the DNA from isolated chromosomes has high molecular weight.
Thus, sorter-purified DNA is suitable for gene mapping and for
production of recombinant DNA libraries. However, additional
development may be required if considerably larger amounts of
DNA are required for such applications as analysis of large restric-
tion fragments by pulsed-field gel electrophoresis (34) and cloning
in yeast (35). Increases in the sort rate may come from several areas:
(i) use of velocity sedimentation to enrich the chromosome of
interest before sorting (36), (ii) production of hybrids or other cell
lines in which the frequency of the chromosome of interest is high
(for example, human-muntjac hybrids to which the muntjac contrib-
utes only three chromosome types), (iii) further increases in the
droplet production rate in the high-speed sorter, and (iv) increased
distinctness in chromosome staining so that high-purity sorting can
be accomplished while objects are processed at rates of over 20,000
per second. Taken together, these developments eventually may lead
to another order of magnitude increase in the rate at which
chromosomes can be purified by sorting.
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Magnetoencephalography is the detection of the magnetic
field distribution across the surface of the head, which is
generated by a neuronal discharge within the brain.
Magnetoencephalography is used in clinical epilepsy to
localize the epileptogenic region prior to its surgical
removal. A discussion of the instrumentation based on
the superconducting quantum interference device that is
used for detecting the magnetic field distribution, the
analytical techniques, current research, and future direc-
tions of magnetoencephalography in epilepsy research is
presented.
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AGNETOENCEPHALOGRAPHY (MEG) 1S THE MEASURE-

ment of the extracranial magnetic fields produced by

electrical currents within the brain. These spontaneous
magnetic fields are about one-billionth the strength of the earth’s
magnetic field and are measurable only with a superconducting
quantum interference device (SQUID). The electrical currents arise
from ion movements produced by changes in the electrical potential
of cell membranes of neurons in the brain (Fig. 1). The changes in
the membrane potential and ion movements usually begin at one
end of the neuron called the dendrite, and compensatory ion
movements occur throughout the neuronal cell body, creating a
current dipole. We will refer to the current within the cell as the
source current and the return current outside the cell as the volume
current. The neurons of interest in MEG are the pyramidal cells,
which are oriented perpendicular to the brain surface in a thin outer
layer of the brain called the cortex, where many such neurons are
aligned parallel to one another. The surface of the brain has many
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infoldings producing “valleys” or sulci, and “hills” or gyri. The
pyramidal cells may be broadly classified into two groups according
to their orientation: (i) cells oriented perpendicular to the scalp
surface, that is, aligned in a radial direction from the “center” of the
head and (ii) cells oriented parallel to the surface of the scalp. These
orientations correspond to radial and tangential current dipole
sources, respectively (Fig. 1). Neurons that are oriented neither
radially nor tangentially can be represented by components of the
dipole in each of these directions.

The orientation of the current dipole is a critical factor affecting
the measurement of magnetic fields outside the head. The magnetic
field associated with a current dipole encircles the dipole and is
oriented at right angles to the direction of the dipole (Fig. 2). When
the axis of the SQUID gradiometer is oriented perpendicular to the
subject’s head, it measures only the component of the magnetic field
perpendicular to the head surface. This magnetic field component,
which has field lines perpendicular to the surface, is predominantly
associated with the intracellular source currents of tangentially
oriented dipoles. The reason for this can be understood in terms of a
model that approximates the properties of the head. In a sphere of
homogeneous electrical conductivity, a radially oriented dipole does
not contribute to the magnetic field. Volume currents associated
with a dipole in the sphere do not contribute to the perpendicular
magnetic field, although the explanation is beyond the scope of this
article (I-3) . The magnetic field encircling the source current of a
tangentially oriented dipole has a component perpendicular to the
sphere surface and therefore can be measured by a gradiometer
oriented perpendicular to the surface. Because a head differs in shape
from a sphere and contains boundaries between regions of differing
electrical conductivity, radially oriented dipoles and volume currents
may contribute to the magnetic field perpendicular to the head
surface. By comparison, electroencephalography (EEG) measures
primarily volume currents associated with both radially and tangen-
tially oriented dipoles.

EEG is still the mainstay of noninvasive recording of brain
electrical activity, but MEG is considered to be potentially more
effective in the three-dimensional localization of focal neuron events.
MEG may be superior to EEG in spatial localization of current
sources because the scalp and skull are transparent to the associated
magnetic fields, whereas they smear and distort the volume currents
measured by the EEG. In addition, because MEG measures primari-
ly the tangential component of intracranial sources, computing for
source localization by means of a model is simpler than for EEG,
which measures the combination of radial and tangential sources
and is also dependent on the conductivities of the various cerebral
tissues (4). These possible advantages of MEG have encouraged
research of magnetic fields associated with many brain activities (5).
The location of intracranial current sources has been predicted by
MEG, but confirmation of the findings requires direct recording
from the brain (6). The challenge to MEG research is to show that
the predictions are accurate. The study and treatment of epilepsy are
ideal for addressing this challenge. The magnitude of the electrical
and magnetic signals associated with epilepsy is large, and direct
recording from the brain during surgical intervention in many
patients with epilepsy can be used to verify the MEG findings.

The MEG recording of epileptiform activities was first described
in 1977 (7). Recently, persons with epilepsy whose seizures origi-
nate in just one area of the brain and who are candidates for the
surgical removal of this epileptogenic region have been the subjects
of intensive MEG research studies (8—20). The noninvasive diagnos-
tic procedures, namely EEG, computed tomography (CT), magnet-
ic resonance imaging (MRI), and positron emission tomography
(PET) often yield inadequate information for accurately determin-
ing the location of the epileptogenic focus within the brain. The
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Fig. 1. (Left) Idealized cortical neuron. Fluctuations in membrane potential
at the dendrite (D) induce compensatory intracellular (IC) and extracellular
(EC) current flow; CB, cell body and nucleus, Ax, axon. (Right) Idealized
cross section of scalp, skull, and brain. Cortical neurons oriented parallel to
the scalp surface (a) produce tangential dipoles which can be measured by
MEG. Those oriented perpendicular to the scalp surface (b) produce dipoles
oriented radially and do not contribute to the component of the extracranial
magnetic field perpendicular to the scalp. Neurons with intermediate
orientation (c) produce dipoles with both tangential and radial components.
Other features: d, scalp; e, skull; f, cerebrospinal fluid; g, cortex; h,
noncortical brain or white matter; Su, sulcus; and Gy, gyrus.

invasive diagnostic techniques involve surgical intervention for
recording directly from the surface of the brain with electrocortico-
graphy and subdural electrodes or from wire electrodes, called depth
electrodes, inserted into the brain. These procedures have risks, and
are costly and time consuming. If the epileptogenic region can be
surgically removed, however, the patient may become completely
free from seizures (6). MEG may decrease the need for surgical
diagnostic procedures in patients with epilepsy by providing preop-
erative, noninvasive localization of the epileptogenic focus in three
dimensions. It is estimated that approximately 50,000 persons in the
United States are candidates for epilepsy surgery.

Epilepsy is characterized by recurrent abnormal synchronous
discharges of large numbers of neurons within the brain. These
discharges are seen in the EEG as brief high-amplitude electrical
potential changes known as spikes or sharp waves (Fig. 3). Spikes
have a duration of less than 70 msec, and sharp waves have a
duration of 70 to 250 msec. When these discharges occur during
seizures, they are called ictal discharges. Spikes and sharp waves are
termed interictal discharges when they occur between seizures.
Interictal discharges are recorded in the EEG more frequently than
ictal discharges and therefore are somewhat easier to study. The
anatomic origin of interictal discharges suggested by EEG is often
close to the anatomic origin of ictal discharges found with subdural
or depth electrodes, although this is not always the case. In the
preoperative evaluation of a patient with epilepsy, it is important to
determine the anatomic location of the onset of ictal discharges
associated with clinical seizures, as these are the events causing the
patient’s disability. MEG may be able to provide additional informa-
tion regarding these anatomic locations.

Instrumentation

The magnetic fields associated with the epileptiform events are
approximately 1 picotesla (pT) and are measured with a supercon-
ducting detection coil coupled to a SQUID. Early instruments were
single-channel detectors, but now instruments with four, five, or
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seven channels spaced 2 to 3 cm apart are used. SQUID instrumen-
tation has been well described (1, 21, 22). This article discusses only
those aspects of the SQUID directly relevant to MEG.

The magnetometer has three components: detection and input
coils, SQUID and electronics, and a cryogenic vessel (Dewar). The
detection coils and the cryogenic vessel can be designed for MEG
application, and the design will determine the spatial resolution and
the ease of positioning the instrument over the patient’s head (Fig.
2).

The detection coil is connected to the SQUID’s input coil, and
together they form a superconducting circuit that acts as a flux
transformer. When a magnetic field is present at the detection coil,
current flows in the superconducting circuit proportional to the
instantaneous value of the magnetic flux present at the detection
coil. The current flowing through the input coil impresses a field on
the SQUID. A sensitive preamplifier and electronic circuit measure
the response of the SQUID to this field; thus, the SQUID sensor
and clectronics can be regarded as a highly sensitive current to
voltage converter, in excess of 107 V/A, whose output is linearly
related to the instantancous value of the magnetic flux passing
through the detection coil. Two basic types of electronic circuitry
drive the SQUID sensor, the so-called radio frequency (rf) and dc
bias modes. Early versions of SQUID sensors incorporated rf
electronics, but with improved technology d¢ SQUIDs are now two
to three times more sensitive than the rf SQUID and are available in
commercial instruments. Typical characteristics of commercially
available SQUIDs are sensitivity better than 20 fT/Hz"?, linearity in
excess of one part in 107, bandwidths extending from dc to
hundreds of kilohertz, and slew rates of 10° to 10° ¢¢/sec (23, 24).

In a magnetically unshielded setting, the detection coils are
usually wound to form a gradiometer composed of a pickup coil
placed close to the head and a similar compensating coil wound in
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Fig. 2. Schematic of a SQUID gradi-
ometer and the magnetic field of an I1C
idealized intracranial current source.
The gradiometer is maintained perpen-
dicular to the head surface during the
recording sessions. The component of
the magnetic flux perpendicular to the
head, passing through the loops of the
detection coil (DC), induces a current
that is transferred by the input coil (IC)
to the SQUID (SQ). The SQUID
electronics (E) then convert the signal
to a voltage proportional to the mag-
netic flux at the detection coil. Liquid
helium (He) maintains the inside of the
Dewar (Dw) at superconducting tem-
peratures. The solid arrow represents
an idealized intracranial current source
oriented tangentially to the scalp sur-
face. The dotted arrow represents the
magnetic flux that encircles the current
dipole and is oriented at a right angle
to the direction of the current dipole.
The concentric lines represent isoflux
contours on the head surface (magnetic
field map).
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the opposite direction placed parallel and a finite distance away (J,
21). Consequently, a spatially uniform magnetic field arising from a
distant magnetic source, such as an elevator, produces equal and
opposite signals in the two coils, and no induced current flows
through the superconducting flux transformer circuit to the input
coil of the SQUID. Sources close to the pickup coil, neuronal
discharges with magnetic fields falling off as the square of the
distance from the source, for example, induce unequal currents in
the coils of the detector that do not cancel each other. Thus, an
induced current flows through the input coil to the SQUID sensor
and is detected as a voltage proportional to the rate of decay of the
magnetic field along the axis of the gradiometer. Higher order
gradiometers, either second or third order, are used to provide more
stringent cancellation of distant fields in the electromagnetically
noisy hospital setting. The penalty paid for this cancellation is that
the total inductance of the detection coil (pickup and compensating)
can no longer be matched to the inductance of the input coil of the
SQUID at which maximum flux transport occurs, with consequent
loss in sensitivity.

The choice of the detection coil diameter and the separation of the
pickup and compensating coils, known as the baseline, determine
the spatial resolution of the device. The effect of these factors on the
measured field from a current dipole has been described in both
homogeneous half-space and sphere models (25). Increased coil
diameter averages the field across the area of the coil and leads to
increased separation between the two recorded magnetic extrema,
consequently overestimating the depth of the source. A knowledge
of the diameter allows correction to be made for this parameter, but
loss of spatial resolution is still present as a result of the broadening
of the magnetic field distribution, which interferes with accurate
determination of the extrema positions. For discussion of the
detection coil, correction curves for coil diameters, and analysis of
second-order gradiometers see (25-27). In MEG applications,
typical coil dimensjons are a coil diameter of 1.5 cm, a baseline of 4
cm, and an intercoil spacing in multichannel instruments of 2 cm.

Although the SQUID is sensitive enough to detect spontaneous
magnetic fields of the brain and the gradiometer cancels distant
magnetic fields, local background magnetic noise within the hospital
setting (typically 1000 pT/Hz"?) remains a problem. The signal-to-
noise ratio (ranging from 3:1 to 10:1) of the magnetic spikes and
sharp waves obtained from patients in some laboratory sites is
sufficiently good that the events can be seen in the unprocessed chart
recording (20). Nonetheless, background magnetic noise contrib-
utes significantly to apparent variability and uncertainty in the signal
and makes localization of the source less certain (6). Averaging of
about 10 to 20 events to improve the signal-to-noise ratio has been
performed at some laboratories with some success, although at the
risk of also averaging varjations in events (8, 18).

Initial attempts at noise cancellation used three additional ortho-
gonally oriented magnetometers within the dewar that were located
farther from the patient’s head than the signal detector (28). These
SQUIDs measured environmental noise, which was then electroni-
cally subtracted from the recording signal. Environmental noise
subtraction was previously obtained by placing the instrument in a
constant magnetic field. This procedure was successful for noise
below 10 Hz, but was unsuccessful for the frequencies of interest in
epilepsy above 10 Hz, probably because of the variable nature of
noise sources at higher frequencies.

Despite the noise reduction achieved with the gradiometer and
the noise reduction channels and electronics, further shielding is
necessary for clinical MEG studies. This further shielding can be
supplied only by a magnetically shielded room, which can offer a
millionfold reduction in the environmental noise. This chamber
employs a combination of high permeability material for magnetic
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shielding and aluminum for eddy current shielding (29-31). Reduc-
tion of noise to a range from 3 {T) /Hz"? to 5 Hz has been reported.
A more conservative approach financially and in construction terms
is a room solely relying on eddy-current shielding having noise
reduction levels to 100 fT/Hz!? (32).

Cryogenic vessel design (33) is beyond the scope of this article,
but the constraints imposed by a liquid helium system do have an
impact on the recordings that are possible with MEG. In particular,
the vessel cannot be tipped beyond 45° and a Dewar probe tip
diameter of approximately 15 cm below a Dewar body of 35 ¢m in
diameter imposes limitations on access to the head. Current technol-
ogy limits to seven the number of sensors that can be accommodated
within a cryogenic vessel.

The number of sensors available limits the area of the head
measurable at any one time. This area is small relative to the large
area that must be scanned to make a magnetic field map, and the
independent recordings at each of these sites must be integrated over
the complete head. Careful attention must be paid to integrating
only those recordings associated with similar events.

Data Collection

The effectiveness of the MEG data collection and analysis meth-
ods is dependent on the nature of the signals and the source that
generates these signals. The-signals of interest in epilepsy research
are ictal and interictal electrical discharges from an epileptogenic
brain region. These discharges are detectable on the scalp because of
volume currents, that is, extracellular currents throughout the head
that complete the circuit of the intracellular current flow. The EEG
is recorded with electrodes applied to the scalp surface and measures
the potential difference between electrode pairs that arises from the
volume current flow across the resistive scalp. Interictal spikes and
sharp waves occur intermittently on the EEG as brief high-ampli-
tude discharges within lower amplitude background activity. Ictal
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Fig. 3. (A) The EEG recording of an epileptiform spike. The four
simultaneous signals, recorded from a patient’s scalp, represent the difference
in electrical surface potential between pairs of adjacent electrodes located
over the front (F;, and Fg), side (T4 and Ts), and back of the head (O,). (B)
Recording of magnetic signals. These two magnetic spikes were recorded at
different times but each was recorded simultaneously with an EEG spike that
was visually similar to the EEG spike shown above. (C) The magnetic field
map. The map was constructed from the peak-to-peak amplitudes of
magnetic spikes that were recorded sequentially at 42 locations (small dots)
over the side of the head and that were associated with similar EEG spikes.
The solid lines represent magnetic isoflux lines. The first magneric spike
(from B) was recorded with the magnetometer positioned at a magnetic
maximum (1) and the second spike at a magnetic minimum (2). The large
dots represent EEG electrode locations.
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events, or seizures, which occur less frequently, have a variable
appearance on the EEG (34). The EEG is usually recorded simulta-
neously at many locations over the head, and the region of
maximum electrical potential during a spike or sharp wave can easily
be determined. The scalp locations of the maximum potentials in a
patient may be very similar for consecutive spikes and sharp waves,
may vary several centimeters from one epileptiform event to the
next, or may be so far apart as to suggest independent sources for the
discharges (20). The MEG record closely resembles that of the EEG,
although the signal-to-noise ratio is presently better for the EEG.

The variability in the EEG signals is the result of the fact that
epileptogenic regions are not pinpoints. An area that produces a
spike or sharp wave on the EEG involves at least 6 cm?” of cortical
brain tissue (35) and probably represents the size that can be
detected with present magnetometers. When the electrical activity of
such a region is measured with electrocorticography, the whole area
may discharge synchronously or shifting subregions may discharge
independently (36). Some patients may have more than one epilep-
togenic region that, although located on the same side of the brain,
are clearly distinct anatomically and discharge asynchronously.

The area covered by single detectors, and even by arrays of seven
detectors, is small relative to the area that must be scanned to
describe adequately the magnetic field for localization of the source.
Because the magnetometer must be moved to record sequentially at
many locations over the head and because of the intermittent nature
of epileptiform events, recording sessions may last several hours,
with complete mapping of the magnetic field distribution across the
surface of the head requiring several days. Continuous recording, for
example, of 7 channels of MEG and 14 channels of EEG produces
large amounts of data. Eventually, the intermittent epileptiform
discharges must be extracted from the continuous background
activity. Various methods of accomplishing this extraction have
been devised, with each method finally resulting in brief “windows”
of data that include the epileptiform event and a few seconds of
background activity preceding and following the event (8, 12-15,
20). These windows of digitized 12-bit data usually have been
filtered at a bandwidth of 1 to 35 or 50 Hz, and sampled at rates of
128 to 256 samples per second. Both ictal (19) and interictal
discharges (8—18, 20) and certain events that are not clearly epilepti-
form, but are focal and rhythmic, have been mapped in epileptic
patients (12, 18, 37).

For MEG recording, a thin, closely fitting nylon or plastic cap is
placed on the patient’s head after application of the EEG electrodes,
and a grid of planned recording points is marked on the cap (usually
2 to 4 cm apart). The magnetometer is then moved sequentially to
each recording point with the detection coil placed parallel to the
head surface (gradiometer axis perpendicular to the head surface).
The EEG is recorded simultaneously so that the MEG may be
compared with an established technique that provides immediate
identification of epileptiform discharges and artifacts. This feature is
particularly 1mportant when "the magnetometer is placed at a
recording point where the magnetic field is expected to be small or
zero during an epileptiform discharge. The EEG then provides the
only information that an epileptiform event has in fact occurred. An
additional reason for the simultaneous recording of the MEG and
EEG is the possibility of comparing MEG and EEG maps to obtain
both the tangential and radial components of the dipole source.

Data Analysis

The magnetic field expected from a current source can be
calculated from electromagnetic theory if certain conditions are met.
The first is that the source is reasonably small and can be modeled as
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a current dipole in a conducting sphere or infinite half space. For a
gradiometer that is perpendicular to the surface of the sphere during
recording, the detectable magnetic field is only associated with the
component of the current source that is tangential to the sphere.
Two magnetic maxima, or extrema, of opposite sign are predicted to
be found on the surface orthogonal to the EEG dipolar potential
distribution (4) (Fig. 2). Clinically, the two magnetic maxima are
detected consistently even though the epileptogenic region is not a
pinpoint source and the head is neither a perfect sphere nor an
infinite half space (8-20). Once the magnetic field map with two
extrema is obtained, a three-dimensional location for the source is
calculated with one of several models discussed below.

One of the major difficulties in data analysis is the small area
measured by the magnetometers relative to the large area that must
be scanned to make a magnetic map. Present multichannel magne-
tometers only measure the magnetic field over an area of at most 5.5
cm in diameter (6), which is insufficient to characterize both of the
magnetic extrema needed for mapping.

Production of the magnetic field map from sequential measure-
ments presents difficulties. First, because of the changing nature of
discharges arising in the epileptogenic region, consecutive spikes
and sharp waves cannot be assumed to be identical. In addition,
there is variability in the discharges because of variation in both
background brain activity and environmental noise (8, 13, 20).
Finally, uncertainty of the exact position of the detector at each
location over the head may add to these difficulties. Several different
techniques have evolved in an attempt to handle this variability. All
rely on the simultaneously recorded EEG.

One technique is to examine carefully each of the EEG spikes or
sharp waves recorded from a patient and to identify similarities and
differences in their morphological characteristics and location of
maximum electrical potential on the scalp. Interictal discharges that
are visually similar in these two respects are grouped together, and
then a representative discharge is chosen at each detector position.
The magnitude of the magnetic signal (baseline-to-peak or peak-to-
peak) associated with the representative discharge is measured and
from these individual measurements a magnetic field map across
detector positions is produced. The procedure is repeated for each
distinctly different EEG spike or sharp wave pattern. The result is
usually several EEG epileptiform patterns, each with an associated
magnetic field map (15, 20).

The chief advantage of this technique is that the underlying
variability inherent in the epileptogenic region is probably pre-
served. The technique may characterize the variability of the epilep-
togenic region, indicate the extent of the area, and suggest the
possibility of separate and independent regions in a single patient. A
disadvantage is that the recurrent EEG patterns in the spike and
sharp wave and the location of maximum potential on the scalp must
first be elucidated. The identification of patterns and the choice of
the representative spikes at each recording position are by visual
inspection and depend on the experience and judgment of the
investigator, although it may be possible to establish quantifiable
criteria and to automate the process. A good signal-to-noise ratio
during each interictal discharge, important for all the data analysis
methods, is particularly relevant for this technique (20).

A second technique is to take consecutive EEG epileptiform
events (spikes and sharp waves) obtained at a single detector
position, align the EEG signals by a chosen common marker (for
example, the first peak in one of the EEG channels), and average the
associated magnetic signals. Usually 10 to 20 interictal discharges
are included in the average. The procedure is repeated at each of the
detector positions, and from the averaged signals a magnetic field
map is produced. Usually one or two components of the averaged
interictal discharge are examined in this manner. The result is a
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magnetic field map for each component evaluated (8, 13).

The advantage of the second technique is that it processes all
epileptiform events without prior interpretation. In addition, the
method may eliminate spurious irregularities in the magnetic field
map that are caused by variation in the background brain activity or
environmental noise. A disadvantage is that discharges arising from
spatially separated subregions within the epileptogenic regions will
be averaged together, and this averaging yields a single three-
dimensional point for events that may spread over several centime-
ters of cerebral cortex. This may not be a problem if the subregions
are relatively close to one another and it is remembered that the
three-dimensional point represents an average spatial location for a
larger epileptogenic region. However, discharges arising from ana-
tomically separate and physiologically independent epileptogenic
regions may be averaged together to produce a three-dimensional
location that represents neither of the epileptogenic regions. Also,
events that occur independently of one another and have differently
oriented magnetic fields may be averaged and appear to be related in
time, although if the two events can be seen in the epileptiform
discharges prior to averaging, this problem may be addressed.

A third technique examines windows of EEGs by means of the
fast Fourier transform (FFT) for frequency peaks. The EEG and
simultaneous MEG are filtered at a 2-Hz bandwidth around a peak
of interest, and the covariance between the MEG and one of the
EEG channels is calculated. The result is divided by the variance of
the specified EEG channel to compensate for variability in intensity
of the discharge arising from the epileptogenic region and is termed
the relative covariance (RC). In-phase and out-of-phase MEG and
EEG signals should yield positive or negative RC values, respective-
ly. The procedure is repeated for segments of simultaneous EEG and
MEG at each detector position, and these RC values are then plotted
on the recording grid to produce a map with contour lines that
represent constant values of RC. If the discharges arising in the
epileptogenic region have been similar throughout the recording
and have had a similar representation on the EEG, the overall spatial
distribution of the RC values should reflect that of the magnetic
field. The RC map is examined for the presence of two oppositely
signed and maximal regions of RC values, which are assumed to
reflect the two extrema of the magnetic field. For a given set of
segments of EEG and MEG, this procedure may be repeated at
different bandwidths of interest and use different EEG channels to
determine RC, yielding several RC contour maps for the data set
(12, 14, 18, 37).

The FFT technique permits examination of the magnetic field
associated with selected frequency bands within interictal dis-
charges, an analysis that is not available from the first two tech-
niques. In addition, it permits evaluation of abnormal rhythmic
activities that may not be as sharply defined in the EEG as spikes and
sharp waves but nonetheless may be important in the study of
epilepsy, such as focal slow waves. The major disadvantage is
inability to follow the time evolution of the event. In addition, when
abnormal activity occurs in the EEG window, there is some
difficulty ascertaining that the chosen FFT peak actually represents
the abnormal EEG activity. Spikes and sharp waves have several
components in the frequency domain that may make analysis more
difficult. The maps represent RC values and not magnetic field
strength; therefore an additional method must be devised to esti-
mate the magnitude of the source. If more than one interictal
discharge occurs during a specified window, the evaluation of the
events, in a sense, averaged. This technique would then have
additional strengths and disadvantages similar to the averaging
technique mentioned above.

Although different research laboratories have promoted one or
another technique, use of one technique does not preclude use of
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another, and in practice each laboratory uses a combination of
techniques to handle the variability in the signal. Each of the
techniques relies on the EEG in one way or another to produce the
magnetic field map from data sequentially obtained at different
detector positions. The underlying assumption is that the recorded
EEG and MEG signals are tightly coupled. However, the EEG may
be preferentially sensitive to radially oriented sources such as occur
in gyri at the outer surface of the brain, and the MEG may be
preferential to tangentially oriented sources occurring in the infold-
ings, or sulci, of the brain. Since these regions are anatomically
separate, one would expect the signals seen in the EEG and MEG to
be loosely coupled to one another (6, 38).

The difficulties in data analysis that are incurred because of the
need to construct the magnetic field map from sequential measure-
ments will diminish when it is possible to map the total magnetic
field of single events with a multichannel detector. Enough channels
are required to obtain both magnetic extrema simultaneously and
with good signal-to-noise ratio (6, 18, 37). The MEG could then be
interpreted independently of the EEG. The above data analysis
technique could still be useful but would be applied separately to the
MEG and EEG for comparison of the results.

Models of Magnetic Field Sources

The initial data analysis in MEG produces a magnetic field map
with two oppositely signed magnetic maxima. However, this alone
does not give the three-dimensional location of the event. Various
models of the source and the head must be utilized to predict the
source location based on the magnetic field map. The determination
of this location from the clinically measured magnetic field is termed
the “inverse problem,” for which there is no unique solution.
Nonetheless, by using fairly simple models for the source and the
head (described below), a parsimonious prediction of the source
location can be made. More complicated models of the source and
head are best evaluated with a “forward solution,” where a mathe-
matically described source is placed in a complex model of the head
and the magnetic field expected at the surface of the head model is
calculated based on Biot and Savart’s law [see, for example, (4)].
This calculated field is compared to the clinically measured magnetic
field. The model source is then iteratively moved within the head
model until a best fit is obtained between the calculated field and the
clinically measured field map.

Several models for the source have been proposed, the simplest
being the single current dipole (2). Several studies have shown that
for isolated and multiple independent sources, and for multiple
sources arranged in a planar sheet, this model is a reasonable
approximation (3, 39).

Two relatively simple methods of the head and several more
complicated models have been proposed. One of the simple models
is the infinite half space, which has been proposed for sources
situated close to the head surface. In this model, the source lies
below the head surface midway between the two magnetic extrema
and at a depth determined by the separation of the maxima divided
by 2 (1). The magnetic extrema recorded in epileptic patients who
are surgical candidates often occur over the side of the head, a
surface that is relatively flat. However, this model has obvious
limitations because the head is not an infinite half space.

The second simple model is the sphere (40), which approximates
the topology of the top and back, but not the side, of the head. In
this model, the predicted location of the source again lies below the
head surface midway between the two magnetic extrema (21). The
depth below the surface is determined by the angle subtended at the
center of the head by the two extrema. The center of the head is
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usually determined from the best-fit sphere to the x-ray skull films,
computed tomography, or magnetic resonance imaging scans.
However, for magnetic maxima occurring over the side of the head,
several researchers have found that different choices of placement of
the center of the model sphere greatly affect the predicted three-
dimensional location of the source (37, 41, 42).

A study of a current dipole placed in the cranium of a human
cadaver (intracranial space replaced by conducting gel) showed that
the surface topology of the side of the head distorted the magnetic
extremum occurring over the cheekbone and attributed this finding
to the nonspherical head surface, the changing distance of the
detector from the center of the head, and the changing orientation
of the detector relative to a model sphere (41). A clinical study of
epileptic patients examined the relation of head topology to the
clinically measured magnetic fields maps; control studies were
conducted to account for the position and orientation of the
detector relative to the patient’s head, and the researchers assumed
that there was no contribution from volume currents to the
measured magnetic field. The results suggested that although head
topology distorted the extrema, certain recurrent features of the
clinical maps, namely, lower than expected magnitude of the
extrema located over the cheekbone, and a null point in the magnetic
field that was not halfway between the two extrema, were not
accounted for and that possible contribution from volume currents
should be evaluated (43).

Several models have recently been proposed that more realistically
represent the shape of the intracranial compartment, skull, and
surface topology of the scalp. Employing numerical methods, these
models include both the intracellular and volume current contribu-
tions to the measured magnetic field. A representation of the brain
by a homogeneous body has produced encouraging results com-
pared with a sphere, especially in the frontotemporal region (44). A
problem to be overcome for on-line analysis of the neuromagnetic
data is the lengthy computational time required for the algorithm.
An alternative approach includes simultaneous analysis of both the
EEG and MEG field distributions (45, 46). A drawback of this
technique is the influence of the volume conductor on the EEG,
which requires accurate knowledge of the conductivities and shape
of the brain tissue, cerebrospinal fluid, skull, and scalp.

Validation

Any noninvasive technique that predicts the three-dimensional
source of brain events must be tested for the accuracy and precision
of its prediction. Epileptiform discharges arise from an epileptogen-
ic region of the brain and not a “point” source (47). When patients
with seizures are considered for surgical treatment, the accuracy and
precision of localization of sources by MEG become crucial issues.
Other noninvasive diagnostic procedures (scalp-recorded EEG,
MRI, CT, and PET) are not good measures for validating the
localizing ability of MEG (6). MEG predictions must be validated
by direct recording from the brain by electrocorticography (ECoG),
subdural electrodes, or depth electrodes. ECoG is used during
epilepsy surgery to delineate the extent of the epileptogenic region
and the method usually shows several independently discharging
subregions within the overall epileptogenic region (48). These
epileptiform discharges differ from those of the scalp-recorded EEG
in number, amplitude, and morphology (49). Similar differences
may occur between MEG and ECoG. Thus, MEG findings should
be validated by comparing the MEG-predicted epileptogenic region
with the region found by direct recording from the brain (16, 20).
There appears to be good correlation between epileptogenic regions
predicted by MEG and those found by ECoG, although techniques
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to evaluate the accuracy and precision of the predictions are still
being explored (18-20). Additional validation and testing may be
possible by simultaneous recording of the MEG and brain electrical
activity from subdural or depth electrodes.

Future Directions

The efficient study of epilepsy by MEG depends on the ability to
rapidly and completely record the magnetic fields of ictal and
interictal discharges in a magnetically quiet environment. This will
require a recording site within a shielded room and an instrument
with enough detectors to measure both magnetic extrema at the
same time. When both of these criteria are met, it will be possible to
study the changing magnetic field patterns and predicted current
source location of a single interictal discharge. These studies may
provide insight into whether superficial interictal discharges record-
ed in the lateral temporal lobe arise locally or are precipitated by
discharges from deeper structures in the medial temporal lobe.
Although magnetic fields and source locations of seizures have been
studied with'single-channel magnetometers, the recording of 30 to
40 seizures in each patient to complete a magnetic field map is time-
consuming and requjres patients who have frequent stereotyped
seizures (19). Future instrumentation should permit prediction of
current source locations during the onset and propagation of
seizures in a greater number of patients. MEG may then become a
clinically important noninvasive procedure for the presurgical local-
ization of the epileptogenic region. Comparison of localizations of
ictal and interictal discharges may provide clearer insight into their
relationship. Study of the propagation of seizures may provide
important ‘anatomic information about the paths of seizure spread
and may validate MEG as a technique for studying patterns of
communication among different neuronal populations within the
brain.
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