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Abstract—Volume currents are important for the accurate c
culation of magnetoencephalographic~MEG! forward or in-
verse simulations in realistic head models. We verify the ac
racy of our finite element method implementation for ME
simulations by comparing its results for spheres contain
dipoles to those obtained from the analytic solution. We th
use this finite element method to show that, in an inhomo
neous, nonspherical realistic head model, the magnetic
normal to the MEG detector due to volume currents often
a magnitude on the same order or greater than the magnitud
the normal component of the primary magnetic field from t
dipole. We also demonstrate the disparity in forward solutio
between a model that employs spheres, one that uses the
istic head and primary currents alone, and a realistic h
model that incorporates both primary and volume currents
forward and inverse MEG simulations using the inhomog
neous realistic model, the results obtained from calculati
containing volume currents are more accurate than those
rived without considering volume currents. ©2003 Biomedi-
cal Engineering Society.@DOI: 10.1114/1.1535412#

Keywords—Magnetoencephalography, Source localization,
nite element method.

INTRODUCTION

Extracranial magnetic fields produced by neuronal
tivity within the brain can be measured using magneto
cephalography~MEG!. A standard method for modelin
the macroscopic neural activity assumes that such ac
ity can be modeled by electric current dipoles. The el
tric currents produced by the dipoles can be separa
into two components: the primary current, which rep
sents the source of neural activity, and the secondar
volume current, which results from the interaction of t
primary current within a conductive medium.9,10 MEG
detectors measure the normal component of the net m
netic field due to both primary and secondary curren

Attempts to determine the magnetic fields that res
from current dipoles, the forward problem, most co
monly use a model for simulations consisting of a set
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concentric spheres, each with homogeneous and isotr
conductivity.4,5 Given this model, the MEG forward
problem can be reduced to a closed form analytic so
tion. However, with more realistic, inhomogeneous, no
spherical head models, a closed form solution canno
computed and approximation methods, such as finite
boundary element methods, must be used.

In realistic head models, the importance of volum
currents for forward simulation of the MEG measur
magnetic field is still debated, even though prior wo
has implied their relevance for radially oriented dipole6

We used the numeric linear and quadratic finite elem
methods2,3,7,13,14,18to investigate the effects that volum
currents have on the total magnetic field measured at
MEG detectors, and their importance in accurately c
culating the normal component of the magnetic fie
detected by MEG. The accuracy of our numerical a
proximation is first validated by comparing the mode
computed results for spheres containing dipoles to tha
the analytic solution for the spheres. This nume
method is then applied to forward simulations in a mo
realistic head model.

The task of determining a current dipole’s locatio
within the head from the normal component of the ma
netic field located at each detector, the inverse probl
or dipole source localization, relies on the techniques a
modeling of the forward problem. After determining th
importance of volume currents in the forward simul
tions, we used our forward model to perform inver
simulations on the realistic head model and demonst
the importance of volume currents for accurate dip
source localization.

BACKGROUND

The dipole’s primary current density,Jp , results from
the electromotive force impressed by biological activ
on conducting tissues.12 AssumingJp is within a conduc-
tive region,G, of the brain with conductivitys and that
the magnetic permeability is homogeneous,m5m0 , the
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22 VAN UITERT, WEINSTEIN, and JOHNSON
quasistatic approximations of Maxwell’s equations in d
termining the electric field,E, and the magnetic field,B,
apply as follows:

E52¹f, ~1!

¹3B5m0J, ¹"B50, ~2!

J5Jp1sE, ~3!

wheref is the electric potential andJ is the total current
density. The magnetic field is calculated by the Bio
Savart law:

B~r !5
m0

4p E
G

J~r 8!3
~r2r 8!

ur2r 8u3 dv8, ~4!

wherer 8 is the coordinate of the dipole andr is the point
of detection~Fig. 1!. Combining Eqs.~1!, ~3!, and ~4!,
we obtain

B~r !5
m0

4p E
G

@Jp2s¹f#3
~r2r 8!

ur2r 8u3
dv8

5
m0

4p F E
G

Jp3
~r2r 8!

ur2r 8u3
dv82(s jE

Gj

¹f

3
~r2r 8!

ur2r 8u3
dv8G , ~5!

where Gj indicates subvolumes with different condu
tivities. For a current dipole with a momentQ:

FIGURE 1. Schematic diagram showing the relationship be-
tween r 8 „coordinate of the dipole …, Q „moment of dipole …, r
„coordinate of the detector …, n „normal to the detector …, G
„total conductive region …, G1 „conductive subregion 1 …, G2
„conductive subregion 2 …, s1 „conductivity of subregion 1 …,
and s2 „conductivity of subregion 2 ….
B~r !5
m0

4p FQ3
~r2r 8!

ur2r 8u3
2(s jE

Gj

¹f3
~r2r 8!

ur2r 8u3
dv8G .

~6!

The integral portion of Eq.~6! models the volume cur-
rents that are dependent upon the conductivity and e
tric potential, whereas the balance on the right-hand s
of Eq. ~6! models the primary current.

If the conductor is in the shape of a sphere, an a
lytic closed form equation exists for calculating the ma
netic field. According to Sarvas,12 the magnetic field out-
side of a homogeneous sphere enclosing a dipole ca
calculated as follows:

B~r !5
m0

4pF2 ~FQ3r 82Q3r 8•r¹F !, ~7!

where

F5uau~ ur uuau1ur u22r 8•r !,

a5r2r 8,

¹F5~ uau2/ur u1a•r /uau12uau12ur u!r

2~ uau12ur u1a•r /uau!r 8.

Equation~7! shows that for a spherical conductor,
the source is oriented radially to the point where t
magnetic field is being measured, then the system
magnetically silent volume conductor.4 Note that Eq.~7!
does not directly include the conductivity,s. In a homo-
geneous sphere the contribution to the magnetic fi
from the volume currents is independent of conductivi
though the volume currents are implicitly incorporated
Eq. ~7! and do contribute toB, the total magnetic field.12

The detectors used in MEG measure only the com
nent of the magnetic field normal to the detectors.8 Thus,
Eq. ~6! becomes

B~r !•n5
m0

4p FQ3
~r2r 8!

ur2r 8u3 •n

2(s jE
Gj

¹f3
~r2r 8!

ur2r 8u3 dv8•nG , ~8!

wheren is the normal to the detector. Equation~7! then
becomes

B~r !•n5
m0

4pF2 ~FQ3r 82Q3r 8•r¹F !•
r

ur u
. ~9!
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23Volume Currents in Forward and Inverse MEG Simulations
Equation ~9! indicates that when the detectors are o
ented radially to a spherically symmetric homogeneo
conductor, MEG is sensitive only to the component
the primary electric current tangential to the sphere at
detector for any dipole inside the sphere; the radial co
ponent of the primary electric current does not contrib
to the external magnetic field.5,8 The volume currents
also do not contribute to the measured magnetic va
in a spherically symmetric homogeneous conductor
shown by Sarvas.12

RESULTS

In our simulations, the linear finite element meth
was used to calculate the electric potential in~1! a dis-
crete, numeric model employing spheres and~2! in a
model using realistic geometry from patient data.16 The
biomedical problem solving environment~BioPSE!1 was
used to solve the forward and inverse MEG simulatio

Spherical Head Model

Several tests were performed to validate the fin
element approximation to Eqs.~7! and ~9!. Using a
sphere, we calculated the magnetic field by our nume
model and compared it to the magnetic field calcula
by analytic Eq.~7!. The sphere tests were performed
a 98,001 node, 100 mm sphere centered at the or
containing 459,784 uniformally spaced tetrahedral e
ments with 180 detectors placed symmetrically arou
the sphere at radii of 130, 140, 150, and 160 mm
dipole was placed first at the center of the sphere wit
moment of~0, 0, 1000! nA m. In comparing the numeric
to the analytic solution, the cumulative rms error of t
magnitude of the magnetic field at all the detectors w
1.12310217 T. Solution magnitudes range from 2
310212 to 5.0310214 T.

A dipole was next placed in the sphere at~80, 50, 0!
mm with moment~1000, 2500, 0! nA m. The results
from the numeric model were compared to the calcu
tions from Eq.~7! and were found to correspond with
relative rms error of 4.3131023. Figure 2 allows for a
visual comparison between the analytic and nume
magnetic fields calculated at the 180 detectors for
dipole.

The next validation test employed dipoles that we
randomly placed and randomly oriented in the sphe
Only one dipole was inside the sphere for each of
numeric and analytic magnetic field calculations, a
each of these was evaluated for all 180 detectors.
calculations were performed for 100 different dipoles

First, only the radial component of the numerica
calculated magnetic field solutions with and without t
volume currents was compared to the radial compon
 t

of the analytically calculated magnetic field solutions
calculated by Eq.~9!. The relative rms error between th
calculated radial component of the magnetic field
numeric and for analytic solutions for each dipole a
pears in Fig. 3; all errors were less than or equal
0.156. The minimal difference between solutions w
and without volume currents indicates that the rad
component of the magnetic field due to the volume c
rents is close to zero in the sphere.

Using the same 100 dipoles, numerically calculat
magnetic field solutions with and without the volum
currents were then calculated for the total magnetic fi

FIGURE 2. Analytic and numeric solutions of magnitude of
magnetic field at detectors for dipole at „80, 50, 0… mm with
moment „1000, À500, 0… nA m: x’s indicate analytic solution,
and crosses indicate numeric solution. The relative rms error
between the analytic and numeric solution is 4.31 Ã10À3.

FIGURE 3. Relative rms error vs. distance from dipole to
sphere center for radial component of magnetic field „100
randomly placed and oriented dipoles …: crosses indicate nu-
meric solution with volume currents, and x’s indicate nu-
meric solution without volume currents.
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24 VAN UITERT, WEINSTEIN, and JOHNSON
and compared to the analytically calculated magne
field solutions. The mean relative rms error with t
volume currents was 0.01260.014, with 91% of the di-
poles having an error less than 0.024 and none havin
error greater than 0.095~Fig. 4!. The relative rms error
for numeric magnetic field solutions calculated witho
considering volume currents was 0.04460.042, with
71% of the dipoles having an error greater than 0.0
The errors for each dipole with and without the volum
currents appear in Fig. 4. A discrepancy in accura
between solutions including volume currents and th
without volume currents is apparent when calculating
total magnetic field that was not evident when measur
the radial component alone. For each individual dipo
the relative rms error for solutions without the volum
currents invariably was higher than was the error
those with the volume currents.

Realistic Head Forward Simulation

Next, we used the linear finite element method
calculate the MEG forward simulation as calculated
Eq. ~8!. The realistic head model used consists of 72,7
nodes, 406,493 uniformally spaced tetrahedral eleme
and 64 detectors placed over the head in the stan
electroencephalographic locations~Fig. 5!. This model
was constructed from a volume magnetic resonance
age~MRI! scan of a 34 year old patient whose head h
a radius of approximately 100 mm. We considered
conductivity regions and assigned them average va
from the literature: air (s50.0 S/m), skin (s
51.0 S/m), bone (s50.05 S/m), CSF (s54.62 S/m),
gray matter (s51.0 S/m), and white matter (s
50.43 S/m).11

FIGURE 4. Relative rms error vs distance from dipole to
sphere center for total magnetic field „100 randomly placed
and oriented dipoles …: crosses indicate numeric solution
with volume currents, and x’s indicate numeric solution
without volume currents.
n

,
d

-

s

A dipole with moment~0, 0, 21200) nA m was lo-
cated in the left parietal lobe at~35.0, 23.0,250.6) with
coordinate distances measured in millimeters from
origin at the center of the head. At 77% of the detect
~49 of 64!, the normal component of the magnetic fie
due to the volume currents was of the same order
magnitude or larger than the normal component of
magnetic field due to the primary current. At 13% of th
detectors~8 of 64!, the normal component of the mag
netic field due to the volume currents was at least
order of magnitude greater than the normal componen
the magnetic field due to the primary current. Figure
shows the magnitude of the magnetic field normal to
detector at each of the detector positions with the m
netic field due to the combined volume currents and
primary current, with the magnetic field due to the p
mary current alone, and with the magnetic field due
the volume currents alone. Detectors numbered 1–
measure fields over the left frontal region, detecto
numbered 19–29 were localized over the left parieta
occipital region and were the closest to the placemen
the dipole in this trial, detectors numbered 30–41 we

FIGURE 5. Magnetic field detector positions in the realistic
head model. Detector color indicates the relative field
strength of the measured magnitude of the magnetic field. A
green arrow indicates the magnetic field calculated using
both the primary and volume currents in the realistic head
model. A red arrow indicates the magnetic field calculated
using only the primary current in the realistic head model. A
blue arrow indicates the magnetic field calculated using both
the primary and volume currents in the spherical head
model.
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25Volume Currents in Forward and Inverse MEG Simulations
placed over the right parietal–occipital region, and d
tectors numbered 42–64 were localized over the ri
frontal region and were the most remote from the dipo

A dipole was also placed at (236.0, 4.0, 30.4! mm, in
the right posterior frontal cerebrum, with a moment
~0, 0, 21200) nA m. At 61% of the detectors~39 out of
64!, the normal component of the magnetic field due
the volume currents was of the same order of magnit
or larger than the normal component of the magne
field due to the primary current. At 16% of the detecto
~10 out of 64!, the normal component of the magnet
field due to the volume currents was at least an orde
magnitude greater than that due to the primary curre
Figure 7 shows the magnitude of the magnetic field n
mal to the detector at each of the detector positions w
the magnetic field due to the combined volume curre
and the primary current, with the magnetic field due
the primary current alone, and with the magnetic fie
due to the volume currents alone. The detectors for
simulation were at the same positions as were the de
tors for the simulation with the dipole in the left pariet
lobe.

In order to further verify the contribution of the mag
netic field due to the volume currents is a real affect a
does not have significant contributions from linear ord
finite element discretization errors, the above forwa
magnetic simulations on the realistic head model w
calculated using a quadratic basis function.13 For the
dipole placed in the left parietal lobe, at 81% of th
detectors~52 of 64!, the normal component of the mag
netic field due to the volume currents was of the sa

FIGURE 6. Normal component of the magnetic field for each
detector with dipole in left parietal lobe of the brain: crosses
indicate numeric solution with volume currents and the pri-
mary current, stars indicate numeric solution with the pri-
mary current alone, and circles indicate numeric solution
with volume currents alone. Detector locations are noted be-
low the detector numbers.
-

order of magnitude or larger than the normal compon
of the magnetic field due to the primary current; at 16
of the detectors~10 of 64!, the normal component of the
magnetic field due to the volume currents was at leas
order of magnitude greater than that due to the prim
current. For the dipole placed in the right posterior fro
tal cerebrum, at 58% of the detectors~37 of 64!, the
normal component of the magnetic field due to the v
ume currents was of the same order of magnitude
larger than the normal component of the magnetic fi
due to the primary current; at 17% of the detectors~11 of
64!, the normal component of the magnetic field due
the volume currents was at least an order of magnit
greater than that due to the primary current. The relat
rms error between the linear and the quadratic calcu
tions of the normal component of the magnetic field w
3.931023 for the dipole located in the left parietal lobe
and 3.031023 for the dipole located in the right poste
rior frontal cerebrum.

Figure 8 relates the dipole location to the percenta
of detectors recording the normal component of the m
netic field due to the volume currents as a number of
same order of magnitude or larger than the normal co
ponent of the magnetic field due to the primary curre
emanating from the dipole. Dipole location is express
as the distance from the dipole to the nearest detecto
reflection of how ‘‘deep’’ the dipole is inside the hea
The results suggest that the magnetic field due to volu
currents plays a larger role in MEG for dipoles remo
from the closest detector~i.e., deep inside the head! than
for dipoles in the brain placed closer to the craniu

FIGURE 7. Normal component of the magnetic field for each
detector with the dipole in the right posterior frontal cere-
brum: crosses indicate numeric solution with volume cur-
rents and the primary current, stars indicate numeric solu-
tion with the primary current alone, and circles indicate
numeric solution with volume currents alone. Detector loca-
tions are noted below the detector numbers.
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26 VAN UITERT, WEINSTEIN, and JOHNSON
Even for dipoles close to the cranium, however, up
22% of detectors measured magnetic fields due to
ume currents of the same order of magnitude or gre
than the fields due to the primary current.

Figure 9 shows the total magnetic field vector pres
at each detector position resulting from the dipole in

FIGURE 8. Percentage of detectors measuring magnetic field
due to volume currents that are of the same order of mag-
nitude or greater than the measured magnetic field due to
the primary current at different dipole locations. Dipole loca-
tion is expressed as the distance between the dipole and the
nearest detector.
r

right posterior frontal cerebrum with the magnetic fie
due to the combined volume currents and the prim
current in a realistic head model, with the magnetic fie
due to only the primary current in a realistic head mod
and with the magnetic field due to the combined volum
currents and the primary current in a spherical mo
that corresponds to the realistic head. In Fig. 10, e
arrow is color coded to represent the MEG measu
magnitude of the corresponding magnetic field vector
Fig. 9.

Realistic Head Inverse Simulation

The normal component of the magnetic field was c
culated at each detector for a specific dipole using
forward simulation; the detectors’ magnetic field data
this dipole, but not the dipole’s location, was then us
as the ‘‘measured’’ data with which to run an inver
MEG simulation. To avoid any bias in achieving th
optimal results in the inverse simulations not using v
ume currents, no geometrical or measurement noise
added to the ‘‘measured’’ data. The inverse simulati
was performed by positioning a test dipole in one e
ment of the finite element head mesh, finding t
minimum-norm solution magnitude and orientation f
the dipole in that element, and then computing the mi
between the forward solution for the test dipole and
measured data.15,17 The test dipole was then moved t
different positions in the mesh until a position was fou
FIGURE 9. Total magnetic field vectors for each detector with the dipole in the right posterior frontal cerebrum: green indicates
the magnetic field calculated using both the primary and volume currents in the realistic head model, and red indicates the
magnetic field calculated using only the primary current in the realistic head model, and blue indicates the magnetic field
calculated using both the primary and volume currents in the spherical head model. Detector locations are indicated by yellow
disks.
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FIGURE 10. Magnitude of the normal component of the magnetic field for each detector with the dipole in the right posterior
frontal cerebrum: the colors indicate the relative field strength of the measured magnitude of the magnetic field. Arrow
directions correspond to magnetic field calculation vectors in Fig. 9 at the equivalent detectors.
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where the misfit between the forward solution for the t
dipole and the measured data was minimized. Ra
than calculating the misfit between the forward soluti
for each test dipole position and the measured solutio
each element, we used the downhill simplex10 optimiza-
tion search technique, which requires the evaluation
fewer elements to find the position where the minimu
misfit occurs between the forward calculated solut
and the measured solution.

Inverse MEG simulations were performed on da
measured at detectors for ten different dipole locatio
within our realistic head model. Two sets of simulatio
were run: one set took into account the magnetic fie
due to both the primary and volume currents, and
r
other set used only the magnetic field resulting from
primary current and ignored that due to the volume c
rents ~Table 1!. In all simulations, the initial dipole po-
sitions for the optimization were the same for both t
calculation performed with and without the volume cu
rents and the average of ten trials from different init
dipole positions is reported. Figures 11 and 12 show
dipole source localization points for the inverse solutio
obtained using the measured data for a dipole at loca
C ~35.0, 23.0,250.6) mm in the left parietal lobe of the
brain; the magnetic field for only the primary curre
was used to obtain the dipole position at location
whereas the magnetic fields for both the primary a
volume currents were used to obtain the dipole posit
TABLE 1. Error in inverse localization calculations including and excluding the magnetic field
due to volume currents.

Trial
No. Dipole coordinates and location in brain

Error with volume
current magnetic field

Error without volume
current magnetic field

1 (236.0,4.0,30.4) right posterior frontal 1 mm 12 mm
2 (35.0,23.0,250.6) left parietal 3 mm 62 mm
3 (35.0,23.0,49.4) left frontal 6 mm 8 mm
4 (215.0,223.0,20.6) right temporal 1 mm 8 mm
5 (215.0,223.0,20.6) right temporala 7 mm 46 mm
6 (236.0,223.0,250.6) right parietal 2 mm 76 mm
7 (215.0,47.0,20.6) right precentral gyrus 4 mm 4 mm
8 (215.0,263.0,250.6) right occipital 1 mm 14 mm
9 (27.0,51.0,11.4) left midfrontal 2 mm 4 mm

10 (245.0,27.0,11.4) right midfrontal 1 mm 4 mm

aDifferent orientation from trial 4 right temporal dipole.
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28 VAN UITERT, WEINSTEIN, and JOHNSON
at location B. In the ten dipole source localizations, 30
~3 of 10! of the localizations performed without volum
currents resulted in a solution inaccurate by 6 mm
less, whereas 90%~9 of 10! of the localizations per-
formed using the magnetic fields due to both prima
and volume currents were within 6 mm of the corre
dipole location. The average error in correctly identifyin
the dipole location for trials that included the magne
field due to volume currents was 2.862.1 mm; this error
reflects discrepancies introduced by the simplex meth

FIGURE 11. Dipole locations calculated by inverse MEG
simulation using measured data obtained from the dipole
positioned at „35.0, 23.0, À50.6… mm in the left parietal area:
dark colored dipole A is the position calculated using the
magnetic field due to the primary current alone, dark colored
dipole B is the position calculated using magnetic fields due
to both primary and volume currents, and light colored vec-
tor dipole C is the true dipole position.

FIGURE 12. Left lateral view of the dipoles in Fig. 11: dark
colored dipole A is the position calculated using the mag-
netic field due to the primary current alone, dark colored
dipole B is the position calculated using magnetic fields due
to both primary and volume currents, and light colored vec-
tor dipole C is the true dipole position.
,

which does not exhaustively search every element. T
average error for trials not taking into account the ma
netic field due to volume currents was 23.8627.0 mm.

DISCUSSION

The tests performed with the spheres and the co
parison of the results with those obtained using the a
lytic solutions show that our numeric model is accura
The rms error due to the dipole placed at the origin w
moment ~0, 0, 1000! nA m was only 1.12310217 T,
whereas neuronal activity detected by MEG is on t
order of 10212– 10214 T. The mean relative rms error o
the 100 randomly placed and oriented dipoles w
0.01260.014; the errors that do occur stem from using
linear finite element approximation. The numeric mode
accuracy is further confirmed by the results obtain
with the dipole at~80, 50, 0! mm with moment~1000,
2500, 0! nA m ~Fig. 2!. The detectors closest to th
dipole location have the highest magnitude of magne
field, whereas those farther away have a smaller ma
tude, as would be expected. The numeric and anal
solutions have a relative rms error of only 4.3131023.

Figure 3 shows the relative rms error between o
model and the analytic solution when calculating t
normal component of the magnetic field generated
randomly placed and oriented dipoles in a sphere. T
error with and without the volume currents is the sam
except for 11~out of 180! detectors; the error at these 1
detectors, the largest of which has a relative rms erro
0.154, is solely based on finite element approximat
error. The errors increase as the distance from the ce
of the sphere increases because the spherical mesh
ployed was only an approximation containing an imp
fect jagged boundary. The virtually identical results o
tained with and without taking into account the volum
currents is expected because, as demonstrated
Sarvas,12 the normal component of the magnetic fie
measured at any detector on a sphere results from
the tangential component of the primary current and d
not depend at all on the volume currents. In contrast
calculations involving only the radial component of th
magnetic field, Fig. 4 clearly indicates that volume cu
rents are important in total magnetic field calculatio
even in a spherical head.

The above tests demonstrate that our numeric mo
is reasonably accurate, and that the small inaccura
that do occur result from the finite element approxim
tion. Using a linear finite element method on a homog
neous, isotropic sphere is only a test case, however.
true usefulness of this technique becomes apparent w
the method is applied to a realistic head that incorpora
varying conductivities and for which an analytic solutio
is not available. The realistic model reemphasizes
importance of volume currents in MEG calculations,
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at least 22% of the detectors, and as many as 81% o
detectors, in our model measured magnetic fields du
volume currents that had magnitudes as large as
greater than the magnetic fields due to the primary c
rent, and at least 13% of the detectors measured m
netic fields due to volume currents that were over
order of magnitude greater than the magnetic fields
to the primary current. These results were confirmed w
the use of the more accurate quadratic finite elem
method and further emphasize the importance of the
ume currents in MEG calculations. The relative rms er
between the linear and quadratic finite element meth
for the normal component of the magnetic field sugge
that the frequent finding of the large magnetic field d
to volume currents relative to the field from the prima
currents is not just an anomaly of the linear finite e
ment method.

Figures 6 and 7 show the importance of using volu
currents when calculating magnetic field strengths in
alistic head models. In Fig. 6, the increase in absol
magnitude of the calculated magnetic field occurred
detector numbers 10–29, which were located on the
parietal portion of the head and were closest to the
pole location. Similarly, the increase in the absolute m
nitude of the calculated magnetic field at detector nu
bers 42–64 in Fig. 7 reflect the fact that these detec
were located on the right posterior frontal portion of t
head and were closest to the dipole in this trial. In acc
with the Biot–Savart law~4!, the positive or negative
magnitude of the magnetic field at each detector depe
on the position of the detector with respect to the dipo
Figures 6 and 7 show that, for detectors close to
location of a dipole, the magnitude of the magnetic fie
would be calculated incorrectly for both positive an
negative orientations if only the magnetic fields due
the primary current were included. In Fig. 6, detecto
remote from the dipole location, such as detector nu
bers 37–51, generally have positive magnetic fields
to volume currents and negative fields resulting from
primary current. If the volume currents were not i
cluded in the calculation for these detectors, the to
magnetic field measured at these detectors would ap
to be negative rather than close to zero as would
expected for detectors in the right frontal region of
brain containing a left parietal dipole. Detectors nu
bered 19–29 in Fig. 7 also show that, for detectors
mote from the dipole, calculations using both the volum
and primary currents yield a result closer to the expec
near-zero-field strength than do calculations using
primary current alone. At each extracranial detector
our realistic head model, Figs. 9 and 10 show that
magnetic field vectors and MEG measurements that
clude the magnetic field due to the volume currents dif
greatly from those calculated using only the magne
field due to the primary current; the magnetic field ve
e

r

-

t

s

r

tors and measured values for the spherical head m
also are at variance with the corresponding vectors
values in the realistic head model regardless of whet
or not volume currents were included in the calculatio

Accounting for the effects of volume currents in ma
netic field calculations could be simplified and perform
more selectively if the MEG measured magnetic fie
due to volume currents was of the same order of m
nitude or greater than the measured field due to
primary current only at certain dipole locations, and
the measured field due to volume currents consiste
was trivial at other dipole sites. Equation~8! implies that
dipoles near a detector generally should produce m
netic fields with relatively low contributions from vol
ume currents, sinceur2r 8u3 appears in the denominato
of the primary current portion of the equation and var
with dipole location, whereasur2r 8u3 in the integral
portion of the equation does not vary with dipole di
tance. Indeed, Fig. 8 suggests that dipoles placed su
ficially in the brain close to the cranium and near
detector have MEG measured contributions from volu
currents that are of the same order of magnitude
greater than those from the primary current at only 22
of detectors, whereas dipoles placed deeper in the b
and remote from detectors produce measured magn
fields from volume currents of the same order of ma
nitude or greater than those from the primary current
a higher percentage of detectors, up to 72% for
dipoles at a depth of 90.8 mm. Yet, Fig. 8 also indica
that even for superficially located dipoles, the contrib
tion to the measured magnetic field from volume curre
can still be large at some detectors when compared to
measured field from the primary current. Depending
the application, it appears one cannot automatically
nore the volume currents with confidence in magne
field calculations for any dipole location in a realist
head model.

The inverse MEG simulations with dipoles at vario
positions within the realistic head model reemphasize
importance of the magnetic field due to volume curre
in calculations designed for dipole source localizatio
30% of the localizations performed without using th
magnetic field due to volume currents obtained a solut
inaccurate by 6 mm or less, whereas 90% of the loc
izations performed including the magnetic fields due
both the primary and volume currents were within 6 m
of the correct dipole location. Indeed, two simulatio
not using volume currents inaccurately localized the
pole to the wrong side of the head~trials 2 and 6 in
Table 1!. Figures 11 and 12 further illustrate this poi
by showing trial number 2 where a dipole that should
localized to the left parietal lobe, as shown in dipole
from a simulation using the magnetic fields due to bo
primary and volume currents, was localized to the rig
frontal lobe ~dipole A! in a simulation that did not use
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the magnetic field due to volume currents. These res
demonstrate that if the magnetic field due to the volu
currents is not used in inverse simulations, dipole sou
localization may be very inaccurate. These results a
illustrate that the contribution of the magnetic field d
to volume currents cannot be minimized as insignifica
but may be crucial for accurate source localization
realistic head models.

The necessity for including the magnetic field due
volume currents in inverse simulations in our model m
seem obvious since the magnetic field due to volu
currents was included in the forward simulation me
sured data. Yet, the importance of considering volu
currents in inverse simulations is not diminished ju
because our model explicitly uses volume currents
calculate its measured data; Maxwell’s Eqs.~1!, ~2!, and
~3! and the Biot–Savart law~4!, which are fundamenta
to describing the magnetic fields emanating from a
pole, and must be incorporated into any realistic he
model, intrinsically consider the magnetic field due
volume currents. Indeed, as these equations similarly
ply to neuronal activity in actual human brain, attemp
to localize a neural dipole in a human brain from ME
data also will require the use of the magnetic field due
volume currents in the calculations.

CONCLUSION

In homogeneous spheres, the contribution of volu
currents to the magnetic field measured normal to M
detectors may be ignored. However, for realistic he
models the volume currents cannot be automatically
regarded. The head is not a sphere, and the volu
currents do affect the magnetic field measured by M
on the human head and in realistic inhomogeneous h
models. In certain instances, the normal componen
the volume currents can even have a greater affect
the primary current has on the measured magnetic fi
The inclusion of the magnetic field due to volume cu
rents gives more accurate solutions to the forward M
problem and helps to more precisely localize neu
sources in inverse MEG problems.

FUTURE WORK

Our current research involves investigating the imp
tance of using realistic finite element head models, rat
than spherical models, for forward and inverse ME
simulations. A validation of this work will be performe
in collaboration with Richard Leahy of the University o
Southern California on a phantom head model. We
also quantitatively studying the effect of conductivi
-

d

n
.

values within the head on normal components of
magnetic field as measured by MEG, and how the
conductivities influence both forward and inverse ME
simulations.
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