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F1G. 2. (A) Lucite sphere with current dipole supported by a rod inside it. (B) Isofield contours at 100-fT intervals obtained from field values
measured at locations denoted by + (field emerging from the surface) and — (field entering the surface). (C) Corresponding de-
duced locations of the current dipole for 32 sets of measurements, with the origin denoting the actual location of the dipole. (D) Plastic model skull
with an indication of the position above a current dipole held inside. (E) Isofield contours at 100-fT intervals projected onto the skull to illustrate
the area over which measurements were obtained. (F) Corresponding deduced locations of the current dipole for 22 sets of measurements, with

the origin denoting the actual location of the dipole.

was repeated 22 times over a period of several days. A
representative isofield contour map is shown in Fig. 2E in
relationship to the skull. The accuracy in determining the
location of the dipole was virtually the same (Fig. 2F) as for
the sphere described earlier. All the deduced locations lie
well within 3 mm of the actual location determined by
computerized tomography scans.

Auditory Evoked Responses. The third study in this series
assessed the accuracy of this procedure in locating an
equivalent current dipole source within the human head.
Three right-handed volunteers were studied by the same
method as for the model skull, except that a circle on the scalp
with a radius of about 5 cm with its center approximately 7
cm above the ear canal was digitally characterized for fitting
the sphere model. Comparison with MRIs indicated that the
thickness of the skull was uniform to within about 20% over
this area, so the scalp characterization would yield the same
locations for the center of the sphere as the curvature of the
inner surface of the skull. Tone burst stimuli with a frequency
of about 1 kHz and duration of 400 ms were presented with
a random interstimulus interval uniformly distributed within
the range of 1.0 to 3.4 s. Stimuli were provided to the right ear
through airline style plastic earphones at an intensity of about
70 dB SPL. For each position 100 responses were averaged.
The entire recording procedure took 60 min to obtain mea-
surements at 64 sensor positions over the scalp. In addition,
MRI recordings were obtained. The coordinates of positions
on the MRI slices were indexed to the head-based coordinate
system by attaching markers to the skin when the images
were recorded.

Fig. 3 shows representative isofield contours for one
subject, displaying the two areas of strongest field. The
mid-point of the pattern lies above the ear canal, which is
expected for a source lying in auditory cortex. The dots in the
MRI scans depict the deduced position of the neuronal source
with respect to the three principal cross sections of the head,
for slices that pass near the computed location. To within our
uncertainty of 3 mm, the source lies within the cortical layer
forming a portion of the floor of the Sylvian fissure. Fig. 4 B

and D shows isofield contours for two other subjects. Note
that here also the midpoints lie approximately over the ear
canal. The corresponding positions of the computed sources
are shown in the coronal MRI slices, here enlarged in
comparison with those in Fig. 3. Again, the sources lie within

Fi1G6. 3. (A, C, and D) MRI cross sections for subject WH that
pass through the deduced location of the source for the 100-ms
component of the auditory-evoked response (dots). (B) Positions of
field measurements and isofield contours for the subject. Also shown
are examples of the averaged time-series data obtained by the two
seven-sensor dewars near the two-field extrema (100 responses).
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F1G. 4. (A and C) Portion of the MRI coronal cross sections that
pass through the deduced locations of the source for the 100-ms
component of the auditory-evoked response (dots), for subjects PF
and TY, respectively. (B and D) Positions of field measurements and
isofield contours for the subjects.

the cortex forming the floor of the Sylvian fissure. The
agreement between the deduced locations and position of the
floor of the Sylvian fissure is consistent with the accuracies
previously obtained for measurements with the sphere and
skull models. Dipole moments for the subjects ranged from 10
to 30 nA'm.

Fixed Position Measurements. The application of neuro-
magnetic techniques to clinical diagnoses of neuronal disor-
ders will depend very much on how quickly measurements
can be carried out. To assess the ability of the present system
to quickly characterize features of the tonotopic representa-
tion in human, where tones of higher frequency evoke
activity deeper within the head, measurements were obtained
with the dewars at fixed locations as close to the field extrema
as possible. Tone bursts of 400 ms duration having frequen-
cies of 0.75, 1.00, 1.25, and 1.50 kHz were presented to the
right ear in random order. It was possible to fit the 14
recorded average amplitudes of the N100 magnetic compo-
nent on the left hemisphere by a field pattern produced by a
current dipole. The resulting uncertainty in lateral position
was 4 mm and the uncertainty in depth was 3 mm. On 11 days
the tonotopic sequence was determined over a single octave
in frequency for one subject. These results are illustrated in
Fig. 5. Excellent agreement is obtained with the tonotopic
trends reported earlier (7-9). The precision of the results is
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FiG. 5. Coordinates in y axis for the source of the 100-ms
component of neuronal activity evoked by tone bursts of various
frequencies. Bars give the standard error of the mean of the
uncertainties (67% confidence levels) for the individual determina-
tions of source locations on separate days.
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also consistent with theoretical analyses for such a ‘‘fixed
position’’ measurement (24, 25). The measurement time for
locating a single source was about 20 min, although the setup
time for the subject, including characterizing the scalp
surface, was about 20 min.

Adaptation. In carrying out serial measurements on a
subject it is essential to minimize adaptation within and
across averages. Adaptation effects have long been known in
studies of the auditory event-related potential. We employed
a paradigm to investigate the phenomenon for both its
intrinsic and methodological importance. A total of 700 tones
of 1.0, 1.05, or 1.1 kHz were presented in random order, with
the interstimulus interval varying randomly between 1.0 and
3.4 s. Separate averages for three subjects were obtained for
the N100 amplitude of the first 350 responses and the last 350
responses, when the tone was preceded by the same tone and
when preceded by a different tone. Fig. 6 illustrates the
difference for the amplitude trends. Cortical neural activity
decreases when a tone is preceded by an identical tone but
less so when preceded by a different tone, provided there is
a sufficient number of prior presentations of the same tone,
not necessarily consecutive. Consequently there are short-
term as well as long-term features in the response. There was
no change in source location or orientation for adapted
activity when compared with responses not preceded with
the same tone stimulus. Thus each respective area of cortex
responding to the particular tones shows this adaptation effect.

DISCUSSION

The preceding results indicate that neuronal activity can be
located with high accuracy within the human brain for field
strengths at physiological levels, when the geometry of the
cranium can be approximated by a spherical model. Accu-
racy in source location for both the sphere and skull models
was consistently better than 3 mm for a current dipole source
about 3 cm beneath the surface. Comparable precision,
though perhaps not accuracy, may be expected in cases
where the spherical model is less representative, as for
fronto-temporal areas. In these instances, accuracy can be
improved by interpreting the measurements through use of
numerical models for the individual’s cranium (22, 23).
Comparisons with MRIs of the individual subjects estab-
lished that the neuronal activity giving rise to the 100-ms
components of the auditory-evoked response for a tone burst
lies in the floor of the Sylvian fissure, and the orientation of
the current dipole is within 10° of being perpendicular to the
surface of the cortex. This orientation is consistent with the
neuronal currents giving rise to the field being the intracel-
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FiG. 6. (A) Response amplitude for the 100-ms magnetic com-
ponent evoked by a tone burst stimulus when a tone is preceded by
an identical tone (squares), different tone (circles), or either condi-
tion (triangles) for subject WH. Data represent an average of the first
and last 350 responses. (B) Running average of relative response
strengths when a tone is preceded by an identical one, for each of
three subjects, averaged over 100 consecutive tone presentations.
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lular currents within pyramidal cells, although we cannot rule
out other possible sources within the cortex. The position of
the source in relation to the ear canal indicates that this
portion of cortex is Herschl’s gyrus, the location of the
auditory cortex. Thus we have established the reliability of
the multisensor technique.

Rapid measurements are possible when the approximate
locations of the field extrema are known and the two dewars
are positioned over them. The possibility of extending this
technique to studies of multidimensional functional repre-
sentations of various modalities is especially attractive. For
instance, in the human auditory system, an amplitopic map
runs approximately at right angles to the tonotopic axis.
Thus, with the “‘fixed position’’ paradigm, randomly pre-
sented stimuli at various intensities and frequencies can be
utilized for a rapid diagnosis of normal or abnormal cortical
activity with this truly noninvasive methodology. The pros-
pects with larger arrays of sensors are profound.

While this research has been explicitly concerned with
localization of neuronal activity, it is well to keep in mind that
the magnitude of such activity is also obtained, as the equiv-
alent current dipole moment. That is, localization provides an
objective, quantitative measure of neuronal activity. Thus
there is a real prospect that such quantitative measures may
have value in diagnosing sensory disorders and disease
states.

The adaptation described in this paper is an example where
localization demonstrates that reduction in response field
amplitude is not due to displacement or rotation of the
source, corresponding to a shift of activity from one neuronal
population to another, but to reduction in source strength.
Adaptation is exhibited by neuronal activity in human audi-
tory cortex with both short-term and long-term features. One
significant point to be made is related to randomization of
stimuli. For this procedure to be effective in reducing the
influence of adaptation on neuromagnetic responses, several
different stimuli must be interposed; or perhaps equivalently,
more time must be permitted between the presentation of
similar stimuli. It is worthwhile to consider whether a
dishabituation phenomenon can be demonstrated in this
context.
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