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Neuromagnetic Evidence of Spatially Distributed Sources 
Underlying Epileptiform Spikes in the Human Brain 

Abstract. Neuromagnetic measurements were performed on 17 subjects with focal 
seizure disorders. In all of the subjects, the interictal spike in the scalp electroen- 
cephalogram was associated with an orderly extracranial magneticjield pattern. In 
eight of these subjects, multiple current sources underlay the magnetic spike 
complex. The multiple sources within a given subject displayed ajixed chronological 
sequence of discharge, demonstrating a high degree of spatial and temporal 
organization within the interictal focus. 

Human epilepsy is a disorder charac- 
terized by an uncontrolled discharge of 
brain neurons that produces seizures. In 
focal epilepsy, the source of the seizure 
is confined to limited regions of the 
brain. In the interictal period between 
seizures, isolated electrical spikes may 
often be recorded both from the scalp 
and from electrodes implanted within the 
brain (1). Interictal spikes have aroused 
clinical interest because of the possible 
role that they may play in diagnosis and 
in identifying the epileptic focus for sur- 
gical resection. Interictal spikes are also 
of neurophysiological interest in that 
they represent the spontaneous activity 
of epileptogenetic cortex in which the 
normal regulatory mechanisms have 
been disrupted. 

Examination of the precise timing of 
the interictal spike recorded simulta- 
neously from a number of scalp locations 
in the electroencephalogram (EEG) indi- 
cates that these spikes frequently differ 
in wave shape and latency at different 
sites; thus, the recorded discharge often 
appears to be composed of separately 
firing generators within the epileptic 
zone (2). The impression of multiple gen- 
erators is confirmed by recordings ob- 
tained from indwelling electrodes (3). 
Furthermore, when spike complexes re- 
corded from such depth electrodes are 
averaged, evidence of a systematic tem- 
poral order of discharge in adjacent cor- 
tical regions is often observed (4). Such 
data suggest the presence of preferred 
pathways of epileptiform discharge with- 
in the region of the interictal focus, but 
are insufficient to provide a complete 
mapping of the discharge zone. 

Interictal spikes recorded in the EEG 
also produce extracranial magnetic fields 
that may be recorded in the magnetoen- 
cephalogram (MEG) (5, 6). We demon- 
strated earlier that neuromagnetic map- 
ping may identify the three-dimensional 
location of single sources of interictal 
spiking in the human brain with greater 
accuracy than the EEG (6), presumably 
because magnetic fields are not distorted 
or attenuated by the highly resistive skull 
(7). We now report that complex pat- 
terns of multifocal interictal discharges 
may be mapped directly from measure- 
ments of extracranial magnetic fields to 
provide a clear visualization of the con- 
tributing generators. These patterns ex- 
hibit a high degree of temporal and spa- 
tial organization of discharges within the 
epileptic zone. 

Subjects were drawn from an ongoing 
neuromagnetic study of the interictal spike 
complex and consisted of 17 patients 
with focal (partial) seizure disorders. All 
subjects displayed orderly magnetic 
fields associated with interictal spiking. 
In nine subjects, the interictal spike ap- 
peared to originate from a single source. 
However, in the other eight subjects, 
distinct spatiotemporal discharge pat- 
terns suggested multiple intracranial gen- 
erators. Two of these subjects showed 
particularly evident separation in the 
timing and location of sources producing 
the discharge sequence. Both had fre- 
quent interictal EEG spikes localized in 
the right temporal region. 

The normal component of the extra- 
cranial magnetic field produced by spon- 
taneous interictal spikes was measured 
and mapped with previously developed 

procedures (6, 8). Visually identified in- 
terictal spikes in the scalp EEG recorded 
from a bitemporal bipolar montage (9) 
were used as time markers to generate 
digital averages of the magnetic signal 
over at least 20 spikes for each MEG 
probe position in a rectangular recording 
matrix covering the interictal focus. Se- 
quential magnetic field maps were com- 
puted at 4-msec intervals during the av- 
eraged magnetic spike complex. From 
these, distinct temporal components of 
the magfietic spike were identified. The 
three-dimensional locations of putative 
sources were calculated for the identified 
magnetic field maxima of each compo- 
nent (10). These field distributions were 
plotted on the photographic image of 
each subject's head. Finally, computer- 
ized tomographic scans (CT) were ob- 
tained at levels indicated by the surface 
MEG localization to determine the posi- 
tion and depth of underlying cortical 
structures. 

Figure 1A displays an outline of the 
right side of the first subject's head, with 
both the MEG recording matrix (dots) 
and scalp EEG electrode locations 
marked. The routine scalp EEG obtained 
with bipolar recording (Fig. 1E) showed 
a focal right anterior-midtemporal spike 
(electrodes F8-T4) which was used as a 
time marker for averaging ten channels 
of referential EEG (Fig. IF) (11). The 
EEG spike from different regions of the 
right hemisphere occurred with a slight 
variation in latency. 

Averaged magnetic spikes measured 
from each point in the MEG recording 
matrix are shown in Fig. 1G. Two dis- 
tinct spike morphologies may be ob- 
served in areas of the matrix labeled a 
and b. Each of these spike morphologies 
appears in opposite polarity within a 
complementafy region of the matrix (la- 
beled fi and b). Superimposed traces of 
the complementary pairs (solid and dot- 
ted lines in Fig. 1B) indicate that they are 
nearly mirror images, reflecting scalp 
locations where the magnetic flux simul- 
taneously emerge from (upward deflec- 
tion) and reenter (downward deflection) 
the cranium. Such a magnetic field pat- 
tern is expected if the underlying source 
for each of the pairs is modeled as a 
current dipole oriented tangentially to 
the scalp (12). The measured fields there- 
fore provide evidence of two dipoles or 
sources (a and b) that differ in both 
location and orientation. 

The discharge sequence between the 
two sources is composed of four com- 
ponents. The magnetic fields associated 
with each component (Fig. 1, H to K) 
display well-defined maxima where the 
normal components of the magnetic flux 
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emerge from (plus) and reenter (minus) The magnetic field patterns associated calculated by the method of Williamson 
the cranium. From the field maxima of with components 2 and 3 of source b and Kaufman (10) from the angle sub- 
components 1 and 4, the location of indicate a location in the inferior tempo- tended by the two field maxima of each 
source a (arrows in Fig. 1, H and K) was ral lobe posterior to source a (arrows in component with respect to the center of 
determined to be within the inferior por- Fig. 1, I and J). a sphere modeling the cranium, was ap- 
tion of the right anterior temporal lobe. The depth of both sources a and b, proximately 3 cm. The locations of both 
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Fig. 1. (A) Rectangular MEG measurement matrix (2-cm spacing) oriented along the temporal axis of subject 1. All EEG electrodes are marked 
except the sphenoidal electrode (S2). (B) Enlargements of averaged magnetic spikes from separate complementary regions (a and 6) of the scalp 
show four components; the opposing polarities reflect the magnetic field simultaneously emerging from (upward) and reentering (downward) the 
cranium. (C and D) Computerized tomography scan sections at the levels of sources a and 6, respectively, show the depth of the source (cross) lo- 
cated along a line connecting the surface location of the source marked with a washer (arrow) to the center of the cranium. (E) Spike in the raw 
EEG recorded from both hemispheres. (F) Averaged EEG spike from three bipolar channels (lower three traces) and ten electrodes referenced to 
a noncephalic site (upper ten traces). (G) Averaged magnetic spikes recorded from the MEG matrix exhibit two distinct complementary regions of 
differing morphology marked a and b (ff, femtotesla). (H to K) Isocontour maps displaying the magnetic fields for each of the four temporal 
components of the magnetic spike complex (see text for details). 
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sources were plotted on CT sections 
along radii connecting the approximate 
center of the cranium with respective 
surface locations of the sources, which 
were marked with aluminum washers 
attached to the scalp. This showed that 
both sources lay between the mesial and 
lateral regions of the right temporal lobe, 
on its inferior surface. 

The same analysis was undertaken for 
the second subject. As in subject 1, 
averaged spikes in the referential EEG 

showed a slight temporal dispersion 
across the scalp (Fig. 2F). The averaged 
magnetic spike complex was once again 
composed of two temporal components 
produced by two separate sources (Fig. 
2, B and G). Sequential magnetic field 
maps demonstrated that components 1 
and 3 were produced by a common 
source a in the anterior temporal lobe 
(Fig. 2, H and J). Components 2 and 4 
were produced by source b, inferior and 
posterior to source a (Fig. 2, I and K). 

Computed depths for both sources were 
approximately 3 cm from the surface of 
the scalp, and CT sections showed both 
sources to be located on the edge of a 
large area of scar tissue in the right 
temporal lobe (Fig. 2, C and D). 

In both of these subjects, the interictal 
magnetic spike complex was produced 
by a systematic patterned discharge be- 
tween two sources in the temporal lobe. 
Although the requirement of over 1000 
spikes for the completion of an averaged 
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Fig. 2. Averaged electrical and magnetic spike activity measured from the right hemisphere of subject 2. See Fig. 1 for details. 
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magnetic field map necessarily obscures 
potentially interesting variations from 
one spike to the next, the resultant fields 
represent extremely stable components 
of the discharge pattern that were repli- 
cated precisely on successive days. Sim- 
ilar patterns have been seen in half of the 
subjects we have studied. 

Although the anatomical location of 
the measured sources is clear, the possi- 
bility remains that other sources may 
also be active either before or after the 
observed discharges, since the MEG ap- 
paratus we used measures only tangen- 
tial sources (13) and is more sensitive to  
lateral than to mesial generators (14). 
Nevertheless. the multiple sources mea- 
sured neuromagnetically in this study are 
similar in complexity to  what would be 
expected from invasive recordings per- 
formed with electrodes implanted deep 
in the brain. 

These noninvasive neuromagnetic 
measures provide a detailed character- 
ization of interictal discharge patterns 
over extended lengths of time and en- 
able the evaluation of these patterns in 
patients with various seizure disorders, 
in addition to the small number of pa- 
tients under consideration for neurosur- 
gery. Thus, questions may now be asked 
concerning the long-term stability of spa- 
tial and temporal relations within the 
interictal focus, the influence of antiepi- 
leptic drugs and successful control of 
seizures on the distribution of interictal 
spikes, and the presence or absence of 
spatially distributed sources underlying 
benign spikes in the nonepileptogenic 
brain. 

DANIEL S .  BARTH 
Department of Psychology, 
University of California, 
Los Angeles 90024 

JEROME ENGLE, JR. 
Department of Neurology, 
University of California, Los Angeles 

JACKSON BEATTY 
Department of Psychology, 
University of California, Los Angeles 

References and Notes 

1. D. D. Daly, in Current Practice in Clinical 
Electroencephalography, D. W. Klass and D. 
D. Daly, Eds. (Raven, New,York, 19791, pp. 
221-268. We use the term spike" for both 
spikes (15 to 70 msec) and sharp waves (70 to 
100 msec). 

2. B. Cavazza, F. Ferillo, G. Rosadini, W. San- 
nita. in Eoileosv. P. Harris and C.  Mawdslev. 
Eds. (~h;rchi l l '~ ivin~stone,  New York, 19741, 
pp. 65-73; E. S. Goldensohn, in Advances in 
Neurology, J. K. Penry and D. D. Daly, Eds. 
(Raven, New York, 1975), vol. 11, pp. 141-162. 

3. C. Ajmone-Marsan, in Electrodiagnosis in Clini- 
cal Neurology, M .  J. Aminoff, Ed. (Churchill 
Livingstone, New York, 1980), pp. 167-189. 

4. G.  F. Rossi, in Epileasy: I tsPhenomena in Man. 
M. A. B. Brazier, Ed. (Academic Press, New 
York, 1973), pp. 259-285: P. Buser, J. Bancaud, 
J .  Talairach, in ibid., pp. 67-97. 

5. D. Cohen, Science 175, 664 (1972); J .  R. 

Hughes, J. Cohen, C. I. Mayman, M. L. Scholl, 
D. E. Hendrix, J .  Neurol. 217, 79 (1977); I. 
Modena, G. B. Ricci, R. Barbanera, R. Leoni, 
G. L. Romani, P. Carelli, Electroencephalogr. 
Clin. il'europhysiol. 54, 622 (1982). 

6. D. S. Barth, W.  Sutherling, J. Engel, Jr., J .  
Beatty, Science 218, 891 (1982). 

7. M. Riete and J. Zimmerman, Annu. Rev.  
Biophys. Bioeng. 7,  167 (1978). 

8. Biomagnetic measurement system (model 600A; 
coil diameter, 2.4 cm; separation, 3.2 cm; 
S.H.E. Corporation, San Diego). 

9. The bipolar electrode positions FP2-F8, F8-T4, 
T4-T6, T6-02, FPl-F7, F7-T3, T3-T5, and 
T5-01 were selected from the International 10- 
20 System [H. H. Jasper, Electroencephogr. 
Clitl. Neurophysiol. 10, 371 (195811. 

10. S. Williamson and L. Kaufman, in Biomagne- 
tism, S.  N .  Em&, H. D. Hahlbohm, H.  Liibbig, 
Eds. (de Gruyter, Berlin, 1981), pp. 353-402. 

11. Ten electrode sites on the right hemisphere were 

FP2, F8, A2, T4, T6, 02 ,  F4, C4, P4, and a right 
sphenoidal electrode S2 [R. L.  Rovit, P. Gloor, 
T. Rasmussen, J .  Neurosurg. 18, 151 (196111, all 
referred to a noncenhalic reference SV IS. A. 
Stephenson and F. 'A. Gibbs, ~lec troencepha-  
logr. Clin. Neurophysiol. 3, 237 (1951)l. 

12. D. Cohen and H. Hosaka. J .  Electrocardiol. 9. 
409 (1976) 

13. G. M Baule and R. McFee, J .  Appl. Phys. 36, 
2066 (1965). 

14. G. L. Romani, S. Willlamson, L. Kaufman, 
Rev. Sci. Instrum. 53. 1815 (1982). 

15. This research was supported in part by the 
Environmental Physiology Program of the Of- 
fice of Naval Research on contract N00014-76- 
C-0616, by USPHS grant 5-SO7 RR07009, and by 
NIMH training grant 78040-29867-5. We thank J. 
Perry Jaster for his expertise and assistance in 
the construction of equipment for this project. 

31 August 1983; accepted 13 October 1983 

Cerebellum: Essential Involvement in the 
Classically Conditioned Eyelid Response 

Abstract. Classical conditioning of the eyelid response in the rabbit was used to 
investigate the neuronal structures mediating basic associative learning of discrete, 
adaptive responses. Lesions of the ipsilateral dentate-interpositus nuclei, but not of 
the cerebellar cortex, abolished the learned eyeblink response. Recordings from 
these nuclei have revealed neuronal responses related to the learning of the 
response. Stimulating these recording sites produced the eyelid response. The 
dentate-interpositus nuclei were concluded to be critically involved in the learning 
and production of classically conditioned responses. 

The nature of the neuronal changes in 
the mammalian nervous system encod- 
ing learned responses, even simple 
learned motor responses, has proven to 
be one of the most elusive and baffling 
problems in science (1, 2). Perhaps the 
greatest impediment to  the elucidation of 
these neuronal changes has been the 
problem of localization. Within basic as- 
sociative learning (classical condition- 
ing), however, this problem finally ap- 
pears to be yielding (2-5). 

Classical conditioning of the eyelid or 
nictitating membrane (NMj-a third car- 
tilaginous eyelid-has long been used to 
study the basic laws of associative learn- 
ing in lower animals as well as in humans 
(6). Rabbits or cats can learn and retain 
the eyeblink response normally after re- 
moval of the hippocampus, neocortex, 
or all tissue above the level of the thala- 
mus (7) ,  although electrophysiological 
results indicate that a t  least some of 
these structures are normally involved 
(8,  9). Therefore, some neuronal circuit- 
ry capable of encoding this learned re- 
sponse must exist at or below the level of 
the thalamus. 

Recent results from our laboratory 
have shown that the ipsilateral lateral 
cerebellum, including the dentate and 
interpositus (D-I) nuclei, is necessary for 
the acquisition, retention, and reacquisi- 
tion of the classically conditioned NM- 
eyelid response in the rabbit (31, a find- 
ing that has been replicated by others (4). 

Lesions of the ipsilateral lateral cerebel- 
lum, D-I nuclei, or the superior cerebel- 
lar peduncle-the main output pathway 
of the D-I nuclei-all abolish a previous- 
ly learned NM-eyelid response without 
affecting the unconditioned response to 
the airpuff or the ability of the animal to 
learn the NM-eyelid response rapidly on 
the contralateral side. We now report a 
region of the D-I nuclei that (i) is critical 
for the learned response to  occur, (ii) 
exhibits neuronal activity that predicts 
the performance of the learned response, 
and (iii) when activated can generate the 
learned response. 

In all studies, behavioral training con- 
sisted of pairing an acoustical condi- 
tioned stimulus (350-msec, 1000-Hz, 85- 
dB tone for recording studies, 36-dB 
spectral-level white noise for lesion stud- 
ies) with a coterminating corneal airpuff 
(100-msec, 2 . 1 - ~ / c m ~ )  unconditioned 
stimulus. The conditioned response was 
an extension of the NM, with synchro- 
nous contraction of the external eyelids 
and of some facial musculature (10). The 
amplitude-time course of the N M  re- 
sponse was measured and recorded, 
along with any unit activity, for later 
analysis on a PDP 11103 computer. The 
animals were trained to a criterion of 
eight conditioned responses on any nine 
consecutive trials and overtrained by 
one session, with each daily session con- 
sisting of 120 trials. For the recording 
studies, the manipulator base (short- 
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