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Summary: Purpose: This study was conducted to investigate
the effect of low-frequency electric cortical stimulation on epi-
leptic focus in humans.

Methods: We stimulated the epileptic focus in a patient with
medically intractable mesial temporal lobe epilepsy (MTLE) by
means of subdural electrodes and evaluated the change in the
number of interictal epileptiform discharges. We used biphasic
electric current of 0.3-ms duration presented at 0.9-Hz fre-
quency for 250 s, comparing stimulus intensity of 7.5, 2, and
0.5 mA.

Results: Interictal epileptiform discharges at the ictal focus

occurred less frequently after the stimulation with the intensity
of 0.5 mA. With the intensity of 7.5 mA and 2.0 mA, however,
habitual auras were elicited by the stimulation, and afterdis-
charges were seen on the cortical EEG.

Conclusions: Low-frequency, low-intensity electric cortical
stimulation could produce inhibitory effects on epileptic activ-
ity. At the same time, however, a caution for possible induction
of EEG seizures is needed, even when applying low-frequency
electric stimulation. Key Words: Low-frequency electric cor-
tical stimulation—Subdural electrode—Intractable epilepsy—
Interictal epileptiform discharge—Inhibitory effects.

Low-frequency repetitive transcranial magnetic stimu-
lation (rTMS) was reported to have an inhibitory effect
on epileptic activity in patients with medically intrac-
table complex partial seizures (1,2). Low-frequency elec-
tric stimulation also was shown to have an inhibitory
effect on the epileptic foci in kindling rats (3). We had an
opportunity to deliver electric stimulus directly to the
epileptic focus in a patient with medically intractable
mesial temporal lobe epilepsy (MTLE) to evaluate
whether it could suppress the epileptic activity. In this
study, we investigated the inhibitory mechanism of low-
frequency stimulation through subdural electrodes,
which can apply an effect to a more restricted cortical
area as compared with TMS. An abstract form of this
study was published elsewhere (4).

PATIENTS AND METHODS

A 31-year-old man was referred to our hospital be-
cause of medically intractable complex partial seizures.
His medical history was not remarkable except for a
vacuum extraction at birth and febrile convulsions at age
2 years. At age 3 years, he began to have complex partial
seizures. Each seizure started with an epigastric rising
sensation followed by loss of consciousness and oral
automatism. His seizures were not controlled com-
pletely, even with various combinations of phenytoin
(PHT), phenobarbital (PB), zonisamide (ZNS), valproic
acid (VPA), and so on. The seizues occurred with an
average frequency of 1 to 3 times per month, with the
longest seizure-free interval of 1 month. The maximal
seizure frequency was 1 to 2 times per day.

At age 30 years, he had an intensive workup for his
epilepsy as follows. A head magnetic resonance imaging
(MRI) showed left hippocampal atrophy and a streak
lesion in the base of the left posterior temporal region
(Fig.1). Interictal 18fluorodeoxyglucose–positron emis-
sion tomography (FDG-PET) showed a hypometabolic
area in the left temporal region. Interictal epileptiform
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discharges were seen exclusively at the left anterior tem-
poral region 10 to 20 times per night.

During the long-term video-EEG monitoring, six ha-
bitual seizures were recorded, all of which showed a
common ictal EEG pattern starting from T1 electrode.
They spread rapidly to bilateral occipital areas, clinically
associated with blurred vision. Intracarotid amobarbital
test showed that his language and memory functions
were both represented exclusively in the left hemisphere.
Thus it was most likely that the patient had left MTLE,
but we could not exclude the possibility that a small
streak lesion in the left posterior temporal region just
posterior to the hippocampus also was responsible for the
seizure generation.

Therefore the patient underwent implantation of sub-
dural electrodes for further analysis of the ictal-onset
zone before surgical treatment. Informed consent was
obtained from the patient after the purpose, and the pos-
sible consequence of invasive monitoring was explained,
in accordance with the Clinical Protocol No. 79 approved
by the Ethical Committee of Kyoto University Graduate
School of Medicine. Three subdural grid electrodes, 2 ×
8(A), 4 × 5(B), and 1 × 6(C), each electrode with 3 mm
diameter and center-to-center interelectrode distance of 1
cm (AD-TECH Co.), were permanently implanted on the
left temporal lobe, as shown in Fig. 2a. Interictal spikes
were most frequently seen at electrode A1 and A9 (Fig.
2b), from which EEG seizure patterns started. In addition
to the left medial temporal region, the habitual seizures
also started from around the streak cavity in the left
posterior temporal region. The patient had 14 clinical
seizures during the invasive monitoring, some of which
started at two or more electrodes. Of the 14 seizures,
three started from the electrode A9, two each from the
area formed of A2, A3, A9, and A10; that of A2, A3, A9,
A10, and C1; and that of A2, A9, A10, C1 and C2, and

one each from the area formed of A1 and A9; that of A1,
A2, A9, and A10; that of A9, A10, C1, and C2; that of
C1 and C2; and C3. Repetitive 50-Hz electric stimulation
of 1- to 5-s duration was given to each electrode for the
purpose of cortical mapping by using the method previ-
ously described (5).

The patient gave another informed consent for this
specific study in accordance with the Clinical Research
Protocol No. 235 approved by the Ethical Committee of
Kyoto University Graduate School of Medicine. Stimu-
lation trials were performed while the patient was seated
on a reclining bed comfortably with his eyes open and
awake. A1 and A9 electrodes were stimulated bipolarly.
At first we used 0.3-ms square pulses of alternating po-
larity presented at 0.9 Hz, and the intensity was set to 7.5
mA. Each stimulus session lasted 250 s, and five sessions
were given. The number of interictal epileptiform dis-
charges was counted for the 5-min period before the first
session and between each consecutive session, and for
two 5-min periods after the fifth session. We could not
count the number of interictal epileptiform discharges
during the stimulation because of the stimulus artifacts.

For the control study, taking into account that the
number of interictal epileptiform discharges could
change spontaneously, we counted the number of interic-
tal epileptiform discharges without stimulation on two
different occasions while the patient was awake. In this
study, interictal epileptiform discharge was defined as a
transient and clearly outstanding activity from the back-
ground with a pointed peak and duration of 20–200 ms
followed by a slow wave. According to these criteria,
two investigators (K.T. and T.S.) independently counted
the number of interictal epileptiform discharges in the
EEG materials printed on paper without any information
about recording conditions (i.e., control, before stimula-
tion, or after stimulation). The numbers of spikes

FIG. 1. Head magnetic resonance imag-
ing scan of this patient showing the left hip-
pocampal atrophy (arrow) and a streak
cavity in the left mid-to-posterior temporal
region (arrowhead).
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counted by the two investigators were averaged for final
output.

RESULTS

Immediately after starting stimulation of the elec-
trodes A1 and A9 with the intensity of 7.5 mA, the
patient developed a habitual aura associated with EEG

seizure pattern, and this aura disappeared as soon as the
stimulation was discontinued. The patient developed the
same habitual aura with the same EEG seizure pattern
also with the intensity of 2 mA (Fig. 3). Therefore we
used the intensity of 0.5 mA on a different day, which did
not elicit an aura. The number of interictal epileptiform
discharges decreased after the second stimulus session,
and the minimal spike count was reached after the third
session (Fig. 4). The number of interictal epileptiform
discharges began to increase after the fourth session, but
did not reach the prestimulus level. Under the control
condition (no stimulation), the number of interictal epi-
leptiform discharges spontaneously fluctuated, but no
consistent pattern was seen (Fig.5).

The patient underwent left tailored temporal lobec-
tomy after we defined the Seizure-onset zone at the elec-

FIG. 3. Effect of electric cortical stimulation. Afterdischarges
were induced by 0.9-Hz low-frequency electric cortical stimula-
tion of electrodes A1 and A9 with an intensity of 2.0 mA.

FIG. 2. Electrode placement and in-
terictal epileptiform discharges. A:
Three subdural electrode grids or
strips (A, B, and C) were implanted. In
14 recorded seizures, ictal EEG pat-
terns started at either one of the elec-
trodes A1, A2, A3, A9, A10, C1, C2
and C3, or in various combination of
these (solid circle). B: Interictal spikes
were seen most frequently at A1
and A9.

FIG. 4. Changes of interictal epileptiform discharges at elec-
trodes A1 and A9 through five consecutive sessions of electric
stimulation at 0.9 Hz. Interictal epileptiform discharges occurred
least frequently after the third stimulus session.
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trode A1 and A9 and after we identified the functional
cortical area. He had no seizures during the observation
period of 10 months after surgery.

DISCUSSION

These results showed that 0.9-Hz electric stimulation
directly applied to the epileptic focus produced both in-
hibitory and excitatory effects on the epileptic activity,
depending on the stimulus intensity. Inhibitory effect
was obtained by using a stimulus intensity as low as 0.5
mA, whereas the excitatory effect was produced by using
much stronger stimuli (7.5 and 2.0 mA). Several previ-
ous studies have shown that low-frequency rTMS has an
inhibitory effect on cortical excitability (6–10) and on
epileptic focus (1,2) in humans. Chen et al. (6) raised a
caution even with low-frequency rTMS, because it might
cause the spread of excitation to cause seizures. They
showed that low-frequency rTMS could produce not
only inhibitory but also excitatory effects on the human
motor cortex.

Because we used subdurally placed electrodes of 3
mm diameter for stimulation, it is most likely that a much
smaller cortical area was activated as compared with
TMS. In addition, because we stimulated the epileptic
focus directly by using subdural electrodes, the risk of
seizure induction even by low-frequency stimulation
would be higher if it produced only excitatory effects.
For producing inhibitory effects, optimal stimulus con-
ditions for low-frequency stimulation to the epileptic fo-
cus may not be the same as those for rTMS. We have to
consider the optimal stimulus conditions in each patient,
including not only the frequency but also the intensity
and duration of each pulse.

In electric current stimulation, anodal stimulus can ac-
tivate the majority of pyramidal neurons directly, be-
cause an anode on the surface of the cortex produces
electric current that can flow into the vertically oriented
dendrites of pyramidal neurons and then excite or depo-
larize the initial segment region or the first node of the
axon. Cathodal electric stimulation, conversely, can ex-
cite neurons in the outer cortical layer, which indirectly
excites pyramidal cells, just as in the case in TMS (11).
This interpretation for electric brain stimulation is appli-
cable not only for the scalp stimulation but also for the
direct cortical stimulation. Conversely, when a magnetic
coil stimulator is placed on the scalp, it is speculated that
the rapid change in magnetic field readily induces an
electric current in the brain parallel to the scalp surface,
but no current flow perpendicular to the surface. It could
depolarize the horizontal interneurons or afferent fibers,
which might then excite pyramidal tract cells transsyn-
aptically (12). Because we used alternating 0.9-Hz elec-
tric stimuli between the two adjacent subdural electrodes,
the major electric current could be parallel to the cortical
surface, and thus it would produce the similar situation to
TMS, although the current direction changed every 1.1 s.

In the present case, 0.9-Hz electric cortical stimulation
for 250 s was applied 5 times with the interval of 5 min.
Interictal epileptiform discharges occurred least fre-
quently after the third stimulus session. Although the
number of interictal epileptiform discharges increased
after the fourth session, they did not return to the baseline
level. Low-frequency rTMS at 1 Hz applied to the human
motor and visual cortices for 15 min has been shown to
produce inhibitory effects lasting �15 and 10 min, re-
spectively (6,7). Considering apparently transient inhibi-
tory effects, the stimulation for 250 s used in the present
study may not be long enough to obtain a longer inhibi-
tory effect lasting >10 min.

Long-term depression (LTD) induced by low-
frequency electric stimulation in the hippocampus (13),
visual cortex (14), and motor cortex (15) is thought to be
one of the main mechanisms underlying the inhibitory
effects. Although LTD may be a major possible mecha-
nism to explain the effect of low-frequency stimulation,
LTD alone may not explain both the excitatory and in-
hibitory effects, which depend on the intensity applied to
the epileptic foci in this patient.

Weiss et al. (3) reported that 1-Hz electric stimulation
of the kindled amygdala for 15 min produced inhibitory
effects on the epileptic activity in rat. Velasco et al. (16)
also showed that electric stimulation of the hippocampus
delivered as biphasic Lilly wave pulses with 130 Hz in
frequency, 0.45 ms in duration, and 0.2–0.4 mA in am-
plitude for 23 h/day for 2–3 weeks could suppress tem-
poral lobe epileptogenesis in humans. These two studies
indicate that both low- and high-frequency electric
stimulation directly applied to the epileptic foci can pro-

FIG. 5. Spontaneous changes of interictal epileptiform dis-
charges counted at electrodes A1 and A9 on seven occasions
each for 5 min with an interval of 250 s in no-stimulus control
condition. Samples were taken from two different occasions (A,
B). Note that spike frequency does not change systematically.
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duce antiepileptic effects. The present report is the first
to show that low-frequency (0.9 Hz) electric stimulation
directly applied to the epileptic focus can produce the
inhibitory effects in humans.

Although the present result was obtained from a single
patient, we postulate that low-frequency electric cortical
stimulation with optimal intensity could produce an in-
hibitory effect on the epileptic foci.

Acknowledgment: This study was supported by Grants-in-
Aid for Scientific Research on Priority area (C) Advanced
Brain Science Project 12210012, (B2) 13470134, (C2)
13670460 from Japan Ministry of Education, Science, Sports
and Culture, and Research for the Future Program from the
Japan Society for the Promotion of Science JSPS-
RFTF97L00201.

REFERENCES

1. Tergau F, Naumann U, Paulus W, et al. Low-frequency repetitive
transcranial magnetic stimulation improves intractable epilepsy.
Lancet 1999;353:2209.

2. Menkes DL, Gruenthal M. Slow-frequency repetitive transcranial
magnetic stimulation in a patient with focal cortical dysplasia:
Epilepsia 2000;41:240–2.

3. Weiss SR, Eidsath A, Li XL, et al. Quenching revisited: low level
direct current inhibits amygdala-kindled seizures. Exp Neurol
1998;154:185–92.

4. Yamamoto J, Ikeda A, Takeshita K, et al. Low-frequency electrical
subdural cortical stimulation can suppress epileptic activity in pa-
tients [Abstract]. Epilepsia 2001;42:74.

5. Lüders H, Lesser RP, Dinner DS, et al. Commentary: chronic
intracranial recording and stimulation with subdural electrodes. In:

Engel J Jr, ed. Surgical treatment of the epilepsies. New York:
Raven Press, 1987:297–321.

6. Chen R, Classen J, Gerloff C, et al. Depression of motor cortex
excitability by low-frequency transcranial magnetic stimulation.
Neurology 1997;48:1398–403.

7. Boroojerdi B, Prager A, Muellbacher W, et al. Reduction of human
visual cortex excitability using 1-Hz transcranial magnetic stimu-
lation. Neurology 2000;54:1529–31.

8. Maeda F, Keenan JP, Thormos JM, et al. Modulation of cortico-
spinal excitability by repetitive transcranial magnetic stimulation.
Clin Neurophysiol 2000;111:800–5.

9. Maeda F, Keenan JP, Tormos JM, et al. Interindividual variability
of the modulatory effects of repetitive transcranial magnetic stimu-
lation on cortical excitability. Exp Brain Res 2000;133:425–30.

10. Muellbacher W, Ziemann U, Boroojerdi B, et al. Effects of low-
frequency transcranial magnetic stimulation on motor excitability
and basic motor behavior. Clin Neurophysiol 2000;111:1002–7.

11. Amassian VE, Quick GJ, Stewart M. A comparison of corticospi-
nal activation by magnetic coils and electrical stimulation of mon-
key motor cortex. Electroencephalogr Clin Neurophysiol 1990;77:
390–401.

12. Rothwell J. Physiological studies of electric and magnetic stimu-
lation of the human brain. Electroencephalogr Clin Neurophysiol
1991;43(suppl):29–35.

13. Dudek SM, Bear MF. Homosynaptic long-term depression in area
CA1 of hippocampus and effects of N-methyl-D-aspartate receptor
blockade. Proc Natl Acad Sci U S A 1992;89:4363–7.

14. Kirkwood A, Dudek SM, Gold JT, et al. Common forms of syn-
aptic plasticity in the hippocampus and neocortex in vitro. Science
1993;260:1518–21.

15. Hess G, Donoghue JP. Long-term depression of horizontal con-
nections in rat motor cortex. Eur J Neurosci 1996;8:658–65.

16. Velasco M, Velasco F, Velasco AL, et al. Subacute electrical
stimulation of the hippocampus blocks intractable temporal lobe
seizures and paroxysmal EEG activities. Epilepsia 2000;41:158–
69.

LOW-FREQUENCY STIMULATION AND EPILEPTIC FOCUS 495

Epilepsia, Vol. 43, No. 5, 2002


