, we determined the cortical projection maps for
the snout and cortical connectivity maps for R1 in the
same four animals in order to eliminate individual and exper-
imental variability across animals. The maps for the R1 stim-
ulation were determined exactly as in the previous study (the
section Direct cortical stimulation of R1). The individual
data in Figure 5B show the cortical projection maps based
on snout stimulation and cortical connectivity maps for
right R1 for each animal. Again, there is a large variability
in the number of projection sites activated across animals,
but whenever a given area was activated, its location was
quite similar across the animals. As noted already, the
snout stimulation did not produce any clear polarity reversal
in the left R1 based on the intracortical LFP measurements,
but the right R1 stimulation reliably activated the left R1.
The snout stimulation activated left R2, but the right R1
did not. Notwithstanding these differences, there was a
high degree of consistency in the projection areas when
any given area was activated by both the snout and R1 stim-
ulations. Whenever a given area was activated by the two
types of stimulation, the location of activity was very close
to each other across the two maps (mean differ-
ence=0.8t1.4mm). We conclude from these results that
the location in the right R1 receiving the maximum
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FIG. 6. Intracortical LFP elicited by stimulation of the

layer IV of the right R1 (shown by red star) in various regions
of the somatosensory cortex. LFPs were recorded at the po-
sitions indicated by dots, along the cortical lamina at the
depths from 0.0 to 2.0mm with 0.5 mm at each position.
LFP waveforms are shown at the peak location in each
area. (A) Responses in the hemisphere ipsilateral to stimula-
tion. (B) Responses in the hemisphere contralateral to stim-
ulation. Note polarity reversal along the cortical depth at
each projection area.

projection from the snout projects to those areas that are in-
distinguishable from the areas receiving projections directly
from the snout stimulation.

Cortical projection from snout and connectivity map from
R1. Table 1 shows the onset and peak latencies as well as
dipole moment of the initial response in the estimated source
waveforms in the six nodes of the network based on the
ECOG study with six animals. The latencies of initial corti-
cal activation in the contralateral right hemisphere estimated
with the ECOG source waveforms were remarkably similar
to those determined with the intracortical LFP from another
study with four animals. The latencies were consistently lon-
ger compared with the intracortical LFP, but the differences
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FIG.7. Forward corticocortical connectivity map originat-
ing from right R1. (A) Connectivity map for the group. Elec-
tric stimulation in right R1 cortex (star) activated ipsilateral
R2 and SII, and contralateral R1 and SII. (B) Connectivity
maps for individual animals (n=9). Star shows the stimula-
tion site for each animal. Open circles indicate activation
sites with vertically oriented cortical currents directed from
the deep cortical layers toward the cortical surface. Filled cir-
cles with a stick indicate the activation site with horizontally
directed currents, probably located in the sulcus. Although
not all four areas were activated in any given animal, the ac-
tive site closely matched the group data when a given area
was activated.
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were quite small, that is, +1.2, +2.0, and +1.1 msec for
right R1, R2, and SII, respectively. These differences were
not statistically significant according to z-test at p>0.05.
The discrepancies for the ipsilateral left cortex were some-
what larger for the ECOG estimates (+3.9 and +6.3 msec
for left R2 and SII, respectively). However, the pattern of
the latencies is consistent with the pattern found with the
intracortical LFP. The differences in mean latency for left
R2 and SII were not significant (z-test, p >0.05). One discrep-
ancy was noted between the projection maps determined
with ECOG and LFP; that is, the ipsilateral R1 activation
was seen with ECOG but not with LFP. The dipole moment
Q for left R1 shown in Table 1 indicates that this discrepancy
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TABLE 1. PROJECTION LATENCIES AND DIPOLE MOMENT
OF THE FIRST COMPONENT OF THE SOURCE WAVEFORM
OF THE ACTIVITY ELICITED BY LEFT MEDIAL SNOUT
STIMULATION, ESTIMATED FROM THE EPIPIAL
ELECTROCORTICOGRAPHY AND COMPARISON
WITH PROJECTION LATENCIES DETERMINED
WITH INTRACORTICAL LOCAL FIELD POTENTIAL

Left snout Intracortical
stimulation Area ECOG LFP
Onset latencies Lt SII 17.5x4.1 n=2 26.0£6.0 n=2
(msec) LtR2 12.7£58 n=3 88%x14 n=3
LtR1 147+£64 n=2
RtR2 9.1x14 n=6 7.1£29 n=4
RtR1 84+£1.1 n=6 7217 n=4
Rt SII 11.7+44 n=2 10.6x2.7 n=4
Peak latencies Lt SII 71.7+£31.2 n=2
(msec) LtR2 58.8+17.2 n=3
Lt Rl 83.7£52 n=2
Rt R2 23.6£9.1 n=6
Rt R1 245+13.5 n=6
Dipole moment Lt SIIT 2.8+0.2 n=2
(nAm) LtR2 12+£05 n=3
LtR1 1.8+£0.8 n=2
RtR2 3.7£3.6 n=6
RtR1 72+6.1 n=6

ECOG, electrocorticography; LFP, local field potential; Lt, left;
Rt, right.

may not be large. The reliable response was detected only in
2/6 animals and the value of Q was only 1.8+£0.8nAm
according to the ECOG analysis. This weak response is con-
sistent with the lack of polarity reversal at this location in the
intracortical LFP data.

TABLE 2. PROJECTION LATENCIES AND DIPOLE MOMENT
OF THE FIRST COMPONENT OF THE SOURCE WAVEFORM
OF THE ACTIVITY ELICITED BY RIGHT RI STIMULATION,
ESTIMATED FROM THE EPIPIAL ELECTROCORTICOGRAPHY
AND COMPARISON WITH PROJECTION LATENCIES
DETERMINED WITH INTRACORTICAL LOCAL
FIELD POTENTIAL

Right RI Intracortical
stimulation Area ECOG LFP
Onset latencies Lt SII 10.6 n=1 11.2%£3.3 n=8§
(msec) LtRl1 89+18 n=4 75+13 n=9
Rt R1 0 n=6
RtR2 69%+1.1 n=4 55+12 n=7
Rt SII 8.0£03 n=2 58%+14 n=_8
Peak latencies Lt SII 21.0 n=1
(msec) LtRl 22.1+69 n=4
Rt R1 10.7£83 n=6
Rt R2 20.5+8.2 n=4
Rt SII 27.6£11.0 n=2
Dipole moment Lt SII 0.53 n=1
(nAm) LtRl1 1205 n=4
Rt R1 23.1£12.1 n=6
RtR2 28%1.7 n=4
Rt SII 5.6x5.1 n=2
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Table 2 shows the onset and peak latencies and dipole mo-
ment of the initial cortical activity estimated from the ECOG
source waveforms in the ECOG study with six animals and
onset latencies of the initial component of the evoked LFP
for the R1 stimulation in the LFP experiment with nine ani-
mals. As for the snout stimulation, the pattern of the onset la-
tencies is quite consistent with the pattern determined with
the intracortical LFP. The differences in the onset latencies
based on the ECOG and LFP data were quite small, compa-
rable to the errors of estimates: Right R2 = + 1.4 msec, Right
SII=+2.2msec, Left R1=+1.4msec, and Left SII=-0.6
msec, with the plus sign indicating a longer latency for the
ECOG source estimates. These differences were not signifi-
cant (t-test, p>0.025).

Figure 8 summarizes the cortical projection map from the
snout and forward connectivity map for R1. In addition to
showing the nodes of the two networks, it shows the latency
of connection from the snout to each projection site and
latency of forward connection from R1. The estimates
based on the LFP are shown in black, whereas those based
on ECOG data are shown in green. The connection from
the snout to the ipsilateral R1 is not shown since it was
weak and not seen in 4/6 animals. As pointed out in Table
1, the latency estimates based on ECOG and LFP are very
close to each other, especially for the contralateral dominant
sources. Similarly, the latency estimates based on ECOG and
LFP are very similar to each other for the forward connectiv-
ity from the R1 to other areas of the network.

FIG. 8. Summary of the cortical connectivity maps in the
swine somatosensory cortex. Thick arrows indicate hypothe-
sized direct forward connections. Dotted lines indicate prob-
able indirect connections. Mean onset latency is shown for
each pathway. Right R1 area provides direct forward connec-
tions to right R2 and SII and left R1 and SII, but not R2. The
homotopic areas of left and right R1 appear to be bidirection-
ally connected. Snout projects to right R1, R2, and SII and
left R2 and SII, but not left R1. The onset latencies of evoked
responses are very similar based on ECOG (green) and intra-
cortical LFP (black).
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Discussion

This study evaluated the capabilities and limitations of
multiple dipole source analysis based on ECOG data for
source estimation by comparing the estimates against results
directly based on intracortical LFP. The comparisons were
made for the effective projection from the trigeminal nerve
to the somatosensory cortex and for a corticocortical effec-
tive connectivity. Although the number of activated sites
detected with the ECOG was variable across animals, the
cortical areas when they were activated were similar in loca-
tion to those identified with the intracortical LFP for both the
snout and R1 stimulations.

According to ECOG, the snout projected to all six areas of
the somatosensory cortex across the group of animals, al-
though some projections were seen only in a small number
of animals and strength of activation was weak. The left
snout stimulation strongly activated the contralateral right
R1, R2, and SII, consistent with previous results (Craner
and Ray, 1991a; Okada et al., 1999). The bilateral activation
of R2 and SII was also consistent with the previous findings.
These projections are largely consistent with the results
based on intracortical LFP.

However, there was some inconsistency between the
ECOG and LFP results. According to the ECOG source anal-
ysis, the snout stimulation activated the ipsilateral left R1. On
the other hand, we could not detect any clear polarity reversal
in the intracortical LFP measured in this area. In general, the
polarity reversal indicates an active region, but lack of polarity
reversal does not indicate the tissue to be inactive. For exam-
ple, a pair of current sink and source may not be easily detect-
able when the basal dendrites are preferentially activated since
this leads to an extracellular current source near the soma with
weak, distributed sinks around the dendrites (Bollimunta et al.,
2008; Schroeder et al., 1995). In the present case, this possibil-
ity appears unlikely. First, the projection from the snout to the
contralateral R1 produces a pair of current dipoles based on a
current source density (CSD) analysis, one in layer II/III and
another in layer V, with multiunit activity distributed through-
out cortical layers (Ikeda et al., 2005). Although we do not
have a CSD profile for the projection to the ipsilateral R1,
this previous result suggests that the stimulation may produce
dipolar current distributions. Second, the fact that the projec-
tion from the snout to the ipsilateral R1 produced detectable
peaks in the Laplacian maps based on the ECOG data in 2/6
animals indicates that at least in some cases the stimulation
produced a dipolar laminar distribution. The location of
peak activity for snout stimulation matched for ECOG and
LFP when the activity was seen clearly with these two tech-
niques. Thus, polarity reversal should have been seen with
LFP. The reasons for this discrepancy between the ECOG
and LFP data may be that the ECOG response was seen in
left R1 only in 2/6 animals, its onset latency was quite long
(14.7+6.4msec), and its moment was close to the variability
of data (1.8 £0.8 nAm). The weak ECOG amplitude and lack
of polarity in the LFP measurements suggest that the projec-
tion from the snout to the ipsilateral R1 was weak. This con-
clusion is consistent with the predominant contralateral
projection from the snout to the R1 found earlier by Craner
and colleagues (1991a).

The corticocortical connectivity map based on ECOG
source analysis was practically identical to the map based
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on intracortical LFP. According to ECOG, the right R1
was connected to the R1 itself and right R2 and SII and
left R1 and SII. There was some weak peak seen in left
R2, but the activity was too weak for reliable dipole analysis.
The poor connection from right R1 to left R2 is consistent
with the lack of clear polarity reversal of the intracortical
LFP in this area. The agreement between the ECOG and
LFP results for the projection from right R1 to left R2 sup-
ports our conclusion above that the projection from the
snout to the ipsilateral R1 is weak.

Anatomical studies in other mammalian species indicate
that there is a network of corticocortical connectivity
among subareas in SI and SII corresponding to the maps
found for the swine. ST sends homotopic callosal projections
to the contralateral SI (Henry and Catania, 2006; Killackey
et al., 1983; Manzoni et al., 1986), heterotopic callosal pro-
jections to the contralateral SII (Jones et al., 1979; Manzoni
et al., 1986), and heterotopic association projections to the
ipsilateral SII (Friedman et al., 1986; Henry and Catania,
2006; Manzoni et al., 1979). These results are consistent
with the present result for the swine.

In addition to position information, the source analysis of
ECOG data also provided latency information. The latencies
of initial cortical activation estimated with the ECOG source
waveforms were remarkably similar to those determined
with the intracortical LFP, the latency differences being sta-
tistically all nonsignificant. The discrepancies in mean la-
tency for these two estimates for snout stimulation were
1.1-2.0 msec (contralateral hemisphere) and 3.9-8.5 msec
(ipsilateral hemisphere). The discrepancies for R1 stimula-
tion were 1.4-2.2 msec for the ipsilateral and 0.6—1.4 msec
for the contralateral hemisphere.

Some interesting similarities and differences found in this
study are noteworthy. First, the peripheral projection from
the snout to the ipsilateral R1 was weak or inconsistent
according to both the ECOG and LFP data. In contrast, the
projection from one R1 to the other R1 was quite clear and
consistent (4/6 for ECOG and 9/9 for LFP) with a very
short latency (8.9% 1.8 msec compared with 8.0£0.3 msec
for the ipsilateral SII). The short-latency response between
the homotopic R1s suggests that the connection is transcal-
losal in swine. In some mammals, SI representing midline
body structures has dense callosal connections, whereas cal-
losal connections in SI for distal limb zones are sparse or ab-
sent (Ebner and Myers, 1962; Manzoni et al., 1989). In other
mammals, however, the callosal connections between the SIs
are sparse for midline body structures, for example, vibrissae
in squirrels and rabbits (Gould and Kaas, 1981; Krubitzer
et al., 1986; Ledoux et al., 1987). The barrel cortices in
mice and rats have no callosal connections; instead, dense
callosal connections are developed between disgranular cor-
tices (Barth et al., 1994). It appears that in the case of swine
there is a clear transcallosal connection between the homo-
topic areas of SI representing the snout. Thus, the converging
input is absent from the periphery to the ipsilateral R1 and
from the R1 on the opposite side to the same R1.

Second, the peripheral projection from the snout to the ip-
silateral R2 was reliable (3/6 for ECOG and 3/4 for LFP). In
contrast, the cortical connectivity from right R1 to left R2
was weak with no clear polarity reversal based on both the
ECOG and LFP data. This contrasting result is an interesting
example of asymmetry in the cortical network. In this case
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the converging input is lacking in the R2 from the ipsilateral
snout and the contralateral R1.

Third, a within-subject comparison of the two types of
projection patterns led us to conclude that the location in
the right R1 receiving the maximum projection from the
snout projects to those areas that are indistinguishable from
the areas receiving projections directly from the snout stim-
ulation when a given projection area receives input from both
pathways. In other words, there is convergence in informa-
tion from the periphery and a cortical area to each projection
site receiving input from these two areas. The lack of conver-
gence of input in some areas and the presence of conver-
gence in other areas may be important for understanding
the information processing in the network.

The results from the present study overall indicate that the
Laplacian mapping technique and multiple dipole source
analysis of ECOG data provide valid estimates of the projec-
tion pattern from the periphery and corticocortical connectiv-
ity map. However, some cautions are needed in using these
techniques for estimating effective connectivity in general.
Although the dipole source analysis was able to accurately
estimate the effective connectivity maps, such an analysis
may be subject to some potential pitfalls. Activation of the
snout or a cortical area did not always produce activation
in all the nodes of the network identified with the group anal-
ysis. The number of projection areas was 2-5 for the snout
stimulation and 1-5 for the R1 stimulation depending on
the animal for the ECOG source estimation technique. The
number of activated areas was also variable for the intracort-
ical LFP, although less variable. The snout stimulation acti-
vated 3-5 areas in the 4 animals studied in one experiment.
The R1 stimulation activated 4-5 areas in all 9 animals in an-
other experiment. We do not know the basis for this variabil-
ity. When a given area was activated, however, that area was
consistent across the animals. Similar variability may be ob-
served in other connectivity studies.

As another potential pitfall, source localization may yield
biased results when a multiple dipole model is used to fit
ECOG data over the entire electrode array in one step.
This was especially the case when there was a dominant ac-
tivity in one area—in this case, the right R1 receiving the
projection from the left snout. The source localization
was more accurate when the dipole location was first deter-
mined from the peak in the Laplacian map of the ECOG
data, and then a multiple dipole model was used to fit all
the data from the entire electrode array, leaving the source
amplitude, orientation, and waveform free to vary. This is
essentially the technique successfully used by Salmelin
(2007) and Salmelin and associates (1994) in their language
study with MEG.

Conclusions

The multiple dipole source analysis technique based on
ECOG appears to be quite useful for estimating effective
connectivity maps in the brain, including both position and
latency of connectivity, although there are some potential
pitfalls. The effective connectivity maps in the swine verified
with intracortical LFP could be useful for evaluating the
capabilities and limitation of other macroscopic techniques
such as EEG, MEG, fMRI, and TMS-EEG for estimating
functional cortical connectivity.
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