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In a number of mammals increases have been 
observed of the hippocampal slow wave activity in 
the theta band in relation to various aspects of behav- 
iour such as orientation (Grasty~n et al. 1959), atten- 
tion and arousal (Kemp and Kaada 1975) and motor  
behaviour (Lopes da Silva and Kamp 1969; Arnolds 
et al. 1979a,b,c). Similar relations have up till now 
not been reported in humans. Recently Halgren et al. 
(1978) concluded that the human hippocampal EEG 
tends to desynchronize during attentiveness and 
movement, quite in contrast to the results of the 
animal experiments. We were able to obtain some 
records of the human hippocampal EEG during a 
number of well defined behaviours thanks to the 
cooperation of a patient with epilepsy who had been 
implanted with electrodes in various brain structures, 
among them the hippocampus, in an at tempt to 
localize a possible focus of epileptic activity ; this was 
of essential importance in order to plan a neurosur- 
gical intervention. The investigation of the hippo- 
campal EEG during different behavioural states was 
carried out in the hope of obtaining electrophysiolog- 
ical evidence regarding the accuracy of the electrode 
position. A sensitive method for the analysis of the 
spectral characteristics of the EEG in relation to 
behaviour allowed us to find relations between the 
human hippocampal EEG and behaviour comparable 
to those found in other mammals. 
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Materials and Methods 

Brief case history 
The patient (P.J.H.-V.) is a left-handed woman 

suffering from psychomotor seizures since the age of 
18. The seizures are characterized by impairment of 
consciousness and psychomotor automatisms fol- 
lowed by a state of confusion. They occurred typi- 
cally in short series of 3 or 4 seizures on successive 
days; the intervals between the series were of  about 5 
weeks. Scalp EEGs showed marked paroxysmal activ- 
ity maximal over the right fronto-temporal area. 
Computer tomography showed no clear abnormalities 
except for a slight enlargement of the right sylvian 
fissure. The diagnosis was 'partial seizures with com- 
plex symptomatology'  probably localized in the right 
fronto-temporal hemisphere. Considering that the sei- 
zures were not controlled by several types of pharma- 
cological treatment it was decided to investigate 
whether a lobectomy would be indicated. Chronically 
indwelling electrodes were placed by Dr. C.W.M. van 
Veelen, as described elsewhere (Lopes da Silva et al. 
1977): 4 pairs of subdural bundles were implanted 
over the right and left fronto-orbital, fronto-lateral, 
temporal and parieto-occipital areas; 2 pairs (right 
and left) of intracerebral bundles were implanted in 
the pes hippocampus and amygdala. The subdural 
bundles consisted of seven 150 ~m stainless steel 
wires insulated from 5 mm at the tip with interelec- 
trode distances of  10 mm, the intracerebral bundles, 
from which the results reported here were recorded, 
consisted also of seven 150 pm stainless steel wires, 
but with a smaller uninsulated contact surface (length 
2.5 mm) and a shorter interelectrode distance (2.5 
mm). Twenty-three registrations with a duration of 
2--4 h each and one lasting 4 days were carried out 
using the intracranial electrodes. In this way electro- 
corticograms were obtained during 7 seizures. These 
ECoGs from the right derivations showed a marked 
decrease in amplitude and large spike and wave com- 
plexes over the mid-temporal area preceding the elec- 
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tro-clinical seizure. The electrocorticographic seizure 
patterns varied so that the location of a clearly 
defined trigger zone could not be found. For this rea- 
son it was decided that a lobectomy should not be 
carried out. 

The spectral analysis of EEGs (epochs 100 sec 
long) recorded from the bundles of electrodes aimed 
at the right (R) pes hippocampus while the subject 
was alert but at rest, revealed clear differences 
between several regions: the spectra of EEGs 
recorded from the 2 most dorsal electrodes (R6.8, 
R6.9 located in the basal ganglia) showed a peak at 
2.8 Hz; the spectra of 2 others (R6.10, R6.11) which, 
on the basis of stereotaxic coordinates, were consid- 
ered to lie in the pes hippocampus, had a peak at 3.5 
Hz; the 3 deepest (R6.12, 6.13, 6.14) electrodes 
(located in the infero-temporal cortex) showed a 
rather broad and less well defined peak with a maxi- 
mum around 3 Hz. The linear coherence between the 
signals recorded from R6.10 and R6.11 reached the 
value of 0.89, whereas between R6.10 and R6.9 it 
was 0.74 and between R6.10 and R6.12 it was 0.38. 
Given these electrophysiological and stereotaxic data 
we assumed that T6.10 and R6.11 were records 
from the pes hippocampus and that both presented 
almost the same information; thus the signals from 
R6.10 were used for the investigation reported here. 
The contralateral bundle, however, was not precisely 
symmetrically placed; its tip was much more medial 
than on the right side. The spectra of the correspond- 
ing EEGs did not  show a clear peak at 3.5 Hz but at 
about 3.0 Hz; the linear coherence between the signal 
from R6.10 and the contralateral corresponding sig- 
nals was only 0.3. Thus we assumed that the elec- 
trodes aimed at the left pes hippocampus did not 
reach the desired structure in an optimal way. 

Experimental plan 
Recording was against a f ronto-pohr  intracranial 

electrode. All relevant signals were recorded on 14 
channel FM tape along with a time code. The patient 
was recorded during two different days (session I and 
II). She was free to move around since we made use 
of a radio telemetry system to transmit EEG signals 
as well as the output  of a small accelerometer, which 
was used as a movement indicator. 

The spectral properties of  the hippocampal EEG 
were investigated in relation to the execution of two 
behavioural tasks. In the first the patient was seated 
in a darkened room and was presented with a series of 
slides representing simple objects. She was instructed 
to walk (+4 m) towards a blackboard mounted next 
to the projection screen after the projection of  each 
slide, to write on it the name of the object, to walk 
back and to sit down again. This task was performed 
twice on each of the two experimental days, once 
while the subject was instructed to walk briskly 
(experiments 1.1 and II.1) and once while she per- 

formed the task at a normal pace (experiments 1.2 
and II.2). The second task was purely verbal. At each 
trial the subject was presented with the name of an 
entity and required to name the class to which it 
belonged (e.g., question: 'Amsterdam',  answer: 
'city').  In a second series of  questions the problem 
was reversed (e.g., question: 'a vegetable', answer: 
'cabbage'). Since the results in both series were com- 
parable the data of  these two series of questions were 
pooled, thus yielding experiment II.3. During the 
recording session I the subject was on 300 mg sodium 
valproate (3 times/day) and 200 mg carbamazepine (4 
times/day). During recording session II she was on 
300 mg sodium valproate (twice/day). 

Analysis 
A computer system was used for the analysis of 

relations between behavioural data and spectral EEG 
parameters. With this system the values of EEG and 
behavioural parameters, measured during a number of 
realisations of the same type of behaviour were aver- 
aged. As EEG parameters we used the amplitude 
spectrum of the EEG and 3 spectral parameters 
derived from the amplitude spectrum, i.e., the index 
of peak frequency (IpF), the amplitude in a 3 Hz 
wide band around the peak frequency (IAM) and the 
index of rhythmicity (IR) which was found by divid- 
ing the amplitude within the 3 Hz band around the 
peak frequency by the amplitude of  the other spec- 
tral frequency components. The integrated output  of 
the accelerometer used as a movement indicator pro- 
vided the single behavioural parameter in this study. 
Also the average value of each of  these parameters as 
a function of time was computed in relation to a 
certain trigger point. For a more precise account of 
this method of analysis see Arnolds et al. (1979a). 

Results 

Experiments 1.1, 1.2, II.1 and II.2 
The right (R) hippocampus (R6.10) revealed a 

field potential characterized by an irregular rhythmic 
component  at 3--4 c/sec (Fig. 1.). From the left (L) 
hippocampal electrode a signal of smaller amplitude 
and rhythmicity was derived. Behaviour-related 
changes in these signals became apparent upon statis- 
tical analysis . Only in the signal from the R hippo- 
campus was a clear-cut reactivity found. Hence the 
results presented below all pertain to this derivation. 

We selected from experiments 1.1 and 1.2 and from 
II.1 and II.2 a number of periods during which the 
subject was in a clear behavioural state: (a) walking 
towards the blackboard, (b) writing, (c) walking back, 
and (d) sitting; we determined the average value of 
the spectral parameters and of  the integrated output  
of the movement transducer during these behavioural 
states (Fig. 1). The value of  the spectral parameters 
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Fig. 1. Above: example of the hippocampal EEG 
recorded during a single trial of experiment 1.1. 
Below: average power spectra of the hippocampal 
EEG recorded during each of the 4 behavioural states 
in experiment 1.1, i.e., A: walking towards black- 
board; B: writing; C: walking back; D: sitting. N is 
the number of averaged periods. D is the average du- 
ration of these periods. The tables give the average 
values of the spectral parameters and the movement 
parameter (ACC) during the 4 behavioural states, as 
recorded during sessions I and II. Columns headed by 
capital letters refer to the 'brisk' (1) version of the 
behaviour, lower case letters to the moderate (2) ver- 
sion. When a pair of values is written in bold charac- 
ters this indicates that the difference between values 
is statistically significant (P < 0.05, Wilcoxon test), i 
indicates arbitrary scaling. Parameters so designated 
cannot be compared across experiments. 

appeared to be generally higher during ' the brisk' 
than during ' the moderate '  version of the same behav- 
iour (see Fig. 1). Comparison of  the spectral parame- 
ter values associated with different behavioural states 
revealed a consistent difference between 'writing' and 
the other 3 behaviours. IpF and IR during writing 
were relatively high, while IAM was relatively low 
(Wilcoxon P < 0.05). As shown in Fig. 1 the same 
trends were visible in both sessions I and II. The 
rhythmicity of the signal was consistently lower dur- 
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Fig. 2. The upper trace gives the hippocampal EEG 
during a single trial of  experiment II.3 {question: 
'Amsterdam',  answer given by the subject: ' the capi- 
tal'). HIP-R = hippocampal EEG; ACC = output of 
movement transducer on subject; SPEECH = record- 
ing of speech of experimenter and subject. The series 
of histograms represents the average running spectral 
analysis of the hippocampal EEG during experiment 
II.3. Each histogram concerns a 200 msec time bin. 
Interhistogram distance 600 msec. Spectra to be aver- 
aged have been aligned with respect to the trigger 
point: the end of the keyword. The 3 following 
curves show the average IpF , IAM and I R as a function 
of time in relation to this trigger point (arrow). Where 
the curve is thickened there exists a statistically signif- 
icant difference between that part of  the curve and 
the point indicated by an asterisk, chosen as a refer- 
ence (sign test). The thicker the line the higher the 
significance of the statistics (lowest level P < 0.05; 
highest P < 0.001). The lowermost curve indicates 
the probability that the experimenter {stippled line) 
or the subject (full line) was talking, aligned with 
respect to the trigger point. No significant fluctua- 
tions were found in the output of the movement 
transducer (hence not shown). 
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ing session II than during session I however (Wilcoxon 
P < 0.05). 

Results o f  experiment H. 3 
The word association tasks used were designed 

with the object of having one cue word spoken by the 
experimenter and, in response, a single word uttered 
by the subject. Since the subject did not always 
restrict herself to a single word response, the best 
defined trigger point was the end of the cue word 
spoken by the experimenter. 

Fig. 2 shows the spectral parameters as a function 
of time in relation to the end of  the keyword. It is 
remarkable that all spectral parameters increase signif- 
icantly in the period of silence between 'question'  
and 'answer'. Furthermore, when some epochs of 
talking and listening recorded during informal conver- 
sations were compared, IAM was significantly lower 
while the subject talked than while she was only 
listening (P < 0.05, Wilcoxon). 

Discussion 

It is remarkable that the values of the spectral 
parameters of the theta component in the human 
hippocampal EEG were consistently higher when 
associated with the more intense performance of a 
certain behaviour. This outcome is fully in accord 
with the facts observed in dog (Arnolds et al. 1979a, 
b,c). A striking discrepancy with animal data is, how- 
ever, the lack of a relationship between gross motor  
activity (walking vs. sitting) and the spectral proper- 
ties of the human hippocampal EEG. The variations 
in the spectral properties appear to be associated 
largely with what could be called verbal behaviour, be 
it writing or speaking. Possibly this finding points in 
the direction of an involvement of the hippocampus 
in linguistic processes (O'Keefe and Nadel 1978). 

The effects described here are of  course no more 
than a consistent relation between EEG and behavi- 
oural events. This does not  imply a link of causality. 
Possibly both events have simply as a common cause 
the neural activity of  brain stem areas concerned with 
sensorimotor coordination which project to the 
hippocampus by way of  the septal area. 

Summary 

In an epileptic patient with depth electrodes 
placed in the hippocampal formation we observed the 
following: 

(1) There existed a significant peak in the theta 
band of the hippocampal EEG of this subject under a 
number of  behavioural circumstances. 

(2) Four different behaviours were performed at 

two degrees of  intensity. Whenever the values of  a 
certain spectral parameter associated with a low or a 
high intensity behaviour showed a significant differ- 
ence, the higher value corresponded with the more 
intense version of the behaviour. 

(3) The frequency and rhythmicity of the hippo- 
campal theta component  during writing was consis- 
tently higher than during sitting or walking. The am- 
plitude was smaller. 

(4) In a word association task the amplitude, fre- 
quency and rhythmicity showed a significant rise dur- 
ing the period of silence immediately following the 
question and preceding the answer. 

R~sum~ 

Caractdristiques spectrales de I'EEG de l'hippocampe 
en relation avec le comportement chez l'homme 

Chez une patiente ~pileptique porteuse d'~lec- 
trodes profondes ~ demeure dans la formation hippo- 
campique nous avons observ~ les faits suivants: 

(1) I1 existait un pic significatif de I'EEG hippo- 
campique dans la bande th~ta dans un certain nombre 
de situations comportementales. 

(2) On a fait ex~cuter 4 comportements diff~rents 
avec 2 degr~s d'intensit~. Chaque fois qu'il y avait une 
difference significative entre les valeurs d'un param~- 
tre spectral donn~, selon que le comportement  4tait 
d'intensit~ faible ou ~lev~e, la valeur la plus haute 
correspondait au degr~ le plus ~lev4 d'intensit~ du 
comportement.  

(3) La fr~quence et la rythmicit~ de la composante 
th~ta hippocampique ~taient r~guli~rement plus ~le- 
v~es lorsque la malade ~crivait que lorsqu'elle ~tait 
assise ou marchait; cependant l 'amplitude ~tait plus 
basse. 

(4) Dans une t~che d'association verbale, l'ampli- 
tude, la fr~quence et la rythmicit~ augmentaient de 
fa~;on significative durant la p~riode de silence qui 
suivait imm~diatement la question et pr~c~dait la 
r~ponse. 
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