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The Effects of Feedback on
Focal Epileptic Discharges in Man

SUMMARY: The history of the control
of epileptic disturbances by conditioning
techniques is reviewed. The preliminary
resuits of a three year trial of feedback
techniques in 13 epileptic patients are
presented.

Thirteen epileptic patients (age 2.5

-+ 39 mean, 15.1 years) with lateralized
Jocal discharges in the EEG were given
repeated trials of feedback, the focal
discharges being used to trigger audi-
tory and somatosensory stimuli. Dos-
ages and serum levels of medication
were unchanged throughout the ex-
perimeéntal period. The number of
epileptic spikes per 15 seconds was
assessed by automatic trend analysis
during 20 to 30 minute control, biofeed-
back and post-feedback epochs. On-
going EEG activity was quantified by 8
channel frequency analysis over 10
second epochs. The patients made
efforts to increase and decrease the
number of spike discharges with and
without feedback and the results of both
triggered and random auditory, soma-
tosensory, photic and combined stimula-
tion were compared at various intervals

RESUME: L’histoire du contréle des
désordres épileptiques par des tech-
niques de conditionnement est redite.
Les résultats préliminaires de 3 ans
d’essai des techniques de rétroaction
chez 13 patients épileptiques sont pré-
sentés.

Une réduction marquée dans le
nombre de décharges focales était notée
chez huit patients (61.5%) durant et
immédiatement apreés les sessions de
rétroaction.

Les sessions de rétroaction intermit-
tentes ne furent pas associées avec une
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over a period of up to three years. A
marked reduction in the number of focal
discharges was noted in eight (61.5%)
patients during and immediately follow-
ing the sessions.

Intermittent biofeedback sessions
were not associated with a serial reduc-
tion in the number of focal EEG dis-
charges. There was a reduction in the
number of clinical epileptic disturbances
in six patients (46%) and possible
reasons for this improvement are dis-
cussed.

One patient suffered an increase in
focal temporal lobe discharges during
triggered and random auditory stimula-
tion whereas there was a marked reduc-
tion in the number of discharges during
minimal electrical stimulation of the
contralateral arm. The need for care-
ful assessment of each patient to deter-
mine appropriate feedback stimulation is
stressed.

One aim of this research has been to
assess the feasibility of using miniature
units for continuous feedback of focal
discharges in epileptic patients.

réduction sériée dans le nombre de dé-
charges focales a 'EEG, mais il y eut
une réduction dans le nombre de mani-
festations épileptiques cliniques chez 6
patients (46%).

La nécessité d’une évaluation soignée
de chaque patient pour déterminer la
stimulation appropriée en rétroaction
est mise en lumiére. Un des buts de
cette recherche était d’ évaluer la possi-
bilité d’utiliser des unités miniaturisées
pour une rétroaction continuelle des
décharges focales chez les patients
épileptiques.
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INTRODUCTION

Biofeedback experiments began
74 years ago (Bair, 1901). Condition-
ing of EEG rhythms (Durup, 1935;
Jasper and Shagass, 1941; Shagass,
1942; Mulholland and Runnals, 1962;
Nowlis and Kamiya, 1970; Sacks et
al, 1972) and the use of such tech-
niques to modify epileptic activity
(Sterman et al, 1969) are more recent
developments. Attempts to inhibit
or arrest seizures by physiological
methods were made in the time of
Galen (A.S. 131-201) and Aurelianus
(1755) and in recent years there have
been papers on the defence mech-
anisms used by patients to arrest or
control focal seizures (Bures, 1953;
Efron, 1956, 1957; Symonds, 1961;
Paulson, 1963). A number of authors
have discussed methods of inhibit-
ing or arresting seizures by various
forms of conditioning (Maier, and
Glaser, 1947; Efron, 1957; Naquet,
1961; Booker et al, 1964; Forster et
al, 1965; Forster et al, 1967; Forster
et al, 1969; Korein et al, 1971). Over
the last three years we have applied
biofeedback techniques to 13 epilep-
tic patients using auditory and soma-
tosensory (electric shock) stimuli
triggered by lateralised, focal dis-
charges 1n the electroencephalo-
gram.

" History of Conditioning

Procedures Applied to Epilepsy
Galen and Aurelianus were aware
that certain stimuli might precipitate
seizures and both also mentioned
strangulation of a limb as an effec-
tive defence mechanism against the
spread of a focal seizure (Au-
relianus, 1755). In recent years there
has been further interest in the de-
fence mechanisms used by patients
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to arrest the advancement of focal
fits, often as a result of their own
fortuitous experiences. Such find-
ings are usually discussed in terms of
‘“reflex arrest’” of the seizure and
this has been thought to be an impor-
tant measure in about 6% of epileptic
(Bures, 1956). Some authors have
claimed that up to a third of epileptic
patients may be able to inhibit some
of their seizures after the aura has
begun (Paulson, 1963) by using men-
tal and physical activity (Symonds,
1961).

Efron (1956, 1957) described a
woman with uncinate fits who could
inhibit her attacks with a powerful
olfactory stimulus. She experienced
a complete cure of her epilepsy,
after many years of frequent seiz-
ures, when a conditioned reflex was
formed by associating an uncon-
ditioned olfactory stimulus with a
visual stimulus. Stevens (1961) de-
monstrated suppression of focal
EEG activity in epileptic patients
during repetitive peripheral stimula-
tion, but there was an augmentation
of spiking at the termination of
stimulation. She did not discuss the
effect of this stimulation on the fre-
quency of subsequent seizures and
no attempt was made to condition
the patient. She observed the im-
mediate effects of flickering light,
rhythmic click, tone, tactile and ol-
factory stimulation on 66 epileptic
patients with focal-cortical or cen-
tencephalic epilepsy. Maier and
Glaser (1947) observed that a de-
crease in acoustic epileptic seizures
might follow the presentation of ac-
coustic stimuli which did not pro-
voke a seizure, and they attributed
the improvement, to adaptation, a
view supported by Chocholova
(1962).

Naquet (1961) found that photo-
sensitive seizures could be modified
by giving repeated stroboscopic
stimulation in rapid succession, but
he found that conditioning only ap-
peared in discharges existing at rest
and he felt it would be difficult to
apply these techniques clinically.
However, Forster and his colleagues
(1964) successfully used condition-
ing (extinction) techniques to reduce
the number of stroboscopically in-
duced seizures in patients. They
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used monocular stimulation as a
neutral stimulus and repeated ex-
tinction trials inhibited cortical
hypersyncnrony and clinical seiz-
ures due to binocular stimulation.
They noted a marked specificity of
extinction of seizure activity for a
particular frequency but the patient
remained moderately sensitive at
other frequencies. There was no in-
dication that the extinction was
permanent, but the low thresholds at
the start of the tests were never
reached after the extinction trials.

Forster (1969) used similar condi-
tioning techniques to treat a patient
with voice induced epilepsy and the
same principles have been applied to
startle (Booker et al, 1965),
musicogenic (Forster et al, 1965) and
audiogenic (Forster et al, 1967)
epilepsy. In the later experiment, a
triggering sound stimulus was pre-
sented as a continuous tone to pa-
tients with audiogenic epilepsy and it
was claimed that some could be kept
seizure-free.

It would seem likely that various
unconscious associations may occur
in epileptic patients and these may
act to increase or decrease the
chance of a seizure while the form of
a seizure may be influenced by en-
vironmental factors at the time of the
attack. Forster and Liske (1963) de-
scribed a number of such cases, one
example being a young woman who
developed a deviation of the head
and eyes during automatic seizures,
the side of the deviation depending
on the side from which she was ap-
proached during the attacks.

The results of experiments in ani-
mals are also relevant. As early as
1850 Brown-Sequard showed that
epilepsy in guinea pigs might be pro-
voked by chronic irritation of recep-
tors in the trigeminal zone by dermal
parasites and the epilepsy ceased
with their elimination.

Burés (1953, 1956) and Petran
(1953) demonstrated that painful
stimuli or stimulation of the stomach
or bladder had the greatest influence
in reducing the susceptibility to au-
diogenic seizures in rats. A con-
ditioned alimentary reflex in rats to
an acoustic epileptogenic stimulus
resulted in a persistent loss of the
epileptogenic effect of the stimulus,
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an alimentary reaction replacing the
audiogenic seizure (Chocholova,
1962).

Aggravation of Seizures

Some patients may be able to pro-
voke a seizure by imitating the con-
vulsion (Gorbacevich, 1955) or by
hyperventilation. Fabisch (1965) re-
ported the case of a boy who could
induce epileptic fits by hyperventila-
tion. His attacks temporarily ceased
after some were followed by vomit-
ing, an unpleasant stimulus.

In some cases seizures may be due
to unconscious sensory or motor
triggering mechanisms which the pa-
tient has learned to operate (Liddell,
1965). For example, Goldie and
Green (1959) described a patient
whose seizures were provoked by
sensory impulses during movement
of his face. Later the seizures could
be precipitated when the patient
moved his hand in a manner similar
to that when rubbing his face.
Another early example of such a
problem involved a patient with at-
tacks precipitated by movement of
the lower limbs and subsequently
the sight of an athlete running or
reading about a sprint record was
enough to cause a clinical seizure
(Pitha, 1938). Such associations
seem to develop in dogs (Kreindler,
1955) and conditioned emotional re-
sponses may reduce the seizure
threshold in dogs (Martinek and
Horak, 1970) and Rhesus monkeys
with aluminum gel lesions (Ward et
al, 1948; Kopeloff et al, 1948, 1954;
and Lockard et al, 1972).

Some experiments have been
conducted to produce conditioned
epilepsy in man (Gastaut et al, 1956)
and it is possible to produce sensitiv-
ity to a previously neutral stimulus
using Pavlovian conditioning techni-
ques (Booker et al, 1965).

Any discussion of aggravating fac-
tors in epilepsy must mention gen-
eral factors such as excitement,
emotional strain and fatigue which
may be important contributory and
sometimes precipitating events in
the occurrence of seizures (Small et
al, 1964; Weinberg, 1945; Living-
stone, 1956; Bennett, 1963; Bennett
et al, 1964, 1964; and Gastaut and
Tassinari, 1966).

The Effects of Feedback
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Some Disadvantages of
Conventional Treatment of Epilepsy

As a prelude to the discussion of
feedback techniques as applied to
the control of epilepsy, it may be
helpful to review some of the disad-
vantages of other methods of treat-
ment.

Drug Therapy

Conventional treatment of epilep-
tics includes the initial use of medi-
cations and most patients can be
kept free of seizures if they take the
medications correctly with adequate
monitoring of serum levels (Kutt and
Penry, 1974). However, it is known
that anticonvulsant medications may
have many unwanted effects. For
example, diphenylhydantoin may
cause folic and deficiency
(Reynolds, 1967), soft tissue changes
(Merritt, 1947), lymphomatous dis-
orders (Rosenfeld et al, 1961) growth
inhibition (Kraft et al, 1974), os-
teomalacia (Knise, 1968) and
teratogenic effects (Meadow, 1968,
1970). Severe and fatal exfoliative
dermatitis has been reported after
phenobarbitone therapy (Welton,
1950; Snedden and Leishman, 1952).
Newer anticonvulsants may cause a
wide range of blood dyscrasias
(Best, 1963). Phenacemide may be
toxic to the liver (Craddock, 1955)
whereas trimethadione or
paramethadione may cause renal
impairment including the nephrotic
syndrome (Finkel and Israels, 1959).
Since most of these toxic effects are
rare, the clinical benefit seems to
outweigh the risks, but the long term
effects of anticonvulsants may be
more difficult to assess, particularly
in children with developing nervous
systems. Acceptance of such effects
may not be so reasonable when it is
known that epileptics without medi-
cation may remain seizure-free for
long periods (Kuligowski et al,
1972). In a study of 987 epileptics in
Iceland, Gudmundsson (1966) found
that 32% of untreated epileptics
were seizure-free for longer periods
than treated epileptics and only 42%
of epileptics had been treated regu-
larly at the time of the examination.
Similar results were obtained in Po-
land by Zeilinski (1974). A quarter of
known epileptics and two-thirds of
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patients with a history of a single fit,
found in a survey of 15,000 persons,
were not on treatment. Zeilinski
pointed out that long-lasting remis-
sions could occur in epileptics even
though treatment was discontinued
early or was never given. It is clear
from these results that ‘‘mild”’
epileptics may be under-represented
in studies of known epileptics and
this fact must be taken into account
when the results of any form of
treatment are assessed.

Surgical Treatment

Another way to relieve epilepsy
would be to remove the nervous tis-
sue which triggers the seizures, but
surgical management of epilepsy
must be distinguished from surgical
treatment of lesions which may pro-
duce epilepsy such as tumors or
subdural hematomas. Surgery may
be used to relieve uncontrollable
focal epilepsy if the patient is de-
teriorating despite other treatments
(Penfield and Erickson, 1941). If
careful assessment of the patients is
achieved (Penfield and Steelman,
1947), 56% of the patients may be
seizure-free after surgery. However,
surgical management of epileptics
has been vigorously criticized by
Meyers (1954) and Bates (1962) even
though surgery in temporal lobe
epilepsy has been strongly advo-
cated (Falconer and Taylor, 1968;
Falconer, 1953). Ammons horn
sclerosis (Falconer and Corsellis,
1964) was thought to be common in
temporal lobe epileptics and was
thought to arise from pyrexial fits
and anoxia in infancy. However, a
recent study of 666 cases of temporal
lobe epilepsy failed to reveal an in-
creased incidence of pyrexial fits in
established temporal epileptics (Cur-
rie et al, 1971). Even though surgery
has been advocated for bilateral
and independently discharging le-
sions of the temporal lobes (Fal-
coner and Kennedy, 1961) the criti-
cisms of destructive treatment are:

(a) The observation that discharg-
ing epileptic foci may develop in cell
populations remote from the primary
cortical focus (Wilder and Morell,
1967, Wada and Cornelius, 1960;
Guerrero-Figueroa ct al, 1964; Holu-
bar, 1966; Hughes, 1966, 1967; Wil-
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der and Morell, 1967; Nie et al,
1973). |

(b) The difficulty of correlating a
discharging focus with an underlying
lesion as the interictal focal dis-

. charges may be remote from the

primary lesion (David et al, 1970).

(¢) The removal of useful brain
tissue.

Although the surgical treatment
may lead to control or abolition of
the fits in 70% of the cases (Currie et
al, 1971), a less destructive and re-
versible treatment would still allow
the use of surgery later if treatment
failed. It is clear that surgical re-
moval of tissue in primary motor and
sensory areas may create more of a
handicap than benefit and therefore
patients with focal discharges in
these areas must turn to some other
form of treatment.

CNS Stimulation

Less destructive methods of con-
trolling epileptic discharges have in-
volved direct stimulation of the
brains of animals and man. There
may be active arresting mechanisms
in epilepsy (Jung, 1949; Gastaut
and Fischer-Williams, 1959;
Fernandez-Guardiola et al, 1961;
Kreindler, 1965) and various areas of
the brain may play an inhibitory
role. In addition to cortical
mechanisms, subcortical structures
in the diencephalon may produce in-
hibitory effects on seizure dis-
charges (Green and Shimamoto,
1953). The caudate, (Gastaut and
Fischer-Williams, 1959; Gastaut et
al, 1958; Jung, 1949; La Grutta et al,
1971) reticular formation (Lairy-
Bounes et al, 1952; Arduini and
Lairy-Bounes, 1952; Fernandez-
Guardiola, et al, 1956, 1961, 1968)
and cerebellum (Snider and Cooke,
1954, 1955; Dow et al, 1962; Dow,
1965; Reimer et al, 1967 and Mutani
et al, 1969) are thought to have
seizure-suppression effects even
though strong stimulation of all these
structures except the cerebellum
may produce major epileptic seiz-
ures (Dow, 1965). Cooke and Snider
(1955) demonstrated that cortical
seizure discharges induced by elec-
trical stimulation could be modified
by cerebellar stimulation and
Steriade (1960) showed inhibitory ef-
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TRIGGER CIRCUIT FOR AUTOMATIC TREND ANALYSIS OF SPIKE DISCHARGES
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Figure 1—Trigger circuit for automatic trend analysis of spike discharges.

fects on penicillin-induced focal
seizure activity. Dow (1962, 1965)
demonstrated inhibitory effects of
cerebellar stimulation on cobalt in-
duced focal spikes in rats but not in
cats. More recently, there have been
attempts to apply such techniques to
man using chronic cerebellar stimu-
lation (Cooper et al, 1973).

The application of such techni-
ques to the control of epilepsy in
man may be limited by tissue dam-
age near the site of stimulation (Pu-
denz et al, 1975).

Feedback techniques
Since the conventional methods of
treatment all have serious disadvan-

Figure 2—Biofeedback oscillator. a) Circuit Diagram. b) input/output frequency data.
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tages, we examined the possibility of
using feedback techniques as an al-
ternative. We have already discus-
sed some of the early experiments in
the control of focal and reflex
epilepsies by conditioning techni-
ques, but four years ago we were
unable to find any studies on the
feedback control of focal EEG activ-
ity although conditioning of focal
discharges has since been reported
(Korein et al, 1971).

As early as 1901, Bair had con-
ducted biofeedback experiments in
which an unrelated movement could
lead to an ear twitch. He rigged a
small lever to an ear and recorded
movements on a smoked drum. He
noted that even feeble movement
could be recognized and efforts were
made to increase the sensation by
improving the ‘‘sensorimotor’’ cir-
cuit. ‘

Conditioning of EEG activity in
man was first demonstrated by Ad-
rian more than forty years ago (Ad-
rian and Matthews, 1934; Durup,
1935) and soon afterwards Jasper
and Shagass (1941, 1942) demon-
strated conditioning of occipital
alpha rhythms in man. Subse-
quently, many workers have used
biofeedback techniques to teach pa-
tients how to control alpha activity
(Mulholland and Runnals, 1962

BIOFEEDBACK OSCILLATOR
INPUT VOLTAGE/OUTPUT FREQUENCY DATA
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EEG BIOFEEDBACK AND AUTOMATIC TREND ANALYSIS SYSTEMS Mulholland, 1968; Nowlis and

Kamiya, 1970; Sacks et al, 1972) and
more recently the 12-17 Hz ‘‘sen-
FM Tape Recorder sorimotor’” rhythm (SMR) in cats

and man has been modified by
Audio Biofeedback C& biofeedback techniques. The SMR

Unit has been associated with relaxation
| Difterential 1 (Roth et al, 1967) and absence of
| Amplifier ! L movement (Sterman and Wyrwicka,
NG ' Trigger :P 32333 1967) and these rhythms could be
: / ¢ Circuit AP“IY“' modified by conditioning involving

E food or positive brain stimulation

: 9 reward (Wyrwicka and Sterman,
1Oscillator Electrical HP 9810A 1968; Sterman et al, 1969, 1972).
Stimulator Calculator SMR training and suppression were
studied and it was shown that over-
T_ training for the production of the
To Ministure HP 9862A rthythm enhanced EEG spindle activ-
Earphone Calculator ity, reduced movements during sleep
Plotter (Sterman et al, 1970) and reduced
. . the total sleeptime (Lucas and Ster-
Stimulating man, 1972, 1974). Of particular in-

Electrodes terest was the claim that SMR
Figure 3—EEG biofeedback and trend analysis systems. Auditory and somatosensory trained animals were resistant to

(electric shock) stimulators are shown but other types of stimulus (e.g. Photic) can . : : ;
be triggered by the system. The trigger circuit is shown in Fig. 1. Thge oscillat)or js ~ Sewzures induced by intraperitoneal
described in Fig. 2. dosages of a convulsant drug,

monomethylhydrazine (Sterman et
al, 1969a; Sterman, 1972).

It was claimed that control of the
SMR could lead to significant central
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analysis of the ongoing EEG.
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DICFEEDBACK RESULTS FROM Feb. 2, 1972 to Feb. 2, 1975
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Figure 5—Summary of the results of the first 13 patients seen between Feb. 2 1972 and Feb. 2, 1975.
+ improvement in number of focal EEG discharges.
0 No change in number of focal EEG discharges.
—Deterioration in number of focal EEG discharges.

N.A. Not tested.

One epileptic, studied over three
months, showed a significant reduc-
tion in clinical symptoms as well as
behavioural changes with SMR
training (Sterman and Friar, 1972).
Further studies (Sterman et al, 1974)
involved four epileptic patients who
received a minimum of three
biofeedback training sessions per
week for periods from 8 to 18
months. Four non-epileptic subjects
were studied for periods from 2 to 3
months with similar training. These
experiments were associated with a
significant reduction in EEG and
clinical epileptic manifestations as
indicated by sequential power, spec-
tral analysis, clinical EEG records
and seizure logs; tonic/clonic and
myoclonic seizures being most
markedly reduced.
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More recently Ward and his col-
leagues have used conditioning
techniques to modify single neuronal
activity in monkeys (Macaca
mulatta) and they have applied simi-
lar methods to epileptic patients in
the last year.

Present Research Project

The problem of control of epilep-
tic seizures in man was approached
by incorporating some of the fea-
tures of the research, of Forster in
reflex epilepsy, and Sterman in
biofeedback training of the sen-
sorimotor rhythm, It was thought to
be logical to determine whether in-
hibitory mechanisms could be acti-
vated by biofeedback techniques in
order to reduce focal EEG activity
or arrest clinical epileptic fits at
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some stage of development. Further,
it was thought that atraumatic tech-
niques, using surface stimulating or
recording electrodes, might have a
wider application than methods
using surgical procedures or indwel-
ling electrodes. Focal EEG dis-
charges were studied initially since it
was possible to quantify the EEG
and clinical effects during a number
of experimental conditions.

It was decided to trigger an audit-
ory or somatosensory stimulus from
the focal EEG activity. The aims in
this research were to see if the tech-
nique selected might be used:

a. To warn of impending epileptic

activity by auditory or somatosen-

sory stimuli. This could be used as
indication for taking anticonvul-
sant medication, for ceasing the

The Effects of Feedback
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Figure 6—Trend analysis results on R.M.: M. 39 years. Feb. 12,
1973. (No. 3409-017). The number of spike discharges per
minute are displayed for consecutive 20 minute epochs. A.
Before feedback. B. During feedback of triggered auditory
stimuli. C. After feedback. Note the reduction in the number

of discharges during feedback.

current activity if it was dangerous
or, to rest. The window unit (see
below) could be set for a minimum
number of focal spikes in unit
time, the number being deter-
mined during the monitoring
phase when the unit was calib-
rated to the patient.

b. Via the window unit, to trigger
somatosensory and auditory
stimuli, so as to inhibit the spread
of electrical activity in the cortex.
These stimuli could be applied to
the opposite ear or limbs, either
separately or together.

c. To make the patient aware of
any aura in association with the
‘‘electrical aura.”

d. To teach the patient any man-
oeuvres (e.g. first clenching of
concentration) which might inhibit
the progression of seizure dis-
charges after a warning of focal
EEG activity.

e. To try to create ‘‘internalised
inhibition’’ from the focal activity
without the need for either an au-
ditory or somatosensory stimulus.
Inbibitory mechanisms may be
important in the development of
unilateral myoclonus amyotonus
(Faidherbe et-al, 1962).

We have found unilateral inhibi-
tion from continuous motor tasks
in association with apparently

Upton and Longmire
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Figure 7—Trend analysis results on G. McN. M. 23. Nov. 27,
1974. (No. 50-003-063). The number of spike discharges per
minute are displayed for 3 consecutive 20 minute epochs. A.
Before feedback. B. During feedback of triggered auditory
stimuli. C. After feedback. Note the reduction in the number

of discharges during and after feedback.

generalized spike and slow wave
activity. If it is accepted that some
areas of cortex, when stimulated,
suppress discharges in their im-
mediate vicinity and decrease
electrical activity from large corti-
cal areas of both hemispheres
(Penfield and Jasper, 1954), then
feedback stimulation of some
areas of cortex might inhibit focal
discharges in adjacent areas.
f. To reduce anticonvulsant
medications.
g. To control intractable epilep-
tics in preference to treatment by
destructive surgery which could
always be performed at a later
date.
h. To provide a simple monitoring
system for known epileptics so
they may know if they are achiev-
ing or losing control of the focal
activity, and of their clinical at-
tacks.

i. To try to reduce the develop-

ment of secondary or mirror foci

after known trauma or a known
focus (Nie et al, 1973), as anticon-
vulsant medication may be inef-

fective (Rapport and Penry, 1973)

in this respect.

As with the evaluation of any new
technique it was necessary to choose
subjects who had not been fully con-
trolled by a prolonged trial of con-
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ventional treatment. In addition, we
chose patients with clear focal dis-
charges. We attempted to quantify
the effects on the focal discharges
which were used to trigger the
stimuli.

METHODS

The thirteen patients selected for
these trials had failed to gain com-
plete control of their seizures after
prolonged use of conventional medi-
cation in therapeutic quantities as
assessed by serum levels. All the pa-
tients were told this new technique
might not help. The EEG recordings
of all the patients demonstrated clear
focal and lateralized discharges of a
relatively constant configuration.

Surface silver chloride electrodes
were applied according to the Inter-
national 10-20 system with electrode
resistance maintained below 3 kf.
Sixteen channel recordings were
made on Grass Model 8 EEG
machines. A six channel Bell and
Howell VR 3200 tape recorder was
multiplexed in our laboratories to
record 16 channels of EEG on quar-
ter inch tape at 1% ips.

Triggering from the focal EEG
discharges was achieved by using
Schmidt trigger units of our own de-
sign (Fig. 1)). The tone of the audit-
ory stimulus varied with the voltage
of the spike in order to minimize
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habituation (Fig. 2A, 2B), although
this technique allowed information
about the quality of the spike to be
available to the patient.

Epochs of 20 to 30 minutes were
chosen for control, feedback and
post-feedback assessment. Control
periods without stimulation and with
random stimulation were compared
with feedback and post-feedback
sessions.
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The number of spike discharges in
unit time was assessed by trend
analysis using a Hewlett-Packard
5480B Memory/Display, 5486A con-
trol and 5485A two channel input,
the results being displayed on a
9862A plotter using the 9810A cal-
culator (Fig. 3).

Some patients were video-
monitored using a Sony S.E.G. 1
split-screen facility to record the pa-
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tient and the ongoing EEG via Sony
DXC 2000A and A.V.C. 3210
cameras onto a Sony AV-3650 vid-
eocorder during the procedure.
Ongoing EEG activity was quan-
tified by simultaneous eight channel
frequency analysis using four fre-
quency bands per channel at center
frequencies of 2.5, §, 10, and 20 Hz.
The outputs of 6th order multiple
bandpass filters with an ultimate
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Figure 9—The numbers of clinical fits reported by two patients
during a long period are shown in association with other vari-
ables.

A) R.M. M 40. 3409-01-07. Temporal lobe and major seizures
are displayed separately from the number of minor seizures.
The patient kept a diary throughout the 10 year period. Seiz-
ures began at the age of 14 (1949) probably as a result of a
head injury. There was a left mid-temporal lobe focus. There
was a one centimeter calcified lesion in the left medial tem-
poral lobe. Surgical treatment was thought to be unwise. He
claimed to be able to reduce the number of seizures by “‘con-
centrating’’ when he felt abdominal discomfort, a
“‘generalized feeling of numbness’’ or ‘‘strangeness’’ of his
surroundings. Awareness of these phenomena seems to have

# OF SEIZURES/DAY

G. McN.: M.23 yrs. 5203 01 033 TLE L. FOCUS
Biofeadback Sessions

5 Stopped Dilantin
Alcohol N.2 pg/ml.
a l Inpatient
Telemestry
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1
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B.
increased after auditory feedback sessions. Note the return to
work (as an accountant) and cessation of Trifluperazine
therapy since both may have influenced the number of clini-
cal seizures.

B) G. McN. M 23. 5203-01-003. This patient developed seiz-
ures in 1965 and had a left anterior temporal lobe focus. The
seizures involving staring, incontinence, unresponsiveness,
rigidity, loss of muscle tone, and unconsciousness. Some-
times his gait became very slow and he might experience
weakness in both legs before any impairment of conscious-
ness. Note the cessation of alcohol intake in September,
1973. Only one serum level of Dilantin is indicated although
the patient had been on the same dosage of the drug for more
than three years.

cutoff of 18 db per octave were half
wave rectified and integrated over a
10 second epoch. The stored and in-
tegrated signals were serialized via
linear gates to generate
voltage/frequency polygons for each
of the 8 channels being analyzed to-
gether with an average polygon for
each hemisphere. The results were
stored on punched tape (Digitek)
which was read by a Hewlett-
Packard 9863A tape recorder into
the Hewlett-Packard 9810A cal-
culator and 9862A plotter (Fig. 4A
and 4B).

During the preliminary assess-
ment of a patient, the effects of vari-
ous types of stimuli (e.g. auditory,
somatosensory or photic) were as-
sessed alone or in combination with
various manoeuvres selected by the
patient. Combinations of auditory
and somatosensory stimuli were
tried particularly if both produced
some reduction in the number of
spikes. Stimuli were presented ran-

Upton and Longmire

domly or they were triggered by the
focal EEG disturbance. The patients
were asked to increase or decrease
the number of discharges with and
without feedback stimuli. Move-
ments such as fist clenching of the
the limbs contralateral to the focus
were always tried. Subsequent ses-
sions involved the use of the
stimulus which had been found most
effective during the initial assess-
ment and stimuli causing an increase
in spike frequency were avoided.

Sessions were conducted in the
same room and the conditions were
standardized as far as possible, par-
ticular care being taken to reduce ex-
traneous stimuli.

The numbers of focal EEG dis-
charges during consecutive feedback
sessions were assessed by the re-
sults of the trend analysis during the
contro] (prefeedback) periods at the
start of each session. The results
were presented as the mean *
standard deviation of the number of

https://doi.org/10.1017/50317167100020199 Published online by Cambridge University Press

spikes over the twenty minute epoch
after the spikes were counted per
minute. Intervals between sessions
varied from one day to six months
over a three year period.

The number of clinical seizures
was assessed from accounts by the
patient and his relatives. Adequacy
and constancy of medication was es-
timated by serum levels of pre-
scribed anticonvulsants, the dosage
being kept constant throughout the
trial period.

Many factors could not be control-
led such as the effect of the return to
work on Patient 2. The reports of the
number of clinical seizures may not
be reliable and such information is
not as objective as the trend analysis
of the number of EEG complexes.

RESULTS
Thirteen patients aged two to 39
years (mean 15.1 years) were studied
during the three year period from
February 1972 and February, 1975
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(Fig. 5). A total of 46 feedback ses-
sions were conducted, the number
per patient varying from one to ele-
ven (mean 3.5 sessions). There was
a reduction in the number of focal
EEG discharges during the feed-
back sessions in eight patients (62%)
with a dramatic reduction (>50%) in
the number of discharges in four
(31%) (Fig. 5). Some patients
showed no significant residual effect
in the epoch immediately following
feedback (Fig 6) whereas other pa-
tients showed much less focal activ-
ity during this period (Fig. 7). Long
term assessment of the number of
focal discharges during the control
periods showed no consistent reduc-
tion in the amount of focal activity
(Fig. 8A, 8B, 8C) even though there
was a progressive reduction in the
number of clinical disturbances
(Figs. 9A, 9B).

In one patient (JG) there was an
increase in the frequency of focal
discharges during auditory biofeed-
back (Fig. 10) when the sound
stimulus was triggered by the spike.
Randomly presented auditory
stimuli of the same frequency and in-
tensity produced a much smaller in-
crease in spike frequency.
Somatosensory impulses such as
shock to the right hand produced a
significant reduction in the number
of spike discharges (Figs. 11A, 11B).

Four of the patients noticed that
they experienced an aura in associa-
tion with bursts of spike activity.
One patient (3; C.S.) became aware
of a peripheral sensory aura during
the first biofeedback session (Fig.
12) and has remained free of minor
seizures for 18 months.

In two patients (1, 2) there was
greatest improvement in major and
temporal lobe seizures with rela-
tively less effects on minor distur-
bances although one patient (3)
showed a complete resolution of
minor seizures after one feedback
session.

In some patients (e.g. 10) no im-
mediate or long term effect on spike
frequency was noted in response to a
wide range of random or triggered
stimulation. Other patients (5, 8)
were not sufficiently cooperative to
allow long term assessment and this
may turn out to be one major limita-
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Figure 10—J.G. F 22 years. 5109-01-122-01. EEG tracing during auditory feedback of
focal spike discharges. A) Auditory feedback with motor response. B) Perseveration
of motor performance with perseveration of switch pressing in the right hand. C) She
raised the right hand and waved. D) She cried ‘‘No, No, No!”* She claims she could
hear questions but could not reply. Subsequently the EEG recording showed a
diffuse excess of slow waves for two minutes. Note aggravation of spike discharges
and clinical seizure. During the seizure she raised the right arm and was unable to
speak or understand verbal instructions. She had had grand mal seizures since the
age of 18 and also experienced attacks in which she was unable to speak for 10
seconds to 10 minutes. She suffered from four to ten attacks per day of the latter.
She had not had a grand mal seizure or deja vu attack for more than a year. At the
time of the recording she was on 100 mg of diphenylhydantoin b.i.d, primidone, 125
mg b.i.d. and phenobarbitone, 60 mg t.i.d. Left anterior temporal sharp and slow
wave focal discharges were seen in the EEG.

tion of any intermittent feedback
technique.

The results of our initial studies do
not allow us to state the optimum in-
terval between feedback sessions
but it is hoped that this information
will be obtainable when we use our
own continuous feedback unit.

DISCUSSION

Miller (1969) suggested that
epileptic seizures might be pre-
vented by conditioning subjects to
refrain from producing the brain
wave patterns that always precede a
seizure. The basic principle of con-
ditioning is to present a reward im-
mediately after a response in order
to increase the probability of that re-
sponse. Although we are not provid-
ing an overt reward to the patient we
hesitate to interpret out findings as
indicating ‘‘voluntary’’ control of
focal epileptic activity although the
results of such experiments are often
described in terms of ‘‘feedback
control” or ‘‘biofeedback’. When
the only apparent reinforcer is feed-
back, and some modification of the
response occurs, it would be naive
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to assume that this indicates ‘‘volun-
tary’”’ control because many other
subtle reinforcers might be involved.
Human subjects are usually moti-
vated to cooperate with the re-
quirements of an experiment (Orne,
1962) and feedback may indicate
successful performance. There are
many social and economic advan-
tages for an epileptic to become free
of seizures and the subjects of our
experiments recognized that control
of their EEG discharges might help
them to achieve a reduction in seiz-
ure frequency.

In many subjects some types of
feedback were more effective than
others in suppressing focal EEG
activity (Fig. 5). In one subject
(J.G.) however, there was an in-
crease in focal activity with random
and triggered auditory stimuli, (sug-
gesting that she suffered from a type
of “‘reflex’’ epilepsy). In this patient
there was a reduction in the fre-
quency of focal temporal lobe activ-
ity during electric shock stimulation
of a contralateral limb. Results such
as these lead us to consider more
basic mechanisms of neuronal activ-
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ity. In animals, experimentally-
induced focal epileptic discharges in
exposed mammalian cortex may be
associated with massive depolariza-
tion of the cell soma (paroxysmal
depolarization shifts or PDSs).
These PDSs are thought to be synap-
tically mediated since they can also
be evoked by cortical or thalamic
stimulation (Ajmone-Marsan, 1969).
Many workers have shown that al-
though the firing pattern of epileptic
neurons may be abnormal interic-
tally, the membrane properties of
such neurons appear to be normal
between PDSs. Most paroxysmal
bursts are thought to be due to ab-

Upton and Longmire

normalities of synaptic bombard-
ment and modification of this bom-
bardment might be expected to mod-
ify the onset and spread of epileptic
discharges. Sharpless and Halpern
(1967) used implanted electrodes
over chronically isolated cortex.
They demonstrated that the capacity
of the isolated region to sustain long
epileptiform afterdischarges de-
clined almost to normal following
experimental sessions during which
afterdischarges were repeatedly eli-
cited at 15 second intervals. The re-
turn of increased susceptibility to
epileptiform discharges might re-
quire several days. Using a similar
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technique, Rutledge, Ranck and
Duncan (1967) found they could pre-
vent increased susceptibility to
epileptiform activity by daily stimu-
lation involving 20 applications of a
two second pulse train. It is possible
that synaptic bombardment resulting
from peripherally applied stimuli
might modify activity of ‘‘epileptic’’
neurons in a focus. In the human the
greatest problem in studying the ef-
fects of peripheral stimulation on
focal activity is that the ‘‘focal’ dis-
turbance may be arising at a distance
from the site of maximal electrical
activity recorded by surface elec-
trodes (David et al, 1970). The same
problem would be encountered with
depth electrodes or microelectrode
sampling since many of the ‘‘foci’’
may arise from diffuse cortical and
subcortical pathology. It is well
known that spike discharges in chil-
dren may ‘‘migrate’’ in serially per-
formed EEG recordings (Trojaborg,
1966). Similar problems caused
Meyers (1954) to question the valid-
ity of the whole concept of an epilep-
togenic focus. Although the
neuronal mechanisms underlying the
focal discharge are uncertain, it is
still valid to study this type of dis-
charge as an index of epileptic activ-
ity and furthermore the results can
be readily quantitated. Spike and
wave activity was not chosen for our
early studies because such bursts are
often associated with impairment of
consciousness, as judged by the per-
formance of bilateral and laternating
motor task. This would have been a
disadvantage in our study since we
wished to obtain information about
the subjective experiences of the pa-
tients during feedback sessions. For
example, we wanted to know if the
subjects experienced any aura; we
also required an account of any
manoeuvres they used to increase or
decrease the number of discharges
as this might lead to a better under-
standing of the ‘‘subtle reinforcers’’
in association with the feedback
stimuli.

It was thought that feedback tech-
niques would have their greatest ap-
plication in those patients who ex-
perienced some form of aura or im-
mediate warning of a fit; these
comprise about half of all epileptic
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Figure 12—C.S.: F 7 years 6607-01-020-16. Bipolar EEG tracings. A. Before.

somatosensory (S.S.) feedback. B. During feedback with electric shocks to right
arm. C. After feedback. She was hyperactive and had been retarded in speech
development. Minor (and possibly some major seizures) had been noted prior to the
feedback sessions in August, 1973. An EEG had shown sharp and slow wave com-
plexes over the left posterior quadrant with maximal amplitude over the left parietal
(P3) electrode. Subsequent to the feedback session there were no recorded minor
seizures and she showed improvement in speech and intellectual performance. No

major seizures were seen.

patients (56.2% Lennox and Cobb,
1933). These auras may be of corti-
cal localizing value and they are
more common in patients with a his-
tory of brain injury (70%) where
focal features are more likely. Pre-
monitory symptoms may occur for
several days before a seizure (Hen-
ner, 1962) but the aura is usually re-
garded as part of the seizure (Gas-
taut, 1950; Penfield and Jasper,
1954). Abortive auras such as night
terrors, dreamy states and myoc-
lonic jerking may persist after major
seizures have been controlled by an-
ticonvulsant therapy (Monrad-
Krohn, 1931). Unfortunately, some
‘“‘auras’’ such as déja vu attacks may
occur in up to a third of the normal
population (Henner, 1962). Since
four (31%) of our patients became
aware only after feedback of their
focal EEG activity it is possible that
these techniques might benefit many
patients by making them aware of
some sensation in association with
their paroxysmal EEG disturbances.
Some patients may not realize that
they experience an aura because of
the amnesia resulting from a grand
mal fit, for example, and the feed-
back procedure then allows them to
appreciate the aura in the absence of
a seizure. Once an aura has been
recognized, the patient can then at-
tempt to inhibit further seizure activ-
ity by such manoeuvres as fist
clenching, or mental concentration
(Paulson, 1963). In the feedback ap-
proach one is trying to modify the
focal activity or its spread as a
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means of controlling the clinical
seizures and therefore the feedback
technique may be useful even when
the patient is on enough medication
to control most of the clinical seiz-
ures. Reduction of focal discharges
may require many times the dose of
medication required to control clini-
cal seizures and our results reveal a
similar association between fit fre-
quency and number of focal dis-
charges.

The preliminary results on 13 pa-
tients provide evidence that inter-
mittent feedback sessions may allow
an immediate reduction in the fre-
quency of focal EEG discharges in
about half the subjects but we have
no evidence of any prolonged effect
on the discharges even though seiz-
ure frequency was reduced in five
out of 13 patients. Some patients (4)
became aware of an ‘‘aura’’ and this
allowed various inhibitory man-
oeuvres (e.g. concentration or
fist clenching) to be employed. In-
terpretation of the preliminary re-
sults in terms of statistics is compli-
cated by the fact that most of the
patients chosen had had prolonged
trials of conventional therapy and it
would seem reasonable to expect
better results in a larger study of
more average patients.

The preliminary results have indi-
cated an important limitation of the
technique since one patient de-
veloped a fit during auditory feed-
back whereas there was a marked
improvement in the same patient
during somatosensory stimulation. It
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is clear that careful clinical and
neurophysiological assessment. is
required before any feedback unit is
used on epileptic patients.

Although the mechanisms of the
reduction in spike and seizure fre-
quency following intermittent feed-
back sessions is not clear it would
seem that the technique may be
helpful as a supplement to conven-
tional therapy. We are hopeful that
use of miniaturized and portable
feedback units combined with tele-
metry and split screen videomonitor-
ing will allow more detailed assess-
ment of the clinical applications of
the technique.
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