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On the magnetic field distribution generated by a dipolar current source 

situated in a realistically shaped compartment model of the head 

J.W.H. Meijs *, F.G.C. Bosch **, M.J. Peters ** and F.H. Lopes da Silva * * *  

* Department of Electrical Engineering, and ** Department of Technical Physics, Twente Unit~ersi(v ~[ Technology, 
7500 A E Enschede (The Netherlands), and * * * Biological Centre, Unit~ersitv of Amsterdam, 1098 S M  Amsterdam ( The Netherlands') 

(Accepted for publication: 14 July, 1986) 

Summary The magnetic field distribution around the head is simulated using a realistically shaped compartment model of the 
head. The model is based on magnetic resonance images. The 3 compartments describe the brain, the skull and the scalp. The source 
is represented by a current dipole situated in the visual cortex. The magnetic field distribution due to the source and that due to the 
volume currents are calculated separately. The simulations are carried out in order to ascertain which matrix of grid points is suitable 
as a measuring grid. The possibilities studied are grid points situated in a plane, in a surface which follows the contours of the head 
and in a sphere. This sphere is taken concentric to the sphere which is the best possible fit for the head. Taking into account the 
relative contribution of the volume currents and the possible accuracy in the positioning of the magnetic field detector, it can be 
concluded that the best choice is to measure the normal component of the magnetic field at points which are situated in the spherical 
surface. The results of this study also show that the magnetic field distribution based on a realistically shaped compartment model 
differs from that based on a compartment model consisting of concentric spheres. In the spherical model of the head no contribution 
of the volume currents to the component of the field normal to the sphere can be expected. The difference between the results 
obtained with these two volume conductor models increases with source depth. 
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T h e  accu racy  of  source  loca l i za t ion  wi th in  the 

b ra in  based  on  m a g n e t o e n c e p h a l o g r a p h i c  ( M E G )  

m e a s u r e m e n t s  a r o u n d  the  head  d e p e n d s  on  the 

a d e q u a c y  of  the m o d e l s  used  to r ep re sen t  b o t h  the 
sou rce  and  the v o l u m e  c o n d u c t o r  (i.e., the  head) .  

T h e  mos t  c o m m o n l y  used m o d e l  for  a source  is a 

s ing le -cu r ren t  d i p o l e  or  a cu r r en t  d ipo l e  layer.  U p  

to n o w  m a t h e m a t i c a l  m o d e l s  of  the  head  have 

b e e n  c o n f i n e d  to spher ica l  m o d e l s  ( C o h e n  and  

C u f f i n  1983), a l t h o u g h  the  in f luence  o f  the shape  

o f  an  i so la ted  h u m a n  skull  on  the  m a g n e t i c  field 

was  m e a s u r e d  by  W e i n b e r g  et al. (1984) and  Bar th  

et al. (1986). 

In  s o m e  cases  the  a d e q u a c y  of  a m o d e l  used for 

the l oca l i za t ion  o f  a source  m a y  be  c o n f i r m e d ,  for  
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ins tance ,  by  X- ray  t o m o g r a p h s  in s tudies  o f  focal  

ep i l epsy  (Bar th  et al. 1984). H o w e v e r ,  in mos t  

o t h e r  cases  such a c o n f i r m a t i o n  c a n n o t  be  ob-  

ta ined.  A l t h o u g h  no t  conc lus ive ,  a m o d e l  inspi res  

c o n f i d e n c e  w h e n  source  loca l iza t ion ,  us ing  this 

mode l ,  leads  to the  s a m e  resul ts  w h e n  the  loca l iza-  

t ion  is based  on  the  m e a s u r e d  E E G  d i s t r i bu t ion  as 

in the case  where  the  loca l i za t ion  is based  on  the  

m e a s u r e d  M E G  d i s t r ibu t ion .  

F o r  sources  in the visual  co r t ex  the e s t i m a t e d  

source  loca t ion  based  on  the  visual  e v o k e d  p o t e n -  

t ials d id  no t  c o i n c i d e  wi th  the loca t ion  based  on  

the  visual  e v o k e d  m a g n e t i c  f ields (S tok  et al. 1984). 

T h e  m o d e l  used  for  the  c o m p u t a t i o n s  cons i s t ed  o f  

4 c o n c e n t r i c  spheres ,  whe re  the spheres  were  f i t ted  

in the  sec t ion  o f  the  h e a d  nea r  the  visual  cor tex .  

Because  the  spher ica l  m o d e l  is no t  a d e q u a t e  to 

de sc r ibe  b o t h  E E G  and  M E G  m e a s u r e m e n t s  

s imu l t aneous ly ,  b e t t e r  mode l s  have  to be  used o f  
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either the volume conductor or the source. There- 
fore a more realistically shaped model of the head 
was used in this study. 

The magnetic field distribution around the head 
and consequently the precision of the source lo- 
calization is significantly affected by several 
parameters. One of these is the configuration of 
the surface at which the magnetic field distribu- 
tion is measured. Another is the component of the 
magnetic field vector which is recorded. Up to 
now the commonly used measurement procedure 
has been to fix the pick-up coil of the gradiometer 
normal to the scalp at positions as near to the 
head as possible. Williamson et al. (1984) used a 
spherical recording surface. The points in favour 
of this procedure are 3-fold. The first is that a 
spherical recording surface is consistent with pres- 
ent models of the head which are also spherical. 
The second in favour is that a spherical surface is 
convenient because only two angular variables 
have to be controlled. The third point is that 
positioning of the gradiometer can be carried out 
with a precision better than 0.5 °. The first point 
mentioned is, of course, only valid when the head 
is modelled as a set of concentric spheres. When 
the electrical conductivities in several of the 
spherical compartments are different but homoge- 
neous and isotropic within each compartment  (i.e., 
have the same value in all directions), the radial 
(normal) component of the magnetic field does 
not reflect the influence of the volume conductor. 
A radially oriented dipole in such a volume con- 
ductor does not contribute to the magnetic field. 
However, the shape of a human head is not 
spherical. Because of this latter fact, the normal 
component of the magnetic field may be in- 
fluenced by the shape of the volume conductor. 
Current dipoles which, in a first-order approxima- 
tion, can be considered to be radial may also 
contribute to the magnetic field outside the head. 
Since the order of magnitude of these contribu- 
tions to the total magnetic field is not quantita- 
tively evaluated, it cannot be said in advance 
whether the spherical recording surface is the best 
choice. 

In this study the influence of the actual 
anatomical shape of the volume conductor on the 
magnetic field distribution around the head is 

investigated. Therefore, a realistically shaped 
multi-compartment model of the head was con- 
structed from magnetic resonance (MR) images. 

Method 

The model of the head consists of 3 homoge- 
neous isotropic compartments representing the 
brain, the skull and the scalp. The model of the 
source used is a current dipole, which is located in 
that part of the brain which corresponds to the 
visual cortex, since visual evoked magnetic fields 
were a subject of earlier study (Kouijzer et al. 
1985). 

The purpose of this study was to answer the 
following questions with the help of simulations, 
using the above-mentioned model. 

Which recording surface must be chosen in 
order to obtain a minimum contribution of the 
volume currents? As options we considered a 
plane, a section of a sphere (i.e., a sphere con- 
centric with the sphere which is the best possible 
fit for the head) and a surface equidistant from 
the actual scalp, which means that this surface 
follows the contours of the head. 

Which component  of the magnetic field vector 
is least affected by the volume currents? 

What influence on the MEG maps can be ex- 
pected as a result of an inaccuracy in the orienta- 
tion of the magnetic field detector? 

The numerical calculations were based on the 
integral equations derived respectively by Barnard 
et al. (1967) and Geselowitz (1970). These equa- 
tions show that the contribution of the volume 
currents in a piecewise homogeneous, isotropic 
volume conductor can be considered equivalent to 
the influence of secondary sources which lie at the 
interface between regions of different conductivi- 
ties. The orientation of these secondary sources is 
normal to the interfaces and the value of the 
secondary sources is linearly proportional to the 
electrical potential at that location. The magnetic 
fields due to these secondary sources are added to 
the magnetic field due to the primary source (i.e., 
the single current dipole) to set up the observed 
magnetic field distribution. 

To compute the magnetic field distribution and 
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the electrical potential distribution numerically, 
the integral equations mentioned above must be 
approximated by summations. The usual approach 
to this problem is to represent the surfaces in- 
volved by many small triangles and to assume that 
the potential is constant over each triangle. The 
more triangles that are taken the better the ap- 
proximation of the integral equation will be. 

Model 

The source is modelled by a single-current di- 
pole. In order to construct the model of the head, 
data of 22 cross-sectional MR images of a human 
head were recorded, ranging from the top of the 
head to 10 mm below the mandible. On the con- 
tours of each cross-section a discrete number of 
points were chosen, being the vertices of the trian- 
gles describing the boundaries of the compart-  
ments. The potential distribution on an interface 
near the current dipole varies more than on a 
more remote interface. However, in the discrete 
computations the potential on each triangle was 
assumed to be constant. In order to increase the 
accuracy, the points were arranged in such a way 
that the area of any triangle was small in the 
section of the head near the source location (i.e., 

the visual cortex) and larger at greater distances. 
The triangulated model is shown in Fig. la, lb  
and lc, representing the boundaries of, respec- 
tively, the scalp, skull and brain tissues. The num- 
ber of vertex points on each interface was 288. 
The conductivities of the compartments which 
represented the brain and the scalp were 0.33 
s iemens /m (Sm 1); these values correspond with 
those reported elsewhere (Geddes and Baker 1967). 
For the skull a conductivity of 0.033 Sm 1 was 
chosen although in the literature the conductivity 
for bone varies between 0.0042 S m - t  and 0.0063 
Sm 1. These data indicate that in this study the 
value of the conductivity of the skull was too high 
by a factor of 10. This high conductivity value was 
chosen because the numerical procedure used was 
found to magnify errors due to the discrete com- 
putations when the ratio of the conductivities in 
the successive compartments was large. Of course, 
these computational errors can always be di- 
minished by augmenting the number of triangles. 
However, this procedure leads to a practical prob- 
lem since the number of discrete points needed to 
obtain an accuracy of 5% in the final field distri- 
bution would result in a CPU time in the order of 
200 h for the DEC-20 computer used for the 
computations. The amount of computational work 
can be substantially decreased by making use of 

Fig. 1. The triangulated model of the head: scalp (a), skull (b) and brain (c), used to simulate the influence of the volume conductor 
on the magnetic field distribution outside the head. 
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the Richardson extrapolation technique, as de- 
scribed elsewhere (Meijs et al. 1987). Nevertheless, 
the present study demonstrates the usefulness of 
the new model of the volume conductor. If a more 
realistic value of the conductivity of the skull is 
taken, the secondary sources at the bra in /skul l  
interface will have higher values. The secondary 
sources at the skul l /scalp  interface, having an 
opposite sign, will have higher values as well. It is 
very difficult to predict the resulting magnetic 
field distribution quantitatively. 

We are mainly interested to know in which 
recording surface the contribution of the sec- 
ondary sources to the magnetic field, relative to 
the contribution of the primary sources, is minimal. 
It is not to be expected that the answer to this 
qualitative question depends on the fact that a 
higher value for bone tissue is taken. The results 
obtained will only be more or less pronounced. 

The recording surface 

When carrying out biomagnetic measurements 
a matrix of grid points is necessary in which the 
magnetic field is measured. The geometrical 
surface on which all grid points are situated is 
called the recording surface. 

In order to investigate which recording surface 
offers the best choice for measuring the magnetic 
field, the latter was calculated on various surfaces, 
viz., a plane, a sphere and a surface which fol- 
lowed the contours of the head. The coordinate 
system used is depicted in Fig. 2. 

The plane chosen was y = constant at a dis- 
tance of 18 mm to the nearest point on the scalp. 
In practice this distance was determined by the 
distance between the bot tom of the cryostat and 
the pick-up coil of the gradiometer. 

The chosen sphere segment was concentric with 
a sphere which was the best possible fit for the 
head and especially for the section at the back of 
the scalp. This fitting was carried out by means of 
a least squares fitting procedure (Numerical Al- 
gorithms Group Library, NAGLIB :  routine 
E04FCF); the resultant sphere is represented in 
Fig. 2. The recording sphere was tangent to the 
plane mentioned above. 

zf 

Fig. 2. The coordinate system used with respect to the triangu- 
lated model of the head. In this model the sphere is shown 
which is the best possible fit for the head, especially for the 
section near the visual cortex. 

The recording surface which followed the con- 
tours of the head was constructed from the tri- 
angulated model of the outer surface of the scalp. 
At each vertex on this surface a normal vector was 
constructed corresponding to the average of the 
normal vectors of all adjacent triangles. The grid 
points in the 'head-following' recording surface 
were obtained by taking points at a distance of 18 
mm from the vertices along these normal vectors. 

The components of the magnetic field studied 
here were adapted to the recording surface used. 
When the normal unit vector in each point on the 
surface chosen is called fi then the other unit 
vectors are defined by t2 = ez x fi and-tt  =]'2 × fi, 
where e'z is the unit vector in the z direction. This 
means that (-fi, t l ,  ~2) is a local cartesian coordi- 
nate system (see Fig. 3). The components of the 
magnetic field studied were respectively in the fi, 
t'l and]'2 directions. 
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Fig. 3. The local cartesian coordinate system. The components 
of the magnetic field studied are respectively in the fi,'t~ and ]'2 
directions. 

Results 

The single current dipole which acts as the 
primary source was placed at 3 distinct locations 
in that section of the brain which reflects the 
visual area of the cortex. The source locations 
were so chosen that from a mathematical point of 
view different sites were chosen. These source 
locations could provide an insight into the loca- 
tion dependency of the dipole on the generated 
magnetic field pattern. The dipole locations are 
depicted in Fig. 4. The orientation of the dipole 
was taken in the x, the y and the z directions. The 
strength of the current dipole was 5 x 10 -6 A. All 
3 components of the magnetic field were calcu- 
lated on all 3 recording surfaces for all 3 locations 

J.W.H. MEIJS ET AL. 

Fig. 4. The magnetic field distribution around the head is 
simulated taking the current dipole in 3 distinct locations. 
These are indicated by asterisks. The orientation of the dipole 
is taken respectively in the x, y, or z direction as depicted in 
Fig. 2. a: side view. b: rear view. 

and all 3 orientations of the dipole. Thus a total of 
81 simulations were carried out. The resulting 
field patterns are presented by means of isofield- 
component  lines in a plane. The projection in the 
case of both the sphere and the 'head-following' 
surface is such that the distances in both the ~t 
and t2 directions remain the same. The projected 
representations of the grid points on the various 
recording surfaces are given in Fig. 5. 

The resulting magnetic field patterns are given 
in a series of 3 maps, see Fig. 6, in order to 

0 

O0 

C3 

-6.0 + :N:ON 6.0 

< ~ ~ ( ~ , ~ @  ~; C ' O ~  ( b ~ ¢ ,  ~ 

v <~ -9.9 + :.lo~ 10.9 
-6.5 +lu10N 6.6 

Fig. 5. The projection of the grid points in which the magnetic field is calculated (dimensions are presented in cm). a: the grid points 
are situated on a plane, b: the grid points are situated on a sphere, c: the grid points are on a surface which follows the contours of 
the head. 
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Fig. 6. Simulated isocontour maps of the magnetic field component in the tl direction. The recording surface is a sphere. The current 
dipole is source number 1, as indicated in Fig. 4. This dipole points in the x direction. The arrow indicates the projected direction and 
position of the dipole; the distance beneath the surface of the recording sphere is 3.8 cm. The cross indicates the inion. The 
dimensions of the map are 12.5 cm x 15 cm. The separation between successive contours is 20 pT. Solid lines indicate that the field is 
leaving the head, dotted lines indicate that the field is entering the head. The line interconnecting the points where the magnetic field 
component is zero is given by a thick line. The first map of the series represents the contribution of the primary_ source only, the 
second one the exclusive contribution of the secondary sources and the third the superposition of the first two (i.e., the distribution of 
the total magnetic field component in the~ 1 direction). Note that the contribution of the secondary sources is even larger than that of 
the primary source. 

separate the cont r ibu t ion  of the pr imary source 
from that of the sencondary sources. The third 

map of each series is a s imulat ion of the map 
which can be obta ined from experimental  mea- 
surements.  In order to be able to compare the 
fields generated by the pr imary  and secondary 

sources the ratio of the difference between the 
extremes found in the map generated by the cur- 
rent  dipole only and the extremes in the map 

generated exclusively by the secondary sources 
will be expressed in percentages. 

(1) Investigation of the maps of the tangential com- 
ponents of the magnetic field on all surfaces men- 
tioned 

The cont r ibu t ion  of the pr imary source to the 
various tangential  components  of the field showed 
diverse patterns.  Depend ing  on the or ientat ion of 
the dipole we obta ined dipolar, quadrupolar  and 
circular patterns.  In  all cases we found that the 
cont r ibu t ion  of the secondary sources to the 
tangential  components  strongly counteracted the 
con t r ibu t ion  of the pr imary source. Therefore the 
resulting total tangential  field components  were 

strongly inf luenced by the secondary sources. This 
typical behaviour  is demonstra ted in Figs. 6 and 7. 

(2) Study of the behaviour of the normal component 
of the magnetic field (B.) for all 3 types of recording 
surface 

(2.1) The recording surface is a plane. When 

the dipole is point ing in the x or z direction (i.e., 
tangent ial  to the recording plane), the pr imary 
source generates a dipole pat tern (i.e., two ex- 
tremes and the line indicat ing zero value between 

these extremes). In  these cases the cont r ibut ion  of 
the volume currents  is substant ial  and counteracts  
the cont r ibut ion  of the source. A demons t ra t ion  of 
this behaviour  is given in Fig. 8. If the dipole is 
poin t ing  in the y direction the maps generated by 
the pr imary source is b lank and the pat tern of the 

maps  generated by the volume currents is not  
recognizable. 

(2.2) The recording surface is a sphere. When 
the dipole is poin t ing  in the x or z direction the 

dis t r ibut ion of B n on the spherical recording 
surface always shows a dipolar  pattern,  as shown 
in Fig. 9a. The cont r ibut ion  of the secondary 
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Fig. 7. As Fig. 6, but the field component  chosen is in the t 2 direction. The recording surface is a plane. The dipole (number 1) is 
located 4.0 cm beneath the plane. The dimensions of the map are 12 cm x 12 cm. 
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Fig. 8. As Fig. 6, but the field component  is normal to the recording surface, which is a plane. The dipole is again dipole number  1. 
The dimensions of the map are 12 c m x  12 cm. Note that the secondary sources counteract the field generated by the primary source• 
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Fig. 9. As Fig. 6. The field component  is normal to the recording surface, which is a sphere. The dipole is dipole number 1, pointing 
in the z direction. Note that the contribution of the volume currents is small• 
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Fig. 10. As Fig. 9, but the dipole is dipole number 2, pointing in the z direction. The source depth is 4.9 cm. Note that the 
contribution of the volume currents relative to those of the primary source is large. The contribution of the volume currents increases 
with source depth. 

sources is very small  (less than 10%) for source 
number  1 (Fig.  9). F o r  sources numbered  2 and 3, 
which are located deeper  within the brain,  this 
inf luence is larger. F o r  example ,  the rat io  between 
the cont r ibu t ions  of  the p r imary  and secondary  
sources for d ipole  number  2, o r ien ta ted  in the z 
di rect ion is 100%. The cont r ibu t ion  of  the sec- 
onda ry  sources reinforces that  of  the p r imary  
source (Fig. 10). 

A d ipole  po in t ing  in the y di rect ion has in first 

1 
8 ( M A X )  : 4 t . 8 4  

order  app rox ima t ion  surface for the chosen source 
locat ions.  The  ampl i tudes  of B, genera ted  by  the 
p r ima ry  source are small  (Fig. 11). However ,  the 
values of the final B, may  have the same order  of 
magni tude ,  as is the case when the d ipole  is in the 
x or  z direct ion.  Fo r  example ,  if one looks at 
d ipo le  number  2 po in t ing  in the y di rect ion it can 
be seen that  the difference between the two ex- 
t remes equals  70 p icotes la  (pT) while if the same 
d ipo le  is po in t ing  in the x or  z d i rec t ion  this value 
is 131 pT. 

rMIN) = 39.26 (MINI = -8 ££  B(MAX) = 1 9 . q o  (MAX) = , ~ 7 . g 4  B { M I N )  = - 3 1 . 7 6  

Fig. 11. As Fig. 9, but the dipole is dipole number 2, pointing in the y direction (approximately radial in the sphere which acts as 
recording surface). 
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(2.3) The recording surface follows the contours 
of the head. If the dipole is pointing in the x 
direction the distortion of the dipolar pattern of 
B n, generated by the primary source, becomes 
apparent. The secondary sources counteract the 
contribution of the primary source (Fig. 12). Their 
influence increases with source depth, and the 
ratio of the contribution of the primary and sec- 
ondary sources is, for example, for source number 

3, 50%. If the dipole is pointing in the z direction 
the same conclusions as in the case of  the dipole 
in the x direction can be made. The only dif- 
ference is that the secondary sources reinforce the 
contribution of the primary source. 

If the dipole is pointing in the y direction, the 
primary source does not give a recognizable pat- 
tern, neither do the secondary sources. However, 
the values of the extremes of the final distribu- 

TABLE I 

Listed in Table I: (1) The direction of the magnetic field component  recorded (see Fig. 3). (2) The recording surface, used in the 
simulation. (3) The direction of the dipole (see Fig. 3). (4) The dipole location, where the dipole numbers  correspond with those used 
in Fig. 5. (5) The magnetic field due to the primary source: Boo. Listed is the difference between the maximum and min imum of B~ 
mapped. (6) The resulting total magnetic field B,,. Listed is the difference between the maximum and min imum of B n mapped. 

Component  Recording Dipole Dipole Primary Total mag- 
magnetic surface direction number  field Bo~ netic field 
field (1) (2) (3) (4) , (5) (in pT) (6) (in pT) 

51 ' t" 

5 * *  

all all all * * 

plane x 1 242 163 
2 90 60 
3 67 22 

y 1 0 30 
2 0 31 
3 0 7 

z 1 244 153 
2 91 51 
3 68 2O 

sphere x 1 198 206 
2 66 112 
3 22 40 

y 1 55 42 
2 81 70 
3 9 19 

z 1 195 192 
2 63 131 
3 20 24 

' head- x 1 240 212 
follow- 2 143 130 
ing' 3 53 30 

y 1 89 46 
2 110 83 
3 44 20 

z 1 214 206 
2 85 114 
3 30 34 

* Because the tangential component  of B~ showed various isomagnetic field patterns, no meaningful number  can be given; the total 
magnetic field is always a small fraction of B~. 
** Using a dipole in the x or z direction all field distributions show dipolar patterns. For the 'head-following' surface this dipolar 
pattern is distorted (Fig. 12), which has to be expected since both the shape and the normal direction on this surface depend on the 
actual shape of the head. 
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Fig. 12. As Fig. 6, but the field component is normal to the surface which follows the contours of the head. The dipole is dipole 
number 1. pointing in the x direction. 

tions of Bo are not negligible. For example when 
dipole number 3 is considered, investigation of the 
differences between the extremes shows that this 
value equals 20 pT if the dipole is pointing in the 
y direction, being approximately radial. The dif- 
ference between the extremes is 35 pT if the dipole 
is pointing in the x or z direction, which is ap- 
proximately tangential. 

In Table I we have listed a schematic summary 
of the results discussed in this section. 

distribution noticeably. This means that for super- 
ficial sources the recording surface of a multi-array 
SQUID magnetometer can be constructed on the 
spheric concave bottom of a cryostat. 

(v) Forward calculations show that the mag- 
netic field distribution resulting from a primary 
source located deep within the brain based on a 
spherical model of the head does not coincide with 
that based on the more realistically shaped model 
of the head. 

Conclusions 

Five main points can be made as will be dis- 
cussed in the next section: 

(i) It is not recommended to measure the 
tangential components of the magnetic field, since 
the contribution of the primary source may show 
intricate types of pattern and the total magnetic 
field is strongly influenced by the contribution of 
the secondary sources. 

(ii) The use of a plane as a recording surface is 
a poor choice, as can be seen by noting the 
contribution of the secondary sources to the nor- 
mal components of the total magnetic field. 

(iii) The best choice is to measure the distribu- 
tion of the magnetic field component perpendicu- 
lar to the sphere which is the best fitted for the 
local curvature of the head. 

(iv) For eccentrically located primary sources 
small changes in the radius of the sphere men- 
tioned in (iii) do not change the magnetic field 

Discussion 

The contribution of the secondary sources to 
the distribution of the normal component of the 
magnetic field in a plane is relatively large (up to 
80%), counteracting the contribution of the 
primary sources. Thus we must discuss the re- 
maining possibilities: the normal component on 
the 'head-following' surface and the normal com- 
ponent on the sphere. 

For the head-following surface the contribution 
of the primary source to B n is slightly larger than 
for the sphere. This can be expected because this 
surface is as near to the source as possible. On the 
other hand, on the spherical surface the contribu- 
tion of the secondary sources is smaller. 

An important argument in favour of a particu- 
lar choice of a recording surface is dictated by the 
degree of accuracy which can be accomplished in 
practice when measuring in a particular direction 
at a point on that surface. Displacements in the 
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orientation of the pick-up coil of the gradiometer 
with respect to the normal on the head give rise to 
a contribution of the tangential component  to the 
field measured. It is impossible to measure exactly 
the normal component  on the head. Inspecting the 
results presented in this study one can see that the 
tangential component  of the magnetic field on the 
head-following surface is of the same order of 
magnitude as the normal component  of this field. 
This means that a displacement of 10 ° in the 
orientation of the pick-up coil could give a tangen- 
tial component  having a value in the order of 20% 
of that of the normal component. Because the 
sensitivity of the magnetic field measurement to 
the detector orientation turns out to be so large, a 
measuring method which is shown to be inaccu- 
rate in the sensor orientation has to be avoided. 

In the case where the recording surface is a 
sphere the sensitivity to the detector orientation is, 
for the same reasons as mentioned above, as large 
as in the case of the head-following surface. How- 
ever, it is possible to measure the normal direction 
on a sphere with a high degree of accuracy. By 
means of the least squares fitting procedure the 
recording sphere can be computed for each in- 
dividual subject (Romani and Leoni 1984). In 
order to estimate the sensitivity of the magnetic 
field distribution to the sphere obtained with this 
sphere-fitting procedure, the centre of the sphere 
was moved 1 cm in the positive z direction and 
some of the simulations were repeated. The ratio 
between the contribution of the secondary and 
primary sources is merely enhanced by a factor in 
the order of 5% if the eccentrically located dipole 
was taken (dipole number 1). 

As a result of all the arguments mentioned 
above the spherical recording surface is recom- 
mended. The normal component  of the magnetic 
field should be recorded on this surface. In the 
case of an eccentric dipole this means that the 
radially oriented dipole gives no substantial con- 
tribution to the field and the secondary sources 
give no substantial contribution to the normal 
component  of the field. However, for sources 
located more deeply within the brain (sources 
numbered 2 and 3) the influence of the volume 
currents on the normal component  of the mag- 
netic field is apparent, as is the contribution to B n 

due to a radially oriented dipole. 
It can be deduced from the latter that a volume 

conductor model consisting of spheres, which are 
concentric with the best local fitting sphere in the 
head, is not an adequate model for sources located 
more deeply within the brain. This follows directly 
from the fact that the secondary sources play an 
important role in the component  of the magnetic 
field normal to the concentric spheres instead of 
providing a zero contribution. However, if the 
dipole is chosen eccentrically (dipole number 1) 
the use of the multi-sphere model mentioned above 
does not lead to large discrepancies (Meijs et al. 
1985), but if the sources are located deeper within 
the brain, it does. This is in accordance with the 
experiments of Barth et al. (1986), who implanted 
a dipolar current source in a human cranium filled 
with a conductive salt jelly. The source was posi- 
tioned at the right anterior temporal region. The 
measured M E G  maps showed a dipolar configura- 
tion but the shape and relative amplitude of the 
extrema differed from those of the sphere. The 
degree of the distortion of the magnetic field 
pattern also increased with source depth. 

The present study has an important practical 
application, since it provides a guideline on how 
to arrange the pick-up coils in a multi-sensor 
magnetometer. In such a device the bottom of the 
cryostat on which the gradi0meters are positioned 
should have a spherical concavity. The radius of 
this concavity is such that it encloses everybody's 
head at all locations although its radius will not be 
adjustable for a particular head. The spherical 
arrangement of the pick-up coils within such a 
cryostat is merely an approximation of the locally 
best fitting spherical recording surface. Therefore 
it was necessary to estimate the influence of the 
radius of the recording sphere on the magnetic 
field pattern B n. In order to do so the radius of the 
recording sphere was enhanced by 1 cm, the dis- 
tance from the head was kept at 18 ram. In the 
case of the eccentric dipole the ratio of the contri- 
bution between the primary and secondary sources 
was not noticeably changed. This means that at 
least for a superficial source a cryostat having a 
bot tom with a spherical concavity with a fixed 
radius will provide a measuring grid which is 
appropriate for localizing the source in a variety 
of human heads. 
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A real is t ical ly shaped  model  of the head is 
compl ica ted .  The present  da t a  demons t ra te  that  
the magnet ic  field d i s t r ibu t ion  differs f rom that  
based  on a concentr ic  spheres model.  The  devia-  
t ion increases with source depth.  In the near  fu- 
ture invest igat ions will be done  to de te rmine  
whether  a s impl i f ica t ion of  the real is t ical ly shaped  
m u l t i - compa r tmen t  model  of the head descr ibed  
here can act also as an adequa te  model .  

Many  of the ou t s t and ing  quest ions  relat ing to 
source local izat ion involve sources which are deep 
within the brain.  In a model  consis t ing of con- 
centr ic  spheres current  d ipoles  in the midpo in t  of 
the volume conduc to r  do  not  cont r ibu te  to the 
magnet ic  field at all. This means  that  if the spheri-  
cal model  turned out  to be an adequa te  model  to 
descr ibe  sources deep within the brain,  the mag-  
netic  field could  not  be used to localize, or  even 
measure,  these deeply  located sources. Thus the 
fact that  a spherical  model  is an adequa te  model  
for superf icial  d ipoles  (provid ing  a s imple locali-  
za t ion  method)  c o m b i n e d  with the fact that  this 
spherical  model  is not  an adequa te  model  when 
the d ipole  is s i tuated deep within the bra in  may  be 
an advan tage  with respect  to local izat ion possibi l i -  
ties by means  of magnet ic  measurements .  

R~sum~ 

Distribution du champ magn~tique g~nOr~ par une 
source de courant dipOlaire sitube dans un modble 
compartiment~ de la t~te proche de la forme r~elle 

On a simul~ la d i s t r ibu t ion  du champ magn6- 
t ique au tour  de la t&e en ut i l isant  un m o d r l e  
compar t imen t6  de tGte proche de la forme rrelle.  
Ce modr l e  est bas6 sur des images de r r sonance  
magnStique.  Les trois compar t imen t s  cor respon-  
dent  au cerveau, au crSne et au scalp. La source 
est r ep r r sen t re  pa r  un d ipo le  de couran t  s i tus dans  
le cor tex visuel. La d is t r ibu t ion  du champ magnr -  
t ique due ~ cette source et celle due aux courants  
en volume sont calculres  s rpa r rmen t .  Ces s imula-  
t ions ont  6t6 faites afin de d r t e rmine r  quelle 
mat r ice  de poin ts  de la grilles sont  valables  comme 
gril le de mesure.  On a examin6 comme poss ib i l i t r s  
des poin ts  de grille s i turs  soit dans  un plan,  soit 

selon une surface 6pousant  les contours  de la tGte, 

soit  selon une sphrre.  Cet te  sphr re  &ai t  concen-  
t r ique celle qui co r responda i t  le mieux ~ la forme 
de la t&e. Si l 'on p rend  en compte  la con t r ibu t ion  
relat ive des couran ts  en volume et l ' exac t i tude  que 
l 'on peut  a t t endre  pour  la pos i t ion  du d&ecteur  de 
champ  magn&ique ,  on peut  conclure  que le meil-  
leur  choix est de mesurer  la composan te  normale  
du champ magn&ique  en des poin ts  de la surface 
sphrr ique.  Les r rsu l ta t s  de cette 6tude mon t ren t  
aussi  que la d i s t r ibu t ion  du champ  magn&ique  
fondres  sur un m o d r l e  compar t iment~  proche  de 
la rral i t6 d i f f r re  de celles basses  sur un m o d r l e  
fait  de sphrres  concentr iques.  Dans  le m o d r l e  
sphr r ique  de la t&e, on ne peut  a t t endre  de contr i -  
bu t ion  des courants  de volume ~t la composan te  du 
champ  normal  de la sphrre.  La d i f f r rence  entre  les 
r r su l ta t s  ob tenus  et avec l 'un et l ' au t re  m o d r l e  /t 
deux volumes conduc teurs  augmente  avec la pro-  
fondeur  de la source. 
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