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Typical dipole locations can be estimated using averaged
somatosensory-evoked potentials and a standard brain model
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Abstract It is reasonable to hypothesize that dipoles
estimated from grand averaged event-related potentials
based on summed-up data obtained from multiple subjects
and standard head models could correspond to typical brain
regions associated to a particular event. Six healthy sub-
jects were enrolled in a study to test this hypothesis. We
estimated dipoles from somatosensory-evoked potentials
(SEP) elicited by electrical stimulation to the left median
nerve. We also created individual three-layered (scalp,
skull, and brain) head models from each subject’s magnetic
resonance imaging scan, and dipoles were estimated from
the individual averaged SEP with each individual head
model. We then estimated dipoles using grand averaged
SEP across all subjects on the standard head model created
from the Montreal Neurological Institute (MNI) standard
coordinate system brain template to compare the estimated
dipoles located on our own head model and those on the
MNI. The dipoles in the post-central gyrus were estimated
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from negative potentials at 20 ms from the grand averaged
data incorporated with the MNI head model, corresponding
to a typical location related to SEP stimulation. The results
suggest the validity of estimating the dipole location from
the grand averaged potential of all subjects with the MNI
model if we focus on typical regions related to the task.
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Introduction

Electroencephalograph (EEG) dipole fitting has been
developed to localize dipoles estimated from event-related
potentials (ERP) in the brain model and to visualize the
point-like dipole in the anatomical brain regions. Dipole
analysis can be performed for visual [1, 2], olfactory [3],
and movement-related potentials [4] as well as on raw data
obtained from the interictal spike in patients with epilepsy
[5]. An advantage of dipole fitting is that it enables the
researcher to locate the dipole in millisecond intervals,
thereby allowing the dipole’s movement to be observed
and, consequently, the process of brain activation to be
detected. Dipole results can be superimposed on magnetic
resonance imaging (MRI) scans in order to identify the
anatomical regions associated with the sensory events.
Although the dipole fitting model has a great potential for
human brain mapping, it seems to be difficult to use in
routine experiments and clinical examinations, possible
due to the two factors. (1) It is not always possible to use
MRI (slice from brainstem to vertex) to construct a sub-
ject’s own head model, and although a spherical model can
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be used, it is hard to find an accurate dipole location in such
a model. (2) An EEG is greatly affected by background
noise. It is therefore necessary to obtain the average from a
number of trials to increase the signal to noise (S/N) ratio
to estimate accurate dipole localization. Scattered dipole
localizations are attributed to a low S/N ratio, which makes
it difficult to identify significant localization related to the
event. However, a large number of trials on one subject
increases the S/N ratio, causing subjects to become tired
and adapted toward stimuli.

As a means to counter these problems, we hypothesized
that dipole locations estimated from grand averaged event-
related potentials based on summed-up data obtained from
multiple subjects with a standard head model could corre-
spond to a typical region related to stimuli. To test this
hypothesis, we performed experiments using the following
procedures. (1) Dipole locations were estimated from the
grand averaged somatosensory-evoked potentials (SEPs)
from all the subjects incorporated with the standard head
model created from the Montreal Neurological Institute
(MNI) brain template, which serves as the most common
stereotaxic platform [6]. (2) We also created an individual
three-layer (scalp, skull, and brain) head model from each
subject’s MRI scan. Dipoles were estimated from the indi-
vidual averaged SEPs with the individual head model. (3)
We confirmed that the dipole locations estimated from grand
averaged potentials with the MNI brain head model corre-
sponded to specific brain areas that had been already iden-
tified by neuroimaging studies. We also compared the
difference between dipole localization of grand averaged
potentials across subjects with the standard MNI model and
the dipole localization of averaged potentials within subjects
with the individual head model. We investigated whether
dipole estimation from grand averaged potentials with the
MNI brain head model is a reliable procedure by which to
determine the typical regions associated with the stimuli.

Method

The study cohort consisted of six healthy subjects (mean
age 38.3 £ 13.3 years). All subjects signed an informed
consent, and the study protocol was approved by the Ethics
Committee of Showa University School of Medicine.

Measurement of EEG and SEP

Subjects lay on a couch in a shielded room, with their eyes
closed. The subject’s head was supported with a pillow to
avoid unnecessary muscle tension. Nineteen electrodes
were arranged according to the 10-20 system, with the
reference electrode attached to the right earlobe. Electro-
oculograms (EOG) were recorded with the electrodes
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placed at the inferior lateral cantus and supraorbitally to the
left eye. Electrode impedances were held below 5 kQ
throughout the EEG recording. Potentials were measured
by an EEG recorder (EEG-1100; Nihon Kohden, Tokyo) at
1000-Hz intervals and stored on magnetic optical disks for
off-line analysis. Potentials were digitally filtered by a band
pass-filtered (5-100 Hz).

A 100-ps rectangular pulse wave was applied by a
stimulator (SEN-3301; Nihon Kohden, Tokyo) through
electrodes mounted on the skin over the left median nerve at
the wrist. The negative electrode was placed on the crease
across the anterior surface of the wrist, and the positive
electrode was 2 cm distal to the negative electrode. The
intensity of stimulation was adjusted to 10-15% over the
individual motor threshold and delivered at intervals of
1000 ms. Between 300 and 400 [mean =+ standard devia-
tion (SD) 357 £ 53] stimuli were delivered to each subject,
and artifacts from eyes and body movements were omitted
for averaging. Potentials from 50-ms pre- and 200-ms post-
stimuli were averaged.

Individual head model and MNI standard head model

The procedure for creating the head model and dipole
estimation is shown in Fig. 1.

For all subjects, T1 weighted images were taken from
the spinal cord to the vertex at a slice thickness of 2 mm.
From individual MRIs and MNI images, brain, skull, scalp
surfaces were extracted from each slice using Mimics
software (Materialise: http://www.materialise.com), and
each surface was reconstructed as a polyhedron consisting
of 960 triangles. Nineteen electrodes were arranged
according to the standard 10-20 method determined by
anatomical landmarks (nasion, inion, the right and the left
tragus of auricula, and the vertex). Before the dipole was
calculated, we calculated the conductivities of the elec-
trodes for the brain (0.3300 s/m), skull (0.0041 s/m), and
scalp (0.3300 s/m). A detailed description of the scalp-
skull-brain/dipole tracing (SSB/DT) method [Brain Space
Navigator (BS-navi); Brain Research and Development,
Japan] has been reported elsewhere [2—5, 7]. Dipole results
estimated with the individual head model were expressed
as coordinates of the MNI head model and superimposed
on the MNI brain. Translation from the coordinates of the
individual head model to those of the MNI brain head
model was determined by the electrodes’ positions [4].

Results

The latency of SEP measured from six subjects and that of
SEP measured from grand averaged SEPs indicate that the
components are similar (Table 1).
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Fig. 1 Upper panel The outlines of the brain, skull, and scalp are
extracted from each magnetic resonance imaging (MRI) slice (slice
thickness 2 mm) and saved as x, y, and z coordinates. Three-layered
(scalp, skull, and brain) head models are then reconstructed from the x,
v, and z coordinates. Conductivities of the electrodes for the brain
(0.3300 s/m), skull (0.0041 s/m), and scalp (0.3300 s/m) are then
calculated before the dipole is calculated. Somatosensory-evoked
potentials (SEPs) elicited by electrical stimulation to the left median
nerve are measured in a subject. Dipole analysis is performed from an

100 200 (ms)

individual subject’s SEP with his/her own head model, and these dipole
locations are superimposed on the Montreal Neurological Institute
(MNI) head model. Lower panel Outlines of the brain, skull, and scalp
are extracted from slices of the standard MNI template, and a three-
layered head model is reconstructed from the coordinates obtained
from each slice. Conductivities are also taken into account for the
dipole calculations. All SEPs of all subject are averaged, and dipole
analysis is performed from this grand averaged SEP with the MNI
model. Rt right, Lt left

Table 1 Latencies of SEP components of six subjects and grand averaged potentials

N1 P2 N2 P3 N3 P4
Mean + SD of six subjects 22+4 328+ 6 438 £ 7.1 53.6 £ 7.6 67.8 £ 9.5 96.6 + 2.9
Grand averaged SEP 22 30 40 50 62 100

SD standard deviation, SEP somatosensory-evoked potential

Figure 2 shows the dipole results in order of SEP
component analyzed with the individual head models.
Dipoles were superimposed on the correct coordinates of
the individual MRI slices. Figure 3 shows the results of
dipole localization of Fig. 2 expressed on the MNI image

and the results of dipole localization obtained from the
grand averaged potentials from all subjects calculated
with the MNI brain model. The x, y, and z coordinates of
dipole locations are shown above each MNI slice, and
anatomical regions were confirmed using the Talairach
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Fig. 2 Dipole locations estimated from individual SEPs with individual head models. The results from six subjects are shown in order of the

SEP component: N1, P2, N2, P3, and N3. R right, Lt left

Brain Atlas [8], which are indicated at the bottom of each
MNI slice.

In Figure 3, in the N1 component, dipoles were located
in the gyrus precentralis (GPrC), gyrus postcentralis
(GPoC), and sulcus centralis cerebri (SC). Dipoles were
also found in the fasciculus longitudinalis superior (FLS),
the nucleus caudatus (NC), and the thalamus (TH). At P2,
three of six subjects’ dipoles were not estimated. For three
subjects, each estimated dipole was in the GPrC, GPoC, or
SC. In the N2 component, dipole localization varied from
subject to subject: in the GPrC, GPoC, the insula (INS), the
radiatio acustica (RA), the putamen (Pu), and the sulcus
lateralis cerebri (SI). At P3, dipoles were observed in the
SC, GPrC, INS, and FLS. There were no estimated dipoles
in two subjects. At N3, dipoles were estimated in the
GPoC, and GPoC and INS.

Anatomical regions of dipole locations are summarized
in Table 2. The number of dipoles estimated from
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individual averaged potentials with individual head models
and from averaged potentials with the MNI head model.
The dipole localization estimated from grand averaged
potentials across all subjects with the MNI model is in the
GPoC at N1 and in the SC at P2 and N2.

Discussion
Grand averaged data sets with the MNI model

In this study, we tested the hypothesis that results of dipole
localization from grand averaged potentials across all
subjects incorporated with a standard MNI head model
could show typical regions related to SEP. Dipole locations
estimated with the MNI model were also compared with
areas estimated from individual averaged potentials
incorporated with individual head models.
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Fig. 3 Dipole locations estimated in each individual head model
were superimposed on the coordinates of the MNI model. The x, y,
and z coordinates of dipole locations are indicated above each MNI
slice, and anatomical regions confirmed by Talairach Brain Atlas are
shown at the bottom of each MNI slice. Lower panel Dipole analysis
performed from grand averaged SEP for all subjects with the MNI

We confirmed that dipoles estimated from grand aver-
aged data sets with the MNI head model converged in the
GPoC at N1 of SEP (corresponded with N20). This is the
primary somatosensory cortex (SI), which has been
reported in magnetoencephalography (MEG) and EEG
studies [9, 10]. In addition, dipoles estimated from grand
averaged data sets with the MNI head model showed more
typical locations related to SEP stimuli than those observed

model is indicated. Anatomical regions: GPrC gyrus precentralis,
GPoC gyrus postcentralis, FLS fasciculus longitudinalis superior, NC
nucleus caudatus, TH thalamus, SC sulcus centralis cerebri, RA
radiatio acustica, PU putamen, INS insula, S/ sulcus lateralis cerebri.
Rt right, Lt left

in the individual head models. The results of one study
suggest that increasing the number of data points to the
average enhances the S/N ratio and, consequently, esti-
mations based on averaged potentials with high S/N ratios
incorporated with MNI show convergence to typical
regions [4]. Whittingstall et al. [11] investigated the dif-
ference in dipole location between the individual and grand
averaged data sets with a standard realistic head model
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Table 2 Anatomical regions of dipole location

Anatomical region N1 P2 N2 P3 N3 P4
GPrC 0O ©) ©) OO

GPoC ococee® O @) OO
FLS O ©)

NC @]

TH O

SC (©] ce® 00 O

RA ©)

PU OO

INS @) ©) O
SI @)

Open circle Number of dipoles estimated from individual averaged
potential with individual head models, closed circle number of
dipoles estimated from grand averaged all subjects’ potentials with
the MNI head model

GPrC Gyrus pre centralis, GPoC gyrus postcentrals, FLS fasciculus
longitudinalis superior, NC nucleus caudatus, TH thalamus, SC sulcus
centralis cerebri, RA radiatio acustica, PU putamen, INS insula SI
sulcus lateralis cerebri

derived from MNI and concluded that a standard head
model is useful when the S/N ratio is high. Our results are
consistent with those of prior studies showing that the
convergence of dipoles in specific areas may be a result of
high S/N ratios based on increases in averaging potentials.

Reliable results of dipole estimation can be obtained
from individual averaged potentials with the subject’s own
head model if the S/N ratio is high. However, we specu-
lated that to increase the S/N ratio, a large number of trials
would be needed in order to average the data obtained on
one subject. In a laboratory situation, especially for clinical
patients, a large number of trials could result in patients
becoming tired or feeling unpleasant. In addition, it is
difficult to measure 2-mm MRI slices from the brainstem to
the vertex levels in order to create a head model for each
subject/patient. We suggest that dipole estimation from
grand averages across all subjects with MNI could be
useful when all subjects’ head models are not available,
when there are data of event-related potentials measured
from a number of subjects, and if the focus is on typical
regions related to stimuli.

Area related to SEP

Dipoles in the GPrC or GPoC were estimated from indi-
vidual averaged potentials with their own head models;
however, in the late SEP component, we estimated the non-
primary somaotosensory areas in some subjects. After
estimating the N2 component, we activated the secondary
somatosensory area (SII) and the INS in parallel with the
activation of somatosensory areas in subjects 1, 2, 3, and 5.
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Jones and Powell [12] reported that SII areas receive
inputs from the SI area. Connections between SI and SII
are somatotopically organized [13]. The study of dipole
analysis shows that the source of negative potential at
60 ms (N60) is localized in the SII area [14]. In this study,
we observed the presence of dipoles localized in the SII
and INS in some subjects between N2 and N3 (time range
from 43.8 &+ 7.1 to 67.8 £ 9.5 ms), corresponding to those
potentials observed in the priori study. However, activation
of the SII and INS areas was not observed in all subjects.
Babra et al. [14] reported that N60 latency was largely
decreased at a high stimulus rate of the median nerve, and
another study showed that the perisylvian cortex is quite
sensitive to stimulus intensity [15]. The activation of the
SII and INS might be related to the level of cognitive
intensity and sensitiveness toward stimuli.

Subjective feelings or emotional level emerging during
the stimuli or during the course of trials could influence the
results of field potentials and the result of dipole locations.
Activations of the amygdala (AMG) and temporal pole
were found in subjects showing a high level of anxiety
[16], and the level of fear is known to affect the responses
of AMG. [2]. These individual traits indicated by brain
activations may disappear by averaging all potentials from
a number of subjects.

Based on the results of this study, we suggest that
combining potentials based on the sum of data obtained
from multiple subjects with an MNI model contribute
towards an accurate determination of the location of
dipoles specifically associated with the event. This method
could be useful to compare brain activations between
groups of different ages and sex, for traits measured with a
psychological test, or by the stage of disease for certain
patients.
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