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Advantages and Limitations of Magnetic Source 
Imaging 

Samuel J. WUliamson, Zhong-Lin L~J, Daniel Karron, and Lloyd Kaufman 

Summary: The term"magnetic source image" (MSI) describes the distribution of neuronal activity in the brain that can be deduced from measurements 
of the field pattern it produces across the scalp. The signals which provide the basis for an MSI are obtained from the magnetoencephalogram (MEG) 
which is conventionally recorded with superconducting detectors. Advances in MSI techniques during the past decade have revealed numerous 
aspects of the functional organization of human sensory systems that were previously unknown. In addition, studies of spontaneous signals, such 
as those in the alpha bandwidth, have identified specific cortical areas that support rhythmic activity. Extensions of this approach to cognitive research 
are able to determine the active cortical areas where spontaneous activity is suppressed when a person is engaged in a task such as mental imagery 
and auditory memory recall. Because only the component of the intracellular current tangential to the overlying skull contributes to the extracranial 
field, a confined source -- modeled as a current dipole -- has a characteristic field pattern that simplifies the pattern recognition problem of identifying 
the underlying sources. This advantage is illustrated by the identification of simultaneously active sources in auditory primary and association cortex. 
Their separate localization makes it possible to characterize their functional differences. Because the source strength in an MSI may be inferred without 
knowledge of the electrical conductivities of intervening tissue, it is also possible to estimate the extent of cortical envolvement. From the tangential 
source strength in an MSI, it is possible in most cases to determine the total source strength by taking account of the orientation of the cortical surface. 
This provides an objective, quantitative measure of the strength of neuronal activity. At present, the major limitation in more extensive use of MSI is 
the cost of instrumentation. While it requires no contact with the head, and measurements can commence within a few minutes of the arrival of the 
subject or patient, the present cost of a large array of sensors is two to three million dollars. 

Key words: MSI (magnetic source image); MRI (magnetic resonance image); Current dipole; Neuronal activation; Habituation; Spontaneous cortical 
activity. 

Introduction 

M e a s u r e m e n t s  of  vo l tages  across  the scalp (EEG) a nd  
m a g n e t i c  f ields nea r  the  scalp (MEG) p r o v i d e  c o m -  
p l e m e n t a r y  m e a s u r e s  of  the u n d e r l y i n g  n e u r o n a l  ac- 
tivity. The  m o s t  p r o n o u n c e d  difference b e t w e e n  the two  
a p p r o a c h e s  in ou r  v i e w  does  no t  c o m e  f r o m  the in fo rma-  
t ion  that  is avai lable  in the s ignals  bu t  ra ther  f r o m  the 
di f ferent  e m p h a s i s  t rad i t iona l ly  p laced  on  h o w  da ta  are 
ana lyzed .  O n  the whole ,  EEG s tudies  e m p h a s i z e  the 
pa t t e rn  of  electric potent ia l  across  the scalp, w h e r e a s  
MEG s tudies  e m p h a s i z e  the u n d e r l y i n g  n e u r o n a l  ac- 
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tivity. Indeed ,  the t e rm " m a g n e t i c  source  image"  (MSI) 
has  c o m e  to be associa ted  w i t h  m a g n e t i c  analysis.  The 
w o r d  " e m p h a s i z e "  is u s e d  adv i sed ly ,  since there are 
m a n y  notable  except ions  to this general izat ion.  In  par t  
the difference in e m p h a s i s  c o m e s  f r o m  the EEG h a v i n g  
been  exploi ted  earlier, and  because  of  tha t  there  are m o r e  
w i d e s p r e a d  clinical appl icat ions .  This fosters  a m o r e  
p h e n o m e n o l o g i c a l  a p p r o a c h  for  p u r p o s e s  of  facil i tating 
classification schemes  to ident i fy  a b n o r m a l  funct ions.  

Loca t ing  a n e u r o n a l  source  magne t i ca l ly  is easier  than  
electrically, because  to g o o d  a p p r o x i m a t i o n  a s impler  
m o d e l  can be used  for  the head.  A sphere  will  suffice, in 
m a n y  cases, fit to the c u r v a t u r e  of  the inner  surface  of the 
skull  in the reg ion  over  the source  (Hari  a nd  I lmon iemi  
1986). The  conduc t i v i t y  of  i n t e rven ing  t issue has  no  
effect on  the field pa t t e rn  ( G r y n s z p a n  a nd  Gese lowi tz  
1973), a nd  thus  n e e d  no t  be t aken  into accoun t  w h e n  
d e d u c i n g  the locat ion and  s t r eng th  of  the source  (Wil- 
l i amson  and  K a u f m a n  1987). By contrast ,  the va lues  of  
conduc t i v i t y  enter  d i rec t ly  in d e t e r m i n i n g  the pa t t e rn  of  
electric potent ia l  across  the scalp. Lack  of  these da ta  for  
ind iv idua l  subjects m a y  wel l  be one  r eason  w h y  the EEG 
l i t e ra tu re  is p r ac t i ca l l y  d e v o i d  of  v a l u e s  spec i fy ing  
n e u r o n a l  source  s t rengths ,  for  ins tance  as g iven  by  the 
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Figure 1. Cumulative distance in 3-D space from the site 
of one response to the next for steady-state stimuli at the 
indicated tone frequencies. Only the relative slopes 
should be compared, because the origins of the best-fit- 
ting lines were shifted to a common value of zero for 20 
Hz. Stimuli were tones with amplitudes modulated at 33 
Hz, and the field patterns for the 33 Hz responses were 
mapped to obtain the locations for individual sources. A l l  

points l i e  within 1 mm of the best line. The star indicates 
the relative location of the response to amplitude-modu- 
lated noise whose power spectrum peaks at 900 Hz (From 
Romani et al. 1982b). 

current dipole moment of a patch of active cerebral cor- 
tex. On the other hand, moments are often quoted in the 
MSI literature. The value of the moment provides an 
objective measure of the strength of neuronal activity. In 
addition, for long-latency components of the event re- 
lated field (ERF), it can be interpreted to provide an 
estimate for the spatial extent of the corresponding corti- 
cal activity (L/i and Williamson 1991). 

For these reasons, there is growing interest in exploit- 
ing MSIs to obtain information about the functional or- 
ganization of the brain. Systematic measurements have 
been carried out where a current dipole source is placed 
at a known location inside a spherical or realistic repre- 
sentation of the skull, with a homogeneous conducting 
medium inside. These have achieved a consistent ac- 
curacy of better than 3 mm in locating the dipole when 
r e p e a t e d  sets  of m e a s u r e m e n t s  are c o m p a r e d  
(Yamamoto et al. 1988). Such accuracy can be achieved 
only if the field pattern is properly sampled, with mea- 
surements taken on all sides of areas where the inward 
or outward directed field is strongest (the "field ex- 
trema'). Also, it is important to determine the 3-D posi- 
tion and orientation of the sensor, to take account of the 

direction of the measured field component when fitting 
a source model to the data. Failure to carry out both of 
these procedures is likely to yield much poorer results 
(Cohen et al. 1990). 

L o c a t i n g  S o u r c e s  A c c u r a t e l y  

The first neuromagnetic study to locate a neuronal 
source was carried out by Brenner et al. (1978) on the 
cortical response to stimulation of a finger. The proce- 
dure subsequently revealed that response components 
with latencies as long as 150 msec originate in somatosen- 
sory cortex (Kaufman et al. 1981), a feature which had not 
previously been established in EEG studies. Moreover, 
the field pattern across the scalp in response to stimula- 
tion of various fingers revealed aspects of the somatosen- 
sory  h u m u n c u l u s  (Okada  et al. 1984). De ta i l ed  
measurements also established separate somatosensory 
and motor contributions in a task involving voluntary 
movement  of a finger (Okada et al. 1982). Similar 
neuromagnetic techniques applied to auditory evoked 
responses have identified a feature not previously known 
about the functional organization of human cortex: the 
tonotopic organization of the primary auditory cortex 
(Romani et al. 1982; Pantev et al. 1988). Indeed, the 
precision --  as distinguished from accuracy --  for deter- 
mining the relative positions of the cortical responses 
may be estimated from the scatter of deduced locations 
about the best-fitting line that describes the tonotopic 
progression. All of the locations for two subjects lie 
within I mm of a logarithmic function for the tonotopic 
sequence for the steady-state response (Romani et al. 
1982b), as illustrated in figure 1. High accuracy has also 
been obtained for the tonotopic organization sub- 
sequently observed for the N100m transient response 
(Hoke 1988) (the 'm' identifies this component as being 
observed magnetically). In sum, the central motivation 
for MSI research has been the technique's ability to 
elucidate brain functions by localizing neuronal activity 
with high precision and relatively high accuracy (Hari 
and Lounasmaa 1989). 

In less rigorous conditions, the reproducibility in 
determining the locations of the P50m, N100m, and 
P200m transient components of the auditory evoked 
response to a tone burst has been assessed for individual 
subjects. Positions over the right hemisphere were 
reproduced to within 3 - 10 mm acr6ss sessions on dif- 
ferent days in each of 12 subjects (Baumann et al. 1990). 
From a wide variety of results obtained with careful 
studies, we conclude that with a favorable geometry 
(sources at positions where the skull is well-modeled by 
a sphere), reasonably strong and confined neuronal ac- 
tivity, and intelligent care, it is possible to achieve an 
accuracy of 3 mm in locating that activity. More general- 
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Figure 2. PPN head-based coordinate system for specify- 
ing positions within the head or near the scalp of a subject. 

ly, it would be reasonable in somewhat less favorable 
cases to expect an accuracy of better than I cm for activity 
in cortical sensory areas. 

Relating Structure and  Function 

Determining the locations of neuronal activity in space 
is of little value unless the anatomical substrate can be 
identified accurately. It is increasingly common to relate 
deduced positions to features of a magnetic resonance 
image (MRI) for this purpose. The challenge then is to 
establish a common coordinate system for specifying 
MRI pixels and MSI sources. We have chosen the three 
reference points of the 10-20 system as the "cardinal 
landmarks" for defining an appropriate system (Wil- 
liamson and Kaufman 1989). These are the left and right 
periauricular points and nasion. For convenience, we 
call this coordinate system the "PPN head-based sys- 
tem". As a short-hand, we refer to coordinates in this 
system as "PPN coordinates". The coordinate axes of the 
PPN system are defined in the following way (figure 2). 
The origin is the mid-point  between left and right 
periauricular points. The x-axis passes through the origin 

to emerge from the head at the nasion. The z-axis is 
oriented perpendicular to both the x-axis and the line 
between periauricular points, and passes through the 
origin to emerge near the vertex. It need not pass through 
the vertex, and if one ear is lower on the head than the 
other it generally will not lie parallel to the longitudinal 
fissure. The y-axis is perpendicular to both the x- and 
z-axes and passes through the origin to emerge from the 
left hemisphere. Generally it will pass near, but not 
through, the periauricular landmarks. The PPN System 
defined this way is a right-handed coordinate system. 

To specify measurement positions, as well as the cor- 
responding sensor orientations, this coordinate system 
can be established for a given subject by using an ap- 
propriate 3-D digitizer, such as the Polhemus 3-Space 
(Polhemus Navigation Corporation), to characterize the 
relative positions of cardinal landmarks. During mea- 
surements, the same system can be employed to register 
field measurement positions and sensor orientations 
with respect to the PPN System (Yamamoto et al. 1988). 
Alternatively, this can be achieved by using the sensors 
themselves to locate reference coils placed at known 
locations on the skin (Ern6 et al. 1987). 

Similarly, MRI recordings must contain accurate infor- 
mation about the cardinal landmarks. One traditional 
method is to place a marker, such as a vitamin-E pill, on 
the skin at each cardinal landmark for recordings. We 
have developed a method that achieves registration with 
higher accuracy, and we believe is easier to use and more 
convenient (Karron et al. 1991). Three "pointers" are held 
.by a Velcro head-band worn by the subject so that each 
is directed toward a cardinal landmark, as illustrated in 
figure 3. The pointer itself consists of 4 thin tubes (called 
"spokes") filled with vitamin E that are machined so that 
they cant inward toward a common point in space. That 
point coincides with the resting spot when the pointer is 
placed against the skin at one of the cardinal landmarks. 

When an MRI is recorded, several additional slices 
must be registered outside the head to cover the regions 
of the pointers. An MR slice that intersects the spokes 
registers one spot for each of them, as shown in figure 4. 
When the MRI is displayed on a computer monitor, the 
operator moves a cursor to each spot in turn and a 
program computes the MRI coordinates for the exact 
center of the spot. The location is therefore determined 
with greater accuracy (better than 0.3 mm) than the size 
of an image pixel (0.8 mm). This procedure of pointing 
to each spot is repeated for each MR slice that shows 
them. Then the programed computer computes the best- 
fitting line for each set of spots belonging to a given 
spoke, and it determines where the spokes intercept. 
More specifically, it computes the point in space that lies 
closest to all the spokes of a given pointer. We find the 
location where the pointer touches the skin is thereby 
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Figure 4. Sagittal MRI scans of a pointer held against the 
right periauricular point of a subject. (Left panel) Scan 
closest to the scalp, showing the ear, four spots depict ing 
the four spokes of the pointer, and red dots indicating the 
pixels closest to the center of each spot. (Right panel) 
Scan closest to the outer ends of the four spokes. These 
images were photographed from a Silicon Graphics 85GT 
computer monitor. 

Figure 3. A plexiglas pointer is held against the right 
periauricular landmark of a subject for an MRI scan. The 
arrangement of the supporting rod where it is held at the 
upper end to a plexiglas cube permits adjustments of 
position and angle. The cube has a piece of Velcro glued 
to its base so that it can be at tached to the subject's 
Velcro headband in any direction. The yellow spokes of 
the po in ter  can  be seen d i rec ted  inward to the 
periauricular landmark on the scalp. 

@ . . . . .  ; /~  v 
i 

Figure 5. Computer representation ofthree pointers show- 
ing the spokes directed toward cardinal landmarks (yel- 
low). The green axes define the cartesian coordinate 
system in which MRI pixels are specified. The blue axes 
define the PPN head-based system, which is defined with 
respect to the cardinal landmarks. 

established with an accuracy of better than 0.4 mm. In 
practice, the accuracy of determining each cardinal 
landmark is therefore limited by how accurately the 
pointer can be positioned on the skin for the MRI record- 
ing. 

This analysis establishes the positions of the three 
cardinal landmarks with respect to the MR coordinate 
system. Therefore, the location of each pixel of the MR 
image can be expressed in the same PPN system as the 
neuromagnetic measurements (figure 5). By this means, 
neuronal function can be related to anatomical structure. 

Spherical  Mode l  for the  Head  

To interpret the field pattern measured across the 
scalp, the actual shape of the head must be taken into 
account. The spherical model has provided a convenient 
simplification for modeling the pertinent region of the 
head when interpreting neuromagnetic data (Grynszpan 
and Geselowitz 1973; Cuffin and Cohen 1977). Hari and 
Ilmoniemi (1986) provide evidence through a model cal- 
culation that the sphere is best when fit to the region of 
the head overlying the source, where the volume currents 
are strongest. Because the curvature of the skull differs 
from one location to another, the spherical model will 
have a different size than the subject's head. This is 
illustrated in figure 6 for a fit to the region over the 
par ie to-occip i ta l  sulcus.  A c o m p u t e r  cursor  was  
employed to record the representative locations on the 
inner surface of the skull on appropriate MR slices, and 
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Figure 6. Spherical model (orange) best fitting the parietal 
region of the inner surface of the skull, shown in relation to 
a sagittal MRI cross section of the head. PPN axes are 
depicted in blue. 

the computer subsequently computed the location of the 
center of the sphere whose surface most closely agrees 
with the locus of points. 

Several groups are presently developing realistic con- 
ductivity models for the head that can be used with finite 
element methods to compute the extracranial field and 
scalp potential for a model source within. H imi l i i nen  
and Sarvas (1989) used a numerical approach to deter- 
mine the importance of including the currents within the 
skull and dermis when deducing an MSI within a realis- 
tically shaped head. The medium within the skull was 
assumed uniform in conductivity, and the skull itself was 
assumed of uniform thickness. They concluded that con- 
tributions to the field from the weak currents in the skull 
and dermis can be neglected for many  purposes. 
Moreover, current patterns produced by departure from 
sphericity of the inner surface of the skull contribute 
fields that are generally weak except for sources that are 
deeper than 4 cm. Considerable improvement in source 
localization can be achieved by employing numerical 
models to account for actual volume current patterns 
(Rose et al. 1989). The effect of using spheres determined 
by different criteria to model the head when locating a 
source in the temporal  area has been assessed by 
LiitkenhSner et al. (1990). The most important contribu- 
tions from non-sphericity are in frontal areas, and they 
can be appreciable for sources lying more than 2 cm 
below the skull. Nevertheless, localization accuracies of 
better than I cm can be achieved with numerical model- 
ing to take into account the actual shape of the skull. 

Multiple Neuronal Sources in Temporal 
Cortex 

As the quality of MEG measurements improves, inter- 
est can be extended to situations where several close- 
lying sources contribute to the field pattern at any given 
moment. Weinberg et al. have discussed one example in 
which several dipoles were placed within a model skull 
and were activated in various combinations (Weinberg 
et al. 1986). An ambiguity arises when it is not clear 
which field extrema are associated with a given source. 
One method for dealing with the multiple dipole case has 
been developed by Scherg (1990) for EEG data, when 
sources are activated in succession. We shall illustrate 
another method that has proved effective where the in- 
dividual sources can be separated by exploiting their 
functional differences. 

We shall illustrate the resolution provided by MSI 
with a difficult challenge that had not previously been 
met with EEG techniques: resolving the sources in tem- 
poral lobe that contribute to the 100-ms component of the 
auditory evoked response. N i i t i n e n  and Picton (1987) 
suggest that as many as 6 different neuronal sources may 
contribute in some measure to the event related potential 
(ERP) detected 100 ms following onset of a tone burst. 
Evidence for a source of N100 in the supratemporal plane 
was obtained by Vaughan and Ritter (1970), who ob- 
served a polarity reversal in the EEG over that location 
when the nose was used as reference. Definitive iden- 
tification of the actual locations was provided by 
neuromagnetic studies by Hari et al. (1980) and Bak et al. 
(1981). Contributions from an additional source in the 
temporal lobe were inferred by Wolpaw and Penry (1975) 
who reported statistically significant differences in the 
EEG waveform within the interval of 100 to 200-ms from 
an electrode over the vertex compared with another over 
temporal scalp positions T3 and T4. The difference was 
called a "T" complex, consisting of a positive peak at 
about 105-110 msec and negative peak at 150-160 reset. 
More recent studies of scalp potentials also have been 
interpreted as indicating the presence of a lateral tem- 
poral source (Vaughan et al. 1980; Wood 1982). The fact 
that several neuronal sources contribute differently to the 
ERP and ERF measured near the scalp was made clear by 
Hari et al. (1982) who found that the amplitudes of the 
100 msec electric and magnetic responses did not increase 
in the same way with increasing interstimulus interval 
(ISI). The two would be proportional if they originated 
form the same source of fixed geometry. 

In studies of neuromagnetic responses to tone bursts 
applied with a constant interstimulus interval (ISI), Lii et 
al. (submitted) observed that when the ISI is lengthened 
a second source can be detected with a latency 10 ms 
shorter than that of the N100m component. In other 



174 Williamson et al, 

16 

14 

12 

10 

8 

E 6 o 
U 4 

2 
0 

-2 
-4 
-6 

ISI = 1.2 sec S: ZL 

0.1s 
• i = a i = = = | = 

10 8 6 4 2 0 -2 -4 -6 -8 -10 -12 

x (cm) 

, , , , . . . . . . .  

ISI = 6.0 sec ~ _ _  S: 

250" ~ 

- .,ooN X- o 

= = = = = i , I i | i 

10 8 6 4 2 0 - 2 - 4 - 6 - 8 - 1 0 - 1 2  

X (cm) 

Figure 7. Sagittal v iew depic t ing the isofield contours over the left hemisphere for a subject responding to tone bursts 
presented at  a fixed ISI of 1.2 sec and 6 sec. 

words, the field map over the temporal and parietal areas 
indicates the presence of the classic N100m response for 
an ISI of 1.2 sec (figure 7a), but for an ISI of 6 sec the 
pattern reveals the presence of a second source as well 
(figure 7b). For convenience, we shall refer to this new 

component  as the latent component and denote it by 
L100m. This terminology comes from the dictionary 
definition of latent as "not apparent but capable of being 
expressed". 

The striking differences between the two patterns can 
be seen in the appearance for long ISI of a region of strong 
negative field over the area of the ear, and a strengthen- 
ing and shift to the lower right of the upper right positive 
extremum, so that it is much stonger than any portion of 
the negative extrema at the left. A reasonable hypothesis 
is that neuronal activity appears which produces a posi- 
tive field extremum at the upper right nearly coinciding 
with the existing positive extremum of N100m. Its nega- 
tive extremum lies over the region of the ear, to the lower 
right of the negative extremum of N100m. 

A local sphere model was employed to determine the 
locations of the two neuronal sources. Its center was 

determined by the curvature of the inner portion of the 
skull, extending over a radius of 5 cm about the point 
lying about midway between the estimated source posi- 
tions. Table I lists the parameters of the dipole that best 
account for the N100m pattern at short ISI, for each of 2 
subjects. When a second dipole is added to account for 
the pattern at long ISI, the position and orientation of this 
N100m dipole were first fixed and then a 6-parameter fit 
was employed to determine its new strength and the 5 
parameters of the L100m dipole. The result for sources 
in the left hemisphere of one subject is shown in table 1. 
In a second fitting procedure, we used these dipole 
parameters as the best initial estimate and carried out a 
2-dipole fit, allowing all 10 parameters to vary. The 
best-fitting positions for the first and second procedures 
varied by less than 4 ram. 

Amb igu i t i es  in Iden t i f y ing  Sources  

As mentioned earlier, there is an inherent ambiguity 
in assigning field extrema to individual sources in a 
2-dipole model. A positive extremum can be associated 

Table 1. Best-fitting parameters for the dipoles that  best accoun t  for the field pat tern at both short and  long ISI for the 
subject character ized in figure 7b. Parameters at short ISI condit ion for the subject as character ized in figure 7a and for 
another  subject are also shown. 

C o n d i t i o n  

S h o r t  ISI 

L o n g  I S I  

S u b j e c t  

ZL (Left) 

SW (Left) 

SW (Left) 

C o m p o n e n t  x (cm) V (cm) z (cm) 

N100m -0.9 6.3 6.2 

N100m 0.8 4.3 5.4 

N100m 1.2 5.2 5.9 

L100m -1.9 6.7 4.2 

~d (degree) 

-140 

Q (hA.m) 
3.3 

-134 11.4 

-122 11.4 

-94 2.3 
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Table 2. Successive sets of parameters describing two dipoles in the left hemisphere that are being adjusted to achieve 
a best fit to the isofield contours of figure 7b for ISI = 6 sec. Orientations of the two dipoles are illustrated schematically at 
the right by arrows. Between steps 24 and 25 the orientations of the dipoles are switched as are two of the three position 
coordinates. However, they are switched back to the original assignments between steps 26 and 27. Each step comprises 
6 computer iterations. 

Step No. 

24 

25 

26 

27 

Dipole 

1 

Qx (nA.m) 

-2.5 

-10.0 

-2.7 

-2.7 

-3.6 

-3.9 

-3.3 

-6.9 

Qz (nA.m) 

-8.2 

-2.3 

-2.2 

-10.8 

-5.0 

-7.6 

-6.8 

-5.4 

X (mm) 

-4.8 

10.2 

-5.5 

-4.1 

-3.7 

1.3 

-2.6 

3.7 

Y (mm) 

-72.3 

-56.0 

-77.0 

-70.4 

-73.8 

-65.0 

-71.9 

-60.0 

Z (mm) 

58.4 

45.8 

62.7 

41.7 

61.5 

40.1 

60.6 

40.9 

Dipole I 

"N 

Dipole 2 

a priori with either of the negative extrema. To inves- 
tigate how the program dealt with this, we followed the 
evolution of the fitting sequence and found instances 
when an attempt to switch associations was made. Table 
2 provides one such example. However, for a variety of 
starting conditions in which the N100m dipole is close to 
that providing the best fit to the data of figure 7a the 
minimization procedure based on chi-square as the cost 
function yielded similar final values for the parameters. 
This demonstrates that the fitting procedure is robust. 

Figure 8 shows the locations and orientations of the 

deduced N100m and L100m dipoles in the left hemi- 
sphere with respect to a sagittal MRI recorded near the 
average depth of the L100m and N100m sources. The 
N100m source lies 5 mm from the sulcus depicted in this 
superficial MRI slice. At a greater depth beneath the 
scalp (e.g., at y = -5 cm) the sulcus comes closer to the 
position of the dipole. Moreover the dipole is oriented 
perpendicular to the average direction of the nearby 
sulcus. This can be understood if the neuromagnetic 
field is produced by intracellular currents within 
pyramidal cells of the cortical layer forming the floor of 

Figure 8. Locations and orientations of dipoles in the left hemisphere accounting for the field patterns in figure 7 (left 
panel; subject SW), as well for the field pattern of another subject (right panel; subject ZL) are shown as red arrows, where 
the tip of the stem of each arrow is placed at the respective source. Orange ovals depict the 95% confidence region for 
each location. Tic marks along the PPN x and z axes are spaced at 1 cm intervals. 
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Figure 9. Projection of the tangential component Qt of a 
current dipole onto the line that is perpendicular to the 
cortical surface to predict the total current dipole mo- 
ment Q. 

the lateral sulcus, in primary auditory cortex (Hari et al. 
1980; Bak et al. 1981). By contrast the L100m source is 
found to lie within the supratemporal sulcus, in the 
region of the auditory associati~n cortex (Pandya and 
Seltzer 1982), and it is oriented nearly perpendicular to 
the sulcus at its position. 

L/i et al. (submitted) have also observed a second 
component with approximately 200 ms latency, for tone 
burst stimuli presented at a long ISI, whose source is 
located in this same region of the lateral temporal area, 
but this will not be discussed here. 

Total Source Strength 
When the pertinent region of the head is well-repre- 

sented by a sphere, only the component of a current 
dipole source that is tangential to the sphere contributes 
to the external field (Grynszpan and Geselowitz 1973). In 
this sense, what neuromagnetic measurements will not 
"see" is a precisely radial source. This class of sources is 
a small proportion of the total. Some two-thirds of 
cerebral cortex is located within fissures and sulci, where 
the perpendicular to the cortical surface has an appreci- 
able component lying tangential to the overlying scalp. 
Thus the majority of the cerebral cortex, as well as sub- 
cortical regions, will be accessible for magnetic study. 

While only the tangential component Qt of a dipole 
will be directly recorded magnetically, it is nevertheless 
possible to infer the total current dipole moment Q from 
knowledge of its tangential component Qt. Anatomical 
information provides the necessary connection. In 
cerebral cortex, pyramida l  cells are the dominant  
neuronal populations having a preferred orientation for 
the axes of their dendritic trees. The corresponding in- 
traceUular currents have a net direction perpendicular to 

the cortical surface. Therefore, it is only necessary to 
define the local normal to the cortical surface to infer the 
direction of the total dipole moment. Figure 9 illustrates 
how the observed tangential component Qt is projected 
onto the direction normal to the surface to predict the 
total dipole moment Q. This kind of analysis has been 
applied to obtain the total current dipole moments for 
steady-state responses to amplitude modulated tone of 
various frequencies (Romani et al. 1982). While the tan- 
gential component Qt varies considerably with tone fre- 
quency, the total moment Q is nearly independent of 
frequency, suggesting that the same number of neurons 
respond regardless of frequency. 

Once the total dipole moment is obtained, it is possible 
to take a further step and deduce the areal extent of cortex 
that responds to the stimulus. An analysis of current 
source-density measurements for long-latency responses 
in cat and monkey has shown that the current dipole 
moment at the moment of peak activity is about 50 pA.m, 
to within an uncertainty of about a factor of 2, for each 
mm 2 of cortical surface area (L(i and Williamson 1991). 
Therefore, the total active cortical area can be estimated 
as Q/(50 x 10 -12) mm 2. 

Spontaneous Rhythms of Cerebral Cortex 
Because neuromagnetic fields are comparatively well 

confined near their sources, it is possible to investigate 
aspects of spontaneous cortical activity that have not yet 
been studied with EEG measurements. A series of cog- 
nitive studies we have carried out is motivated by the 
research of Pfurtscheller et al. (1977, 1988, 1988b) who 
found that EEG power in the alpha band between 8 and 
13 Hz suf fe rs  a sharp  r e d u c t i o n  ("event related 
&synchronization") subsequent to visual stimulation as 
well as during the performence of voluntary acts. Their 
method is similar to one devised by Kaufman and Price 
(1967) to study modulation of high-frequency EEG by 
visual stimulation, and by Kaufman and Locker (1970) to 
study effects of attention on visual modulation of alpha 
activity. 

We have carried out similar studies with MEG mea- 
surements over various areas of the scalp and find that 
magnetic alpha rhythm during cognitive tasks is sharply 
suppressed over the areas of cerebral cortex that may be 
expected to participate. For instance, field maps over the 
occipital and parietal areas provide evidence that visual 
cortex plays a role in visual imagery (Kaufman et al. 
1990). The strongest source of alpha rhythm is the 
parieto-occipital sulcus, where sources ("alphons") of 
individual alpha spindles have been localized (William- 
son and Kaufman 1989b). Nevertheless, there is a greater 
percentage of power suppression near the midline of the 
occipital area during mental imagery, which is the key 
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Figure 10. Variance in field power within the alpha bandwidth averaged over 36 trials when an imageable or nonimage- 
able word is shown on a display for 200 msec beginning at the time origin. Data were low-pass filtered to smooth over 
individual alpha oscillations. Five traces are provided by simultaneous measurements with a probe consisting of four 
sensors evenly spaced on a circle of 2-cm radius centered on the fifth sensor. The probe was positioned over the occipital 
scalp (upper panels) or anterior temporal area (lower panels). The left panels show suppression when the subject seeks 
an image for the object that an imageable word represents, with suppression beginning earlier and enduring longer over 
the occipital area than temporal. The right panels show the measurements at the same respective locations when the 
subject seeks a word that rhymes with a non-imageable word displayed. Occipital suppression again begins earlier but 
is relieved much sooner than for the temporal area. 

evidence that indicates the participation of visual cortex. 
Computer simulations of rhythmic activity in cortical 
folds, as comprise primary visual cortex, reveal that the 
average power pattern across the scalp is characeristic of 
anatomical features of the cortical geometry (Kaufman et 
al. 1991b). 

Moreover, suppression of spontaneous alpha rhythms 
in the occipital and parietal areas is found to be specific 
to the task (Kaufman et al. 1989). Figure 10 shows that 
when a subject seeks a rhyme for a word displayed on a 
screen, suppression over the visual area begins immedi- 
ately and is sustained for more than 500 ms. This reflects 
processing of the visual information in the occipital 
region. By comparison, after a delay of about 100 ms 

suppression begins over the temporal area and is sus- 
tained for more than 500 ms as the subject seeks a rhyme. 
The interplay between the two areas is quite apparent. 

As a final example of advantages gained by measuring 
the neuromagentic field, we cite a recent study that is the 
first full use of the Sternberg paradigm to study the 
relation between short-term memory scanning and the 
spontaneous activity of the brain. The results support the 
hypothesis that increases in reaction time with memory 
set size are reflected in the duration of local changes in 
the level of spontaneous activity of cerebral cortex. In 
this study the  subject was presented by earphones a 
series of 1, 3 or 5 tones as a memory set. After a few 
seconds a probe tone was presented and the subject 
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Figure 11. Duration of suppression of alpha rhythm over the left temporal area (L) and right temporal area (R) for each 
of 3 subjects after hearing a probe tone. The subject is instructed to determine whether it matches a tone previously 
heard as part of a memory set. Left hemisphere suppression duration is significantly correlated with memory set size for 
all 3 subjects' right hemisphere data, but for only one subject (FK) in the case of the left hemisphere. 

pressed one reaction time button if it was judged to be a 
member of the memory set and another if it was not. 
Figure 11 shows that suppression time increases with the 
number of tones in the memory set (Kaufman et al. 1991), 
as is true for the reaction time in the classic Sternberg 
studies (1966). This is conventionally interpreted as 
reflecting the serial processing of all tones in the memory 
set, regardless of whether the probe occurs early in the 
series. Thus the duration of suppression provides a 
meaningful gauge of the time when a person is accessing 
memory. 

These s tudies  relat ing suppress ion durat ion to 
memory set size also revealed a strong correlation be- 
tween the spatial pattern of suppression and the spatial 
distribution of N100m strength in response to presenta- 
tion of the individual tones. This provides strong 
evidence that the alpha rhythm we observe originates in 
auditory cortex. 

O v e r v i e w  

Where MSI techniques have suffered in the past, is the 
need to carry out sequential measurements because of the 
lack of a sufficient number of sensors to cover the entire 
scalp at one time. Determining a field pattern requires a 
minimum of 30 or so measurements, and often 50 or more 
need to be obtained for accurate results. These methods 
are not cost effective for a clinical setting. Moreover, such 
long measurement sessions may well lead to variability 
in responses as the state of the subject varies. Fortunate- 

ly, this limitation is being overcome by the advent of 
commercial systems that provide arrays of 37 or more 
sensors so that the entire field pattern from a given source 
can be obtained at one positioning. It is reasonable to 
expect that systems with more than 128 sensors will 
become available in the next decade to provide simul- 
taneous measurements with proper sampling over near- 
ly the entire head. The virtue of MEG recording being 
contactless means that the procedure of obtaining data 
can be efficient. Within five minutes or so of a subject's 
arrival the measurements can begin. Counterbalancing 
the obvious advantage in efficiency and effectiveness of 
large sensor arrays is the likelyhood that MSI systems 
will be expensive, just as for  complementary imaging 
systems, such as positron emission tomography (PET), 
that provide other measures of local brain function. 

MEG has a major advantage over the EEG in the fact 
that it provides a measurement of the field at one location 
in space. There is no need for a "reference". The EEG is 
based on the measurement of a voltage, which necessari- 
ly entails a differential measurement of the potential at 
two separated locations. Eliminating the effect of the 
reference can be done with the EEG, but it means com- 
puting the differences between two voltages, conven- 
tionally carried out by computing an approximation to 
the Laplacian for the data recorded across the scalp. Thus 
the reference is eliminated, but signals from different 
sources may be superimposed. Moreover, signals in the 
area of the scalp at the boundary of the electrode array 
cannot be characterized by this means, so that complete 
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coverage  is sacrificed. The closeness in spacing of 
electrodes in an array determines  the accuracy wi th  
which  the Laplacian can be approximated ,  and cor- 
respondingly  the extent to which  signals of different 
neuronal  sources may  be distinguished. The trade-off is 
that signal s trength diminishes as electrodes are b rought  
closer together.  Certainly, EEG equ ipment  is much  less 
expensive than MEG systems, but  considerable time is 
required to prepare  the subject before, and to clean up  
after a study. These lengthy procedures  are s imply not  
needed  for MEG recordings. 

We have not  discussed another  advantage of MEG 
measurements:  the bandwid th  extends d o w n w a r d  to dc. 
By moving  a subject toward  a sensor, the change in dc 
output  indicates the dc field at the final position. Once 
in place, slow shifts in dc levels can be recorded con- 
tinuously. This has advantages  w h e n  characterizing the 
early stages of maigrane,  where  it is believed that spread- 
ing cortical depress ion may  play a role (Barkley et al. 
1990). 

The illustrations p rov ided  in this article demonstra te  
how MSI can be used effectively in brain research. In the 
future, we expect  to achieve an accurate topographic  
representat ion of cortical activity, as distinct f rom the 
topography  of the MEG and EEG at the scalp. These 
external phenomena  except in simple cases are not re- 
lated to the under ly ing  activity in any straightforward 
manner.  
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