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Summary. Single and multiple unit neuronal activ i- 
ty was recorded from the cortex of the lateral tem- 
poral lobe in conscious humans during open brain 
surgery for the treatment of epilepsy. Recordings 
were obtained from the right and left superior, 
middle and inferior temporal gyrus of 34 patients 
(41 recording sites). Recordings were restricted to 
regions to be resected during subsequent surgery. 
This excluded recordings from language areas 
proper. Neuronal responses to words and sen- 
tences presented over a loudspeaker and during 
free conversation were recorded. No significant dif- 
ferences between the right and left hemisphere were 
obvious. All neurons in the superior temporal gyrus 
responded to various aspects of spoken language 
with temporally well defined activation/inhibition 
patterns, but not or only little to non-linguistic 
noises or tones. Excitatory responses were typically 
short or prolonged (up to several hundred ms) 
bursts of discharges at rates above 20/sec, reaching 
peak rates of 50-100/s. Such responses could be 
specifically related to certain combinations of con- 
sonants suggesting a function in categorization, 
they could depend on word length, could differen- 
tiate between polysyllabic and compound words 
of the same length or could be unspecifically relat- 
ed to language as such. No formant specific re- 
sponses were found, but the prolonged excitations 
across syllables suggest that consonant/vowel com- 
binations may play a role for some activation pat- 
terns. Responses of some neurons (or neuronal 
populations) depended on the attention paid to the 
words and sentences, or the task connected with 
them (repeat words, speech addressed to the pa- 
tient demanding something). Neurons in the middle 
and inferior temporal gyrus were only little affected 
by listening to single words or sentences, but some 
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were unspecifically activated by words or while 
listening to sentences. Excitatory responses varied 
within a limited range of discharge rates usually 
below 5-10/s. Phonetic distortion of spoken lan- 
guage could reduce responses in superior temporal 

gyrus neurons, but also the slight changes in dis- 
charge rate of middle temporal neurons could be 
absent during distorted and uncomprehensible 
speech sounds. We conclude that superior temporal 
gyrus neuron responses reflect some general phone- 
tic but not semantic aspects of spoken language. 
Middle and inferior temporal gyrus neurons do 
not signal phonetic aspects of language, but may 
be involved in understanding language under cer- 
tain conditions. 
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Introduction 

The lateral human temporal lobe receives thalamic 
afferents from the medial geniculate body and the 
pulvinar, and association fibres from the prestriate 
cortex and the frontal lobe. The primary auditory 
cortex is located in its most dorsal parts, while 
the more ventral aspects were considered as audito- 
ry and visual association areas. The caudal perisyl- 
vian cortex on the language dominant hemisphere 
is part of Wernicke's area and necessary for a vari- 
ety of linguistic functions such as understanding 
of spoken language, naming and speaking. The 
function of the rostral portion, the temporal pole, 
is not known. The intermediate portion, below the 
motor and somato-sensory cortex, contains audito- 
ry and visual association fields (for details and ref- 
erences see Creutzfeldt 1983). The auditory associ- 
ation cortex is thought to be confined to the superi- 
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or temporal gyrus (Galaburda and Sanides 1980), 
while the middle and inferior temporal gyrus are 
considered as visual association areas, homologous 
to the infero-temporal cortex of subhuman pri- 
mates. 

Details of the involvement of the lateral human 
temporal association cortex in auditory and visual 
functions are not known. Experiments on primates 
suggest that the infero-temporal cortex is involved 
in visual object recognition and memory (Mishkin 
et al. 1983; Ungerleider 1985), while increase of 
regional blood flow (RCBF) during speech (Lassen 
and Larsen 1980; Ingvar 1983), local cerebral glu- 
cose metabolism (Mazziotta et al. 1983; Raichle 
1987) as well as evoked potential studies (see Hill- 
yard and Picton 1987) suggest that large parts of 
the human lateral temporal lobe on both sides 
maybe involved in linguistic functions. Clinical ex- 
perience with lesion, symptoms during temporal 
lobe seizures and deficits during electrical stimula- 
tion indicate that the lateral and basal temporal 
lobe is involved in functions related to emotions, 
memory and consciousness (Jackson 1898; Luria 
1966; Penfield and Jasper 1954; Penfield and Per- 
rot 1963; Ojemann 1983; Ojemann and Creutzfeldt 
1987). In view of this, it is difficult to predict to 
what extent and how temporal lobe neuronal activ- 
ity might be involved in various functions related 
to language, memory and emotions. 

During temporal lobe surgery under local anes- 
thesia, we had the opportunity to record in con- 
senting conscious humans with microelectrodes the 
activity of single neurons or groups of neurons 
in various locations of the right and left temporal 
lobe convexity during auditory, visual and linguis- 
tic tasks. As microelectrode recording is an inva- 
sive technique, it was restricted to brain tissue 
which, after electro-corticographic and functional 
exploration with electrical stimulation, was subse- 
quently to be resected. This, of course, precluded 
recordings from Wernicke's language area, sensu  

s tr ic tu ,  of the dominant hemisphere. With these 
constraints, our analysis included microelectrode 
recordings predominantly from the lateral surface 
of anterior, superior, middle and inferior temporal 
gyri, with a few recordings from the posterior third 
of the superior temporal gyrus of the non-speech 
dominant hemisphere. 

In this paper we report on single and grouped 
unit activity during listening to speech, including 
acoustically deteriorated speech. It will be demon- 
strated that neuronal activities in the superior and 
middle temporal gyri were affected differently by 
speech signals, but without obvious hemispheric 
differences. In subsequent papers we report on re- 

sponses of the same population of neurons to the 
subjects own voice, to music and to more complex 
tasks involving memory and cognition (Creutzfeldt 
et al. 1989a, b). A detailed statistical analysis of 
dominant temporal lobe activity related to lan- 
guage and memory (Ojemann et al. 1989) and pre- 
liminary reports on speech related responses have 
been published (Creutzfeldt et al. 1987). 

Methods 

We report here on 41 successful microelectrode recordings from 
34 patients (23 recordings in 21 patients from the left, all except 
one the speech dominant and 18 recordings in 13 patients from 
the right hemisphere). The recording sites are shown in Fig. 1 
and are mostly located on the middle and superior temporal 
gyrus in the anterior half of the temporal lobe below the face 
representation of the sensori-motor cortex. A few recording 
sites were located further posterior, just below the perisylvian 
language area in the left, in the posterior third of the superior 
temporal gyrus in the right hemisphere and in the inferior tem- 
poral gyrus. In several patients we also did microelectrode re- 
cordings in the temporal pole regioan during electro-corticogra- 
phy (ECoG) without formal testing, but during informal speak- 
ing. These recording sites are not included in Fig. 1. The total 
number of unit activities tested and analyzed is higher (well 
above 100), as some recordings were done with two microelec- 
trodes, repeated at different depth after a unit got lost, and 
multiple unit recordings were analyzed for different populations 
of units as distinguished by amplitude. 

All patients suffered from pharmacologically intractable 
temporal lobe seizures and were referred to the Department 
of Neurological Surgery, University of Washington, Seattle/WA 
for temporal lobe surgery under local anesthesia, guided by 
ECoG and functional mapping, following evaluation at the 
University of Washington, Epilepsy Center. Preoperative evalu- 
ation included seizure monitoring with EEG- and video record- 
ing as well as amytal-test (Wada and Rasmussen 1960) for deter- 
mination of the speech dominant hemisphere. All patients and 
their relatives were informed before the operation about the 
intraoperative microelectrode recording and its purely scientific 
nature, and they gave their informed consent. During the opera- 
tion they were also informed about the beginning of the micro- 
electrode recording and could refuse it. This was done by two 
patients. The investigation had the approval of the Human 
Rights committee of the University of Washington. 

The single unit recordings lasted about 30 min. Details 
of the surgical techniques are described elsewhere (Ojemann 
1985), and details of the actual procedure of the microelectrode 
recording may be found in the preceding communication (Oje- 
mann et al. 1988). 

Briefly, after a large opening of the skull and the dura 
mater over the temporal lobe and the perisylvian cortex under 
local anesthesia, ECoG-exploration and mapping with electrical 
stimulation for speech and memory was done as a routine diag- 
nostic procedure. This lasted about 2-3 h. Electrolytically shar- 
pened, lacquer insulated tungsten microelectrodes with a tip 
diameter of 1-5 pm and a tip resistance of 3-7 Mr2 were used. 
The electrodes were remote controlled by a hydraulic micro- 
manipulator (Wells), the head stage of which was held by a 
rod clamped to the skull. In 10 patients, two electrodes were 
mounted together in the manipulator with a vertical tip distance 
of 2- 4 mm. In order to reduce tissue movements due to pulsa- 
tion and respiration in the region of the microelectrode record- 
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Fig. 1 A, B. Schematic drawing of the left (A) and right (B) 
hemisphere. Sites of microelectrode recordings are marked by 
circles. The number  of recording sites (41) is larger than the 

number  of patients (34), because in some patients recordings 
from different sites were taken in succession (e.g. middle and 

superior temporal  gyrus, respectively). Successive recordings or 

simultaneous recordings of several units with one or two micro- 
electrodes at one site are represented as one site 

ing, a "pressure foo t"  made of plexiglass and with a diameter 
of 1.5 cm was attached to the micromanipulator and lowered 
onto the cortical surface with slight pressure but without affect- 

ing the pial circulation. The microelectrodes were introduced 
through a 1-2 mm hole in the center of the pressure foot. A 

silver electrode was attached to the pressure foot close to the 
central hole for recording the surface ECoG near the microelec- 
trode. Several carbon-silver electrodes were placed on the cortex 

for recording ECoG and evoked potentials. 

When a unit  or a cluster of units was identified and found 

sufficiently stable over a period of 1 3  rain, the testing was 
begun. During recordings from the left hemisphere, visually 
presented language and memory tests were done first. These 
tests required 15-20 min. They are described in detail in the 

preceding paper (Ojemann et al. 1988) and in the fourth report 
of this series. We shall refer to them here only in the context 

of speech related activities and for comparison. 
Auditory stimuli were then presented in an open field situa- 

tion. The patients were lying on the side contralateral to the 
brain operation. The surgical drapes separated the operation 
field from the face and body, so that  the patient could see 
and directly communicate with the anesthetist and the testing 
personal, but  would neither see the surgeon nor  the operation 
nurse. As the patient was lying on a padded head rest, auditory 

stimuli reached him largely through the ear homolateral  to the 

recording site. 
Auditory stimuli were presented from prerecorded tapes 

by a studio cassette recorder placed about 1-1.5 m in front 
of the patients face. The loudness was adjusted so that  it corre- 

sponded to the loudness of a normal speaker ( ~  60 dB sound 
pressure). In addition, activity was recorded during conversa- 

tion such as specific instructions, information exchange between 
the surgeon and other persons. Noises and conversations not 

related to the tests were kept to a minimum, but  could not  

be avoided completely. They were recorded as well and were 

often useful as control stimuli. 
The formal auditory tests always started with a word list 

taken from speech audiometry tests at a loudness corresponding 
to conversational speech. This list contained 20 words (Cork- 

screw, Newspaper, Rhinoceros, Rattlesnake, Hotdog, Airplane, 

Christmastree, Telephone, Automobile, Alligator, Horseshoe, 
Spaghetti, Helicopter, Cadillac, Grasshopper, Hamburger,  Cat- 

erpillar, Toothbrush, Strawberry, Crocodile). They were spoken 
by a male American speaker. 500 ms before each word a 1000 

or 500 Hz tone of 500 ms duration appeared. Each period from 

one word to the next lasted 5 s. For the last 11 patients, a 
new word list was designed which consisted of 10 triplets of 

words, which contained at least one identical formant, but  the 
first word had only one syllable (e.g. Time), the second had 

2-3 syllables (e.g. Tiredness) and the third was a compound 
word of 2-3 syllables (e.g. Pipe-dream). Occasional German 
words were interspersed the meaning of which was not  known 

to the patient. One patient was German and could not under- 

stand English. For him a German wordlist was composed with 
some English words interspersed, which he could not  under- 

stand. The patients were first asked to just  listen to the words 
and, in a second run, to repeat each word aloud. 

A second tape contained short sentences such as "Popcorn  

balls cost ten cents ", '~ Today is Peters graduat ion",  "The  Au- 
tomobile has two doors" .  These sentences were presented in 

various distortions: 1) The peaks of the sound envelop triggered 
short (0.5 ms) pulses so that  only the time structure including 

the fundamental  frequency but not the dynamic structure (loud- 

ness, harmonics, envelop and prosody) of the speech signal 
could be heard; 2) The speech was dissected into several fre- 

quency bands corresponding about to the critical frequency 
bands (Frequenzgruppen, frequency groups, Zwicker 1960, 

1961). Their envelops were used to modulate harmonic spectral 

lines at distances of 100 Hz, which were then resynthetized 
(vocoder transformation, see Schroeder 1966); 3) Original 

speech; 4) Same vocoder t ransformation as in b; 5) The tape 
recorded sentence was played backwards; 6) The patient was 

asked to repeat the sentence. Transformations I and 2 could 
not be understood. Transformation 2 sounded like an electroni- 
cally produced robot  voice, while t ransformation 1 was a mono- 

tonic noise in which the time structure of speech could be heard 

but the sound was very different from a human  voice. The 
vocoder transformation in 4, al though physically the same as 
in 2, could now be understood because the patient had heard 

and understood the original sentence in 3. The reverse speech 
in 5 could not  at all be recognized. It contained all the spectral 
elements of the original, but in reversed order, and therefore 
sounded like a foreign language. 

In some patients we also used vocoder transformed single 
words of the word list. In others we asked the patients to repeat 
a word or a short  sentence only after additional instruction 
about 5 sec after they had heard the word. Words and sentences 
were of  increasing length and complexity. They were spoken 
by an American woman. 

Microelectrode activity was high pass filtered (1000-3000 
Hz) and tape recorded together with the ECoGs from 3 loca- 
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tions including that of the pressure foot, the electronic stimulus 
signals and the microphone. After the operation, the tape re- 
cords were played back on an oscilloscope and photographed 
with a Grass-camera at a speed of  2.5 or 5 cm/s. Later, all 
records were computer processed for construction of peristimu- 
lus time histograms (PSTH), activity histograms and for aver- 
aged evoked potentials. For constructing PSTHs, the single or 
grouped unit activity was passed through an amplitude detector 
(Schmitt trigger). Sometimes, PSTHs of the same record were 
constructed twice at low and at high trigger level, if it was 
found that both PSTHs were not only quantitatively different 
but also differed in their time structure suggesting that the activ- 
ity at low amplitude contained neurons which responded differ- 
ently from those picked up at the high trigger level. 

This is an exploratory study in the setting of ongoing brain 
surgery, where time for this type of research had to be restricted 
to 20-30 min or less. Stimuli had to be designed beforehand, 
with little opportunity to change them during the operation. 
As no a priori knowledge on the possible responsiveness of 
neuronal activities in the various locations was available the 
experimental design had to try to cover a relatively broad range 
of possibilities. Data were inspected and analyzed only after 
the operation, since monitoring of on-going activity during the 
operation was limited to presence of activity free of injury or 
movement artefacts. Even when the later analysis of responses 
suggested the application of further tests during recordings, 
variation of the experimental design were kept to a minimum 
in order to facilitate comparison between patients and different 
electrode locations. 

Results 

Recording sites and general recording situation 

We recorded single unit activity from 23 sites in 
the left and from 18 sites in the right hemisphere 
during various auditory and speech tests including 
reading and naming (Fig. 1). Recordings in some 
patients were not of  sufficient quality for detailed 
analysis, which brings the number of successful re- 
cording sites for auditory tests to 36. Often the 
activity of one single unit could be recorded 
through one or several tests, but in the majority 
groups of units were recorded which were usually 
composed of up to 3-5 single units. Although the 
same unit or the same cluster of units could be 
recorded over a considerable time and thus 
through several parts of  the test in some patients, 
in others the activity was lost intermittently and 
the microelectrode had to be advanced before the 
next test. In some sites, we recorded successfully 
activity from two microelectrodes, and some tests 
were repeated at different electrode depths or in 
different locations in the same patient. Therefore, 
the total number of recordings during speech test- 
ing alone comes close to 100 different unit activi- 
ties. 

Single units in the lateral temporal lobe usually 
do not respond to inadvertent noises in the opera- 
tion room such as jingling from moving surgical 

instruments, sipping noises from the suction appa- 
ratus, steps or jingling clicks. Only very few units 
exhibited slight changes of  activity (a slight excita- 
tion or supression) during the 1000 or 500 Hz tone 
preceding each word. Such small responses could 
be revealed only by averaging over many trials. 
Responses to music will be treated in a separate 
report. 

However, conspicuous activity changes related 
to speech were frequently observed either during 
listening to the tape recorded words or sentences, 
to informal speech (instructions) or when a patient 
spoke himself. In order to give an impression of 
what sort of activities may be going on in the brain 
during a recording situation, we show a record 
from two microelectrodes in the right superior tem- 
poral gyrus during conversation directed to the pa- 
tient or between the investigators (Fig. 2). Both 
electrodes picked up the activity from several units, 
but some large (record 1) and smaller action poten- 
tials (record 2) could be identified throughout most 
of  the recording situation, especially at higher 
speed recordings. Figure 2A begins with the last 
response of a face comparison task, in which the 
patient was asked to say whether a face shown 
on the projector was identical to the preceding face 
or different. When the patient (P.) said "differ- 
ent",  there was some low amplitude excitation visi- 
ble in record l(a). However, when speaker Oj. ter- 
minated the test and announced the next one (b), 
record 1 showed much activity and record 2 a slight 
decrease of discharge rate. This pattern appeared 
again when speaker OC suggested a different test 
at low voice (c). The activation in electrode 1 and 
the suppression in 2 lasted throughout the speak- 
ing. Activity in electrode I increased again when 
OC spoke (d in B). During sucking noises (arrows 
in B) no time locked discharges appeared, and the 
announcement of some technical information over 
the loud speaker by speaker HL (e), not directed 
to the patient, activated only some discharges in 
1, which soon wore off, however. Non-verbal voca- 
lization of OC at low voice turned on some activity 
in 1 (f), but the following jingling noises of instru- 
ments did not have much effect. In C and D, the 
patient received some instruction from speaker OC 
at low voice (g, i), and several units in Record 
1 were activated, while the activity in record 2 de- 
creased. When the patient responded with " h m m "  
(h) low amplitude activity appeared in record 1. 
When OC spoke louder (E, j), unit discharges in 
record 1 were elicited by single syllables. 

Such ongoing recordings indicate that 1. 
nearby electrodes may pick up different activity 
patterns related to the acoustic signals, 2. speech 
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Fig. 2A-E.  Simultaneous recording of unit activities with two microelectrodes from the right inferior temporal gyrus during 
free speech (patient 8533, male). Electrodes were mounted together, the tips were 2 to 3 mm above each other. A, B Continuous 
recording. C-E  Sections of the recording a few seconds after A and B. 1 and 2: Recording from the two microelectrodes, 3: 
Audio signal. The speakers (P. : Patient, Oj, O.C., HL) and what they said is indicated below the recordings. The small letters 
a-j refer to details mentioned in the text. Time signal (l sec) after A is for records A and B, that at bottom is for C-E  

addressed to the patient or related to his task even 
at very low voice could produce stronger responses 
than unrelated loud speech, 3. the patients own 
vocalization also may activate neurons responding 
to exterior speech, and 4. non-speech noises usually 
do not activate neurons responding to speech. In 
the following, we shall attempt to break down 
these neuronal response patterns by demonstrating 
the responses to various speech related tasks in 
different locations of the temporal lobe. 

Location of speech related neuron responses 

Before describing these responses in more detail, 
we will give a survey of  the recording sites (Fig. 1) 
and their responsiveness to speech signals (Fig. 16). 

We recorded successfully during speech testing 
from 12 sites in the superior temporal gyrus in 
11 patients (8 right hemispheres, 4 left hemi- 
spheres). All these recordings except 3 were from 
sites lateral to the pre- and post-Rolandic cortex 
and 3 were more anteriorly located. 19 recordings 
(17 patients) were from the middle temporal gyrus 
(8 right, 11 left hemispheres) and five from the 
inferior temporal gyrus. All of  these recordings 
were obtained from patients with left hemisphere 
dominances for speech, based on the amytal test, 
with one exception. This patient (8531) with left 
temporal recording, was right hemisphere domi- 
nant for speech. Recordings obtained from here 
are specifically identified as "left, nondominant" .  
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All superior temporal gyrus recordings clearly 
showed speech related responses to words or sen- 
tences presented by tape or informally, and when 
the patient spoke himself. An exception were the 
three more rostrally located sites in or near the 

temporal pole, of  which only one showed a signifi- 
cant excitatory response during informal speech 
and patient speaking. Responsiveness of middle 
temporal gyrus neuron activity to speech sounds 
was much less conspicuous. In fact, only one re- 
cording showed a clear excitatory response to tape 

recorded words, two showed a slight excitatory 
and six a slight inhibitory modulation of discharge 
rate. In ten middle temporal gyrus recordings (60% 
of the sites with successful recordings), the unit 
activity was unresponsive to speech signals from 
outside. When the patients spoke themselves (re- 
peating words, naming, answers) middle temporal 
gyrus recordings were more frequently affected (see 
subsequent report). 

Three of the five inferior temporal gyrus record- 
ings showed a slight suppression during speech, 
while two responded with a slight suppression and 
one with a slight activation, when the patient spoke 
himself. 

Responses to single words 

Superior temporalgyrus. Some neurons in this loca- 
tion responded specifically to certain phonemic 
components of a word. The responses of other neu- 
rons distinguished between short and long words 
or between multisyllable and compound words. 
Still other neurons showed rebound activation near 
the end of a word or immediately following it, 
especially after short words. All excitatory neuro- 
nal responses in the superior temporal gyrus were 

characterized by bursts of  activity ranging from 
a few discharges to discharge trains lasting up to 
a few hundred ms. Peak discharge rates of single 
units could reach 100/s and mean rate during 
bursts were between 25-50/s. Examples are shown 
in the following figures. 

Some units appeared to be specifically responsive 
to certain phoneme categories. An example is shown 
in Fig. 3, from the right superior temporal gyrus 
of a female patient. This unit substantially dis- 
charged during some words of the list (words 1 
and 7 in this figure), only during some syllables 
in others (15, 17, 19, 20) and did not respond at 
all to the remaining words (4, 6, 8, 9, 13, 16). These 
responses were repeatable as the same pattern of 
responsiveness was seen when the word list was 
presented two minutes later in B, when the patient 

was asked to repeat each word. With some varia- 
tions, the activation pattern was similar during the 
first and second presentation of the same words. 
Closer inspection shows that the responses were 
related to certain sounds. Activation typically ap- 
peared after the guttural closure consonants k and 
g, especially when these were combined with an- 
other consonant such as r (cr, gr) or s (s, sk), and 
after the fricative s, in combination with another 
closure consonant (st, str). The activation often 
continued throughout the vowels following these 

consonant sequences. About three minutes after 
this word listening and repetition task, the patient 
was asked to listen to sentences spoken by a female 
speaker and to repeat them after a delay. Again 

the neuron responded strongly to the consonant 
sequences cr in the sentence: "The child is crying 
again", both when listening and when repeating 
the sentence (see Fig. 3 in the following report, 
Creutzfeldt et al. 1989a). The time that elapsed 
from the beginning of the consonants (e.g. chr in 
christmastree or cr in crocodile) was 60-100 ms. 
Although this is tuned to a broad category of 
phonemes, we cannot decide at this stage whether 
the consonant category alone or the combination 
with a subsequent vowel was the trigger feature. 
The long lasting activation during some syllables 
suggests the latter. 

The response of the neuron of Fig. 4 clearly 
distinguished between long multisyllabic and com- 
pound words. It was also recorded in the right supe- 
rior temporal gyrus but of  another patient. A burst 
of activity appeared during the second part of  com- 
pound words, in which the second syllable changed 
the semantic meaning conveyed by the first syllable 
(A D, I), but this activation was reduced or com- 
pletely absent during the second or third syllables 
of polysyllabic words of similar length, in which 
the first syllables were non-words with no semantic 
meaning ( E H ,  K). The time that elapsed between 
the beginning of the first vowel of the second word 
component and the neuronal activation was be- 
tween 60 and 100 ms. However, the activation 
lasted longer than the first syllable of the second 
word component and could continue throughout 
following syllables. The one exception in this series 
is the word "'helicopter ". This is, of  course, also 
a compound word, but this may not have been 
obvious to the listener. The first part of  this angli- 
cized word could exist, however, by itself as an 
independant word or could be part of  another 
polysyllabic English word (hell, hello, help, helix, 
helical), and the syllable combination "hel i"  is 
used in various words such as heliport, helium, 
heliocentric etc, which maybe not uncommon to 



A C o r k  s c r e w  

Patient 
a repeats 

Cork,.., s c r e w  i ~  s ~  

R a t t l e  s n a k e  

, I I i . . . .  7 ~ l.~ 
I 

A i r  p l a n e  

~.~- ~ - . -  

[. I - -IIII . IIIl _ I IIIII 
I 

C h r i s t m a s  t r e e  

7 7 

R a t t l e  s n a k e  

4 / ~ - v  ~ ~ , - "  ~,,~11111111,, 

, J  ,, , , , , ,  . . . . . . . . . . . . . . .  : 2  : 7- 

Air p l a n e  

6 , ~ .  ~ i , ,  . ~  

I I l I I I .  I I ' :  II " " " 

C h r i s l r n a s  t r e e  

8 21_. 
I 

9 
I 

i 

I/, j .... 

I 
i 

T e l e  p h o n e  

I 

A u t o m o  b i le  

. . . . . . . . .  III ! i 

C a d i l l  a c 

. . . . . .  llIIl IIII 

8 

14 

G r a  s s  h o p p e r  

15 , ,~.  ~ v 15 

T o l o  n h n n o  

C a d i l l  a C 

I 

G r a  ss  h o p p e r  

H a m  b u r  g e r  

16 ~ ~ . v  16 
. . . . . . . . . . .  ~ " i l l  I I  I 

C a  t e r p  i l i a r  

l . . . . . . . .  

r E  i . . . .  

S t r a w  b e r r y  

I 

19 -~=. .  ~ I -  

17 

I 

m 

19 
. . k .  

C r o  c o  d i l e  

2 0  |I 20 
, ,i _ . . . .  , 

. .  I I  

H a m  b u r  g e r  

C a  t e r p  i l i a r  

. . . .  II  . . . . .  

S t r a w  b e r r y  ~ .,-~ ..... 

IU 

C r o c o  d i l e  .... 
�9 --,,_ :~ ~-- , ~,, l i ~  

, t , j L  ..... " . , , :  

I I 

I sec 
Fig. 3A, B. Responses of a neuron in the right superior temporal gyrus to a restricted class of phonemes (8512, female). The 

words were tape recorded and played to the patient in an open field situation with 5 seconds between words. The numbers 

to the left of the records refer to the sequential number of the respective word in the word list. Not all words are shown 

in this figure. A The patient was asked just to listen to the words�9 B 3 min later, the patient was asked to repeat each word. 

In each record, the audio signal is recorded on top and the single unit activity below. The short line at the left below each 

record indicates the appearance of the 1000 Hz tone which preceded each word 
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Fig. 4A-K. Selective responses of a neuron in the right superior temporal gyrus to the second part of compound words (8424, 
female). A - H  Selection of original recordings. The sequential number of the words in the tape recorded word list is indicated 
under each letter (e.g. the word airplane was the sixth word in the word list, the word horseshoe the eleventh etc.). In each 
recording, the single unit recording is on top, the audio-signal in the middle and the 1000 Hz tone in the third line�9 I, K Superimposed 
responses to all ten compound words (I) and to all seven polysyllabic words (K) of the word list 

average American speakers. The speaker had, in 
fact, separated both parts of  the word by a long 
pause as in the other compound words, indicating 
its compound nature, while in the usual multisylla- 
ble words the pauses between syllables were shorter 
(see phonograms in Fig. 4). Neuronal responses of 
this type may have a function in composition of  
word segments to word entities probably largely 
based on temporal features, but without specific 
semantic coding, since the activation was seen in 
all compound words of this series. 

Other neurons only distinguished short and long 

words, and tended to respond more to long polysyl- 
labic than to short monosyllabic words, irrespec- 
tive of whether the long words were compound 
or not. A response of such a neuron is shown in 
Fig. 5. It was recorded in the left nondominant  
superior temporal gyrus of a female patient. The 
large unit in this recording discharged only once 
or not at all during monosyllabic words (left col- 
umn), but showed a longer burst of  activity from 

the second syllable onwards (right column). The 
activation always started during the second syllable 
even in those compound words in which the second 
word component began with the third syllable (An- 
gel-fish, Christmas-tree). This activation appeared 
also during a long German word (Liebeslied), the 
meaning of which was not known to the patient. 
Such responses may be significant for prosody of 
speech, integrating a syllable into a word, i.e. 
speech functions that have been particularly relat- 
ed to the nondominant  hemisphere (Ross 1981). 
The first syllable might have increased the excit- 
ability, so that excitation from the second syllable 
onward reached threshold. It may be noted that 
in this record a second, smaller unit appeared dur- 
ing the last words, which was suppressed during 
short words (peak) and during the first syllable 
of multisyllable words (Liebeslied). 

Some units demonstrated both enhanced activity 

towards the end of compound words and activation 

speeifiealIy related to certain phonemes. An exam- 
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Pail  An gel fish 

Split Christmastree 

M a t Hamburger 

Peak Lie beslied 
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I sec 

Fig. 5. Strong responses to multisyllable (right) but not to monosyllable words (left) of a neuron in the left nondominant superior 
temporal gyrus (8531, female). Single unit recording on top, audio recording at bottom (500 Hz tone preceding each word). 
The large unit could be identified throughout the whole recording session, and an additional unit with small action potentials 

was picked up by the electrode during the last two words 

ple of this is shown in the recordings of Figs. 6 
and 7. These records are from the left superior 
temporal gyrus of a male German speaking patient 
who had virtually no knowledge of English. The 
two records in each box of Fig. 6 are responses 

to the same words presented twice but at an inter- 
val of  three minutes and in different conditions. 
During the first presentations, the patient was 
asked just to listen to the words, and the second 
time he was asked to repeat each word aloud or 
to count silently the animals contained in another 
word list. The record during these auditory tests 
was dominated by one large unit which could be 
identified throughout the five minute recording al- 

though the amplitude decreased slightly towards 
the end. A third unit of  still larger amplitude was 
recruited regularly during word repeat (see Fig. 6 
in the following paper). The activation pattern elic- 
ited by the same words under the different condi- 

tions was very similar if not identical, as can be 
appreciated in Fig. 6. During short words, the unit 
was usually not active, although there was often 
a short rebound activation towards the end or fol- 
lowing the word (Fig. 6C, D; Fig. 7A). After 2- 
syllable words, such a late activation occasionally 
also appeared (Fig. 6 E, G), but was less common 
(Fig. 7 B). During long compound words, a strong 
activation regularly appeared during the second or 



O
0
 

C
~
 

0
 

Z
 

1
9
 

-
n
 i
 

I
-
 

::
]0
 



A t l sylt :~ 87:36 

t I'r  
_IOQW 128counts N = 10 

2 ' 1,.i.,.[.,,,lIL,, +HMJ,I,k~,,,, ,..L, ,, ,,,,,,L4 If,, ,,,., ,,,,J+,,, ,.., kh,,, +I,,,,,,I 

'+ I I 
10(~S~' 79counts 1 N=IO 

2 +.,, :,,.l, i+. ,,,, !+, . 

o t 2 3s 

C icompound word 

1 tiLil,,JJ,,, , . , , , , + , ,  

++++ou,-+ I N= o 

0 l 2 3s 

Fig. 7A-C. Different responses to short and long words of a 
unit in the left superior temporal gyrus (8736, male). The histo- 
grams are from the activity of which a selection is shown in 
Fig. 6. Discharge averages during 10 one syllable A, ten two 
syllable B, and ten compound words C. The PSTHs were syn- 
chronized on the beginning of each word. The numbers written 
above each histogram are total numbers of discharges during 
1.4 s, which correspond to the longest compound word of the 
list. Binwidth 5 ms 

third part of  the words (Fig. 6I-N,  Fig. 7C). A 
closer look on these records suggests, in addition, 
activation by a broad class of phonemes contained 
in certain compound consonants (gl in Fig. 6A, 
kr in B, bl in C, k in F, f / i n  G, rt in H). These 
activations always lasted longer than the word 
component that apparently triggered them so that 
it is difficult, as in the example of Fig. 3 to decide 

whether only the consonants or a given consonant/ 
vowel combination were responsive. 
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Suppression of  activity during certain parts of 

words was also seen, but was less conspicuous part- 

ly due to the low spontaneous discharge rate of 
lateral temporal lobe neurons. The activity of some 
active neurons or neuronal populations may be 
suppressed throughout words or sentences, usually 
followed by a rebound at the end of speech. 

Middle temporal gyrus. As mentioned above re- 
sponses to words or sentences were found in only 
half the recording sites. They were much less obvi- 
ous and, in the majority inhibitory. Excitatory re- 
sponses never reached maximum discharge rates 
above 10/s and were usually less. No close links 
to phonemic or prosodic features could be identi- 
fied. The activity averaged in Fig. 8 A and B was 
slightly suppressed during the word (and also dur- 
ing the 1000 Hz tone), but sometimes showed a 
slight rebound afterwards. 

When the patient was asked to repeat the words 
(B), the suppression during the repeat was more 
obvious. The neuronal activity of Fig. 8C, from 
another patient, was also initially suppressed with 
a slight rebound towards the end of the words, 
which is seen more clearly when the activity was 
synchronized with the beginning of the word (E, 
F). The initial suppression during listening 
changed into a slight activation when the patient 
had to repeat the words aloud (D ; see also below). 

Variability of  responses depending on the task 

The responses of  some neurons varied with attention. 

Thus, the neurons in Fig. 2 (right superior tempo- 
ral gyrus) responded strongly to speech addressed 
to the patient (b, c), but only slightly with speech 

not directly addressed to him (e). Excitatory re- 
sponses to word presentation were sometimes en- 
hanced or diminished, or a slight suppression 
changed into excitation when the patient was asked 
to repeat each word instead of just listening to 
them. This could represent increased attention di- 
rected to the stimulus or preparatory activity relat- 
ed to the overt response. However, such task relat- 

Fig. 6A-N. Responses to phonemic aspects and word length of a neuron from the left superior temporal gyrus (8736, male, 
German speaking). Selection of short and long compound words from a tape recorded word list. This electrode picked up the 
activity of several units, but one large action potential could be identified throughout the recording period. In each section 
of this figure, the response of the unit is shown to a first (top) and second (middle) presentation of the same word (bottom). 
The first and second recordings were separated by about 3 minutes. The recordings on top were taken while the patient just 
listened to the words, while during the second recordings in A-D, G, H, the patient was asked to silently count the number 
of animals in that word list. In the remaining recordings C, E, F, I-N, the patient was asked to repeat each word. Note the 
similar responses to the various words during the first and second presentation. The legend on the audiograms only approximately 
matches the syllables with the corresponding parts of the envelope. This patient could not understand English words 
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Fig. 8A-F. Responses to words of 
different units in the middle 
temporal gyrus of two different 
patients (A, B: 8605, right side, 
C-F:  8510, left side)�9 A, B 1: 
Single dot display and PSTH at 
high trigger level (one single 
unit), 2: PSTH at lower trigger 
level (multiunit activity), 
3: Averaged audio-response�9 In A, 
the patient listened to 15 words 
preceded by a 500 Hz tone. In B, 
he repeated each word after 
presentation. Binwidth 13.5 ms. 
C-E Histograms from one single 
unit, synchronized with the 1000 
Hz tone in C, D, and with the 
words in E, F. C-E High trigger 
level (one single unit). F Low 
trigger (multiunit activity)�9 C, E, 
F The patient listens to 20 words�9 
D The patient was asked to 
repeat each word after its 
presentation�9 Binwidth 10 ms in 
C, D, 13.5 ms in E, F. The slow 
modulations on top of the 1000 
Hz tone in this and other 
averaged records are due to 
sampling and do not reflect the 
tone frequency 

ed changes of responsiveness were not seen in all 
neurons, probably in less than 50% (we hesitate 
to give an exact figure, as each block of the listen- 
ing and repeat task lasted several minutes, and sta- 
bility of recording could not always be guaran- 
teed). Task related changes of responses were again 
most obvious in some superior temporal gyrus re- 
cordings. The large unit in Fig. 9A-C only occa- 
sionally discharged towards the end of the word 
when the patient just listened to them (A). How- 
ever, when the patient was asked to repeat each 
word, the unit became activated already early dur- 
ing the words but it did not respond during the 

patients overt word repeat (B). When a message 
was spoken over the audiosystem the neuron be- 
came active only after a significant latency as if 
it was turned on only when the patient concentrat- 
ed on the auditory signal (C). A similarly strong 

effect is shown in the example of Fig. 4 of the fol- 

lowing report. 
Some units of  the superior temporal gyrus de- 

creased activity (down to 50-70%) when listening 
to words that the patient had been instructed to 
repeat compared to the same words presented 
without the instruction. The histograms of Fig. 10 
are from the same recordings as those shown in 

Figs. 6 and 7. The response decrease from the pure 
listening runs (1) to the listening for repeat runs 
(2) was strongest in the monosyllable word series 
(Fig. 10 A, I and 2, respectively). As described ear- 
lier, activation by one-syllable words was, in this 
recording, predominantly a rebound activation fol- 
lowing the word. When the words had to be repeat- 
ed, this period was the preparation interval for re- 
peating the word. One may therefore argue that 
the mental process involved in this preparation for 
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A B C 

Listens N=6 Listens/Repeats N=6 Assistant speaks 

Fig. 9A-C.  Task dependant neuronal responses to language in the right superior temporal gyrus (8509, mate). A When simply 
listening to words (A) the unit responded only rarely towards the end of the words. Superimposition of responses to 6 words. 
B When the patient was asked to repeat the words, the unit already responded at the beginning of the words, but does not 
respond to the patients repeat (horizontal line on audio-record). Superimposition of 6 words. C When a message is spoken 
over the audio-communication-system, the unit becomes activated only towards the end of the sentence 

repeat contributed to the suppression of the re- 
bound activation. 

In middle temporal gyrus neurons such changes 
of responsiveness were less obvious but could be 
recognized occasionally (see Fig. 8). Thus the small 
rebound activation in the example of Fig. 8 A was 
slightly enhanced when the patient had to repeat 
the word (B), and the slight suppression of activity 
in the example of Fig. 8 C turned into a slight acti- 
vation when the patient was asked to repeat the 
words (D). Now, the suppression appeared during 
the word repetition. 

During the free speech situation, it was some- 
times difficult to decide to what extent the activa- 
tion of a neuron was an effect (or correlate) of  
general arousal, of  directed attention or whether 
it was specifically related to the acoustic speech 
signals. A case where this difficulty is apparent 
is shown in Fig. 11. In this recording from the left 
non-dominant superior temporal gyrus, the unit(s) 
discharged in rhythmical bursts with a beat of  3-4/ 
s (A). These bursts were closely related to the slow 
0-waves of the EEG which in this patient were 
the prevailing EEG pattern of this region (not 

A 1-syll B 2-syU , 

42 53 
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Fig. 10A-C. Decrease of responses to 
short and long words in the left 
superior temporal gyrus when words 
had to be repeated (8736). A Re- 
sponses to one syllable, B to two 
syllable, and C to compound words. 
1 : The patient just listened to the 
words, 2: He is asked to repeat the 
words. The numbers of refer to the 
discharges counted during the 
response periods indicated by the 
vertical lines. Binwidth 5 ms 
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Fig. l l A - D .  Change of discharge pattern of single units in the left nondominant superior temporal gyrus during speech addressed 
to the patient (8531, female). One large unit can be identified throughout the record, in addition to activity of smaller units. 
A During rest the units discharge in short bursts at a burst rate of 3-4 per s. These bursts are synchronous with the 0-waves 
in the ECoG which are not shown in this record. A jingling noise does not interrupt this activity. B When speaker A announces 
the next auditory task, the rhythmical burst activity is interrupted and the large unit is shortly activated. This is also seen 
when speaker B speaks at low voice to the patient. When the patient (P) responds, the activity is suppressed. C Ten seconds 
later, the burst activity has been resumed but is to some extent interrupted by the task announcement. D While the patient 
waits for the beginning of the word list, some burst activity is present, but again interrupted, when the task begins (1000 Hz, 
followed by a vocoder transformed word, which the patient could not understand) 

shown in this record).  When  a task was announced  

by speaker  A, the burst  activity changed into a 

more  cont inuous  act ivat ion pat tern  which was 

even stronger when speaker  B gave some addit ion- 

al in format ion  at low voice (B). The patients voice, 

when she asked " W h a t "  did not  activate the neu- 

ron  but  ra ther  silenced it for  a short  while. The 

next  instruct ion f rom A, given a few seconds later, 

did not  affect the activity significantly, but  a fur- 

ther  commen t  lead again to an in ter rupt ion  o f  the 

rhythmical  burst  discharges and a more  cont inuous  

act ivat ion (C). Following this, the activity relapsed 

into the 3~4/s burst  rhy thm until  the audi tory  task 
began. Dur ing  the formal  testing, the same units 

had only been activated by long words (see Fig. 5). 

We may  therefore  interpret  the act ivat ion o f  this 

unit  as a specific response to the speech addressed 

to the pat ient  but  under  cont ro l  of  at tent ion.  

In the middle temporal gyrus a slight arousal  

act ivat ion was seen during ongoing speech in some 

neurons.  Here,  the neuron  in Fig. 12 m ay  serve 

as an example. It was recorded in the anter ior  por-  

t ion o f  the right middle tempora l  gyrus during the 

diagnostic ECoG-explora t ion .  F ro m  time to time, 

the e lect roencephalographis t  repor ted  on his ob- 

servations and diagnostic evaluat ion over the au- 

d io-communica t ion  system. The  neurona l  activity 

was low th roughou t  the resting period,  but  became 

activated during these announcements  wi thout  ap- 

parent  relat ion to phonet ic  elements. Activity in 
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Fig. 12A-C. Non-specific activation of neuronal activity in the right middle temporal gyrus by speech (8603, female). One single 
unit with large amplitude and multiunit activity with small amplitude can be distinguished. The unit activity is low during rest 
and increases 2-3 times while the electroencephalographer describes the EEG records to the surgeon over the audio-communication- 
system (see audio monitoring in second line of records). On top, discharge rates per second during 30 s of resting activity and 
20 s of speech (mean rates and standard deviation for each second) 

the right superior temporal gyrus of this Same pa- 
tient showed a clear activation predominantly dur- 
ing compound words and with coupling of activity 
to some phonemic aspects. 

Acoustically distorted speech 

This part of  the study was designed to distinguish 
between responses to acoustically correct and to 

distorted, not-understandable speech. As further 
explained in Methods, language was distorted in 
different ways : reducing it to pulse frequency mod- 
ulation (1), vocoder transformation (2, 4) or by 
playing it backwards (5). The speech samples were 
short sentences. Each sentence was presented twice 
in a distorted way, which the patient did not under- 
stand (1, 2), then in its original form (3), followed 
by a repeat of  the same vocoder transformation 
as 2, which could now be understood because the 
listener knew what it meant (4), and then by re- 
versed speech (5), which contained the same spec- 
tral components in reversed order but was not un- 
derstandable. Each run was completed by asking 
the patient to repeat the sentence. We have run 
this test during microelectrode recordings in 4 pa- 
tients in the superior temporal gyrus, in 7 patients 

in the middle and in 2 patients in the inferior tem- 
poral gyrus. This test takes half a minute for each 
sentence, and therefore stability of the recordings 
was often not sufficient to run through all 10 sen- 
tences (5 min). 

In only 5 recordings have we observed consis- 
tent differences of neuronal activity during the var- 
iously distorted sentences. Four neurons changed 
activity only during undistorted speech, and one 
other only during two understandable speech rep- 
resentations. An example of this is shown in 
Fig. 13 A-D.  This neuron in the left middle tempo- 
ral gyrus was slightly activated during the real 
speech sentence (3). As is typical for middle tempo- 
ral gyrus neurons, the activity was not linked to 
any phonetic features of the sentences. One may 
interpret this activation as representing "surprise" 
(ah, that's what he said), or selective attention re- 
lated to language rather than a response to the 
specific phonetic content or sentence meaning. It 
should be realized that this neuron also showed 
periods of  activation not related to the sound of  
the speech such as preceding transformation 1 and 
5 in Fig. 13 B. Thus, the activations during the nor- 
mal speech representation can have, per se, only 
limited significance to the understanding of the 
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Fig. 13A-D. Activation of a single unit in the left middle temporal gyrus only by undistorted speech (Patient 85 PRO, female). 
A, C Original records. B, D Recording of discharge rates. The patient heard two different sentences in A, B and C, D, respectively, 
as written on top of the first audio record. The speech was distorted acoustically in different ways (see Methods): I) Pulse 
interval transformation, 2) Vocoder transformation, 3) Original speech, 4) Vocoder transformation (as in 2), 5) Back to front 
replay of the sentence. Only sentences 3 and 4 could be understood. A slight activation of the unit activity is only seen during 
the presentation of the sentence presented in original speech (record 3) but occasional bursts of activity appear between sentences. 
Binwidths in B, D 40 ms 

sentence, if not correlated with activity patterns 
of other neurons in a rather specific way. 

Figure 14 shows discharge counts during and 
following the presentation of  the various sentence 
transformation of three other neurons. The activity 
in Fig. 14A is from a neuron in the right superior 
temporal gyrus. It is clearly suppressed during the 
presentation of  the undistorted (3) and the reversed 
(5) sentences, and shows a sharp off-activation fol- 
lowing the real speech sentence (3) and a smaller 

one after the reversed sentence (5). This might indi- 
cate, as one might expect from a superior temporal 
gyrus neuron, a response specifically related to un- 
distorted language sounds. During the real speech 
sentence, some short activations related to segment 
borders were present in the original records during 
two sentences. The activity of the middle temporal 
gyrus neuron in Fig. 14B showed an increase only 
during the real speech sentence (3), and that in 
Fig. 14C appeared to be slightly suppressed 
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Fig, 14&-C.  Discharge rates dur ing acoustically distorted sen- 

tences. The numbers on the abscissa refer to the type of  speech 
distortion as explained in the legend to Fig. 13 and in the text. 
Diagonally hatched columns: Activity during sentence presenta- 
tion (2 s). Horizontally hatched columns: Activity during 2 s fol- 
lowing sentence presentation. Mean discharge rates with stan- 
dard deviation (vertical lines on top of each column). Points 
connected by lines: Mean value of  rank orders of  activity during 
each sentence. A Patient 8505, superior temporal gyrus, t~ Pa- 
tient 8605, middle temporal gyrus. C Patient 8613, middle tem- 
poral gyrus. Data are, in each patient, from one single neuron 

throughout the period of presentations 2-4, i.e. the 
just uncomprehensible vocoder transformation (2), 
the real speech sentence (3) and the understandable 
vocoder transformation (4). One is tempted to re- 
late also these middle temporal gyrus responses 

to the process of understanding or trying to under- 
stand the sentences. 

Despite the limited data so far obtained with 
the test, the differences between the superior and 
the middle/inferior temporal gyrus recordings were 
in the same direction as those found during the 
normal speech tests. The activity of the superior 
temporal gyrus neuron showed a distinction be- 
tween real and acoustically distorted speech with 
sharp discrimination between the speech and the 
non-speech period, while the middle temporal gy- 
rus neurons showed only slight activity changes 
without sharp discrimination between speech and 
nonspeech periods. 

Evoked ECoG-potentials 

The electro-corticogram was recorded at the mi- 
croelectrode recording site with a small silver ball 
electrode fixed to the pressure foot (see Methods), 
as well as from various other sites. Details of  the 
electro-corticographic recordings and neuronal 
unit activity will be described in a later report. 
One example is illustrated here to show the com- 
plex relationship between the activity of single un- 
its and the surface evoked potential, and that the 
latter may give only limited information on the 
actual distribution and time course of intracortical 
neuronal activities evoked by a complex auditory 
signal. The potentials in Fig. 15 were recorded 
from the same patient and during the same audito- 
ry tasks as shown in Figs. 6 and 7. In A and B 
the patient listened to 40 short words, in C and 
D to 30 words, 10 of  them one-syllable, 10 two- 
syllable and 10 long compound words. The histo- 
grams below each evoked potential are from the 
largest units recorded at this site. It can be recog- 
nized, that the ECoG-potentials elicited by the 500 
Hz-tones (Fig. 15A and C) clearly differed from 
those elicited by the words (B and D). Also the 

summed unit activity differed in both situations. 
No prediction can be made from the evoked poten- 
tial as to the responses of  this single unit, however. 
In A and B the unit activity was slightly suppressed 
during the initial positive phase of the evoked po- 
tential (60-120 ms) and slightly activated towards 
the end of the subsequent negative phase (120-250 
ms), but this is less clear in C and D. We have 
other examples in our material which show a closer 
relationship between single or multiple unit activa- 
tion, and it maybe that a grand average from many 
units might give a better correlation. Yet, a tighter 
correlation between both events can be expected 
only, if stimuli are identical, i.e. if responses to 
single words would be averaged. 
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Fig. 15A-D. Evoked ECoG- 
potentials and single unit responses 
to a 500 Hz tone A, C and to single 
words B, D (Patient 8736, left 
superior temporal gyrus). The 
electrocorticogram was recorded 
from the surface above the 
microelectrode recording (see 
Methods). A, B Averaged responses 
to 40 tones A and 40 short one and 
two-syllable words B. C, D Averaged 
responses to 30 tones C and 30 
predominantly long words D. Note, 
different time scales in A, B (bin 
width 3 ms) and C, D (bin width 
4 ms) 

Discussion and conclusions 

The observations on single neuron responses in the 
lateral temporal lobe to speech give some insight 

into the working of  this brain region during listen- 

ing to linguistic signals. At this stage of  a pilot 
exploration of a new field we considered it appro- 

priate to present examples of  original recordings 

and analysis, in order to give an impression of  

the type of  complexity and variety of  neuronal sig- 
nals elicited by speech sounds. The sample of re- 
cordings was collected without regard to any ef- 

fects of  the behavioral measures, and with few 
other constraints: recordings were limited to the 
area of  the planned resection, the neuronal popula- 

tions had to be situated so that activity could be 
held throughout the auditory test (tending to bias 

the sample toward deeper cortical layers), and ac- 
tivity with frequent high frequency bursting, sug- 
gestive of  epileptic activity (Calvin et al. 1973), was 

excluded. 
We are aware that some observations reported 

in this study may be considered incomplete by rig- 
orous standards as they lack the systematic varia- 
tion of  stimulus parameters needed for clearly de- 
fining the class of  signals represented by maximal 
excxtation of a given unit or in a certain area. When 

searching for optimal stimulus parameters in the 
auditory and periauditory cortex one should be 
aware, however, that apart from tone and modula- 

tion frequency straight forward parameters such 
as found in the visual cortex (e.g. contrast, con- 

tours, colour, orientation, movement etc.) have 
barely been defined in the auditory domain even 
in animal studies (Symmes 1981 ; Creutzfeldt et al. 

1980; Goldstein and Abeles 1975; Newman 1977, 

1978). Yet, by applying a variety of defined stimuli 
and by varying the behavioral responses to these 

stimuli, we were able to test a number of questions 

related to neuronal responses to spoken language 
and we were thus able to get at least some ideas 

in which way and to what a degree the areas and 
neurons from which we recorded were involved 
in speech processing. All response types which we 

have described and documented in this paper have 
been observed on several patients and often in si- 
multaneous or successive recordings of  different 
neurons in the same patients at the same recording 

site. They are therefore probably very common, 
widespread changes. The fact that in our patients 
the auditory input was essentially restricted to the 
ipsilateral ear might have had a negative effect on 
sampling of  responsive units since auditory cortex 
neurons may have a predominant input from either 
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Fig. 16. Schematic representation of response distribution over the temporal lobe to auditory language signals. Data from right 
and left hemisphere are drawn into one (left) temporal lobe. Symbols indicate the predominant response at one recording site, 
independant of whether only one single unit, multiunit activity, or several units were recorded simultaneously or successively. 
Recording sites in which auditory responses to language were not tested or where units could not sufficiently discriminated 
are not included. Symbols: $ strong and specific modulation of activity by spoken language (for details see text). $ only suppression 
of spontaneous discharge rate, ]" only slight activation, - no response. The region with predominantly strong responses is cross- 
hatched, that with weak responses is marked with diagonal lines 

the contra- or the ipsilateral ear (Imig and Adrian 
1971). We do not expect a qualitative difference, 
however, neither in response patterns nor in topog- 
raphy due to the predominantly monaural stimula- 
tion. 

In the following we will discuss different as- 
pects of  this study, namely the question of  the ana- 
tomical distribution of  speech related neuronal ac- 
tivity in the lateral temporal lobe (A), the question 
of the specificity of neuronal responses in relation 
to auditory, phonemic and linguistic variables (B), 
and the question of task dependant responses (C). 

The topographical distribution of language related 
activities in the lateral temporal lobe 

The responsiveness to auditory speech signals of  
the lateral temporal cortex does not show obvious 
differences between the right and the left hemi- 
sphere. This in itself could indicate that the neuro- 
nal signals which we recorded probably do not rep- 
resent, as such, the semantic elements of the spok- 
en language since otherwise one would have ex- 
pected clear lateral differences. The detailed analy- 
sis of  individual responses in other tests (see Oje- 
mann et al. 1988; Creutzfeldt, Ojemann, Lettich, 
in preparation) also failed to give any indication 
that semantic meaning as such is represented in 
the activity of neurons in the middle and anterior 

segment of the lateral temporal lobe including the 
superior temporal gyrus. 

The superior and the middle temporal gyrus 
and the anterior temporal cortex are differently 
affected by spoken language (see Fig. 16). All neu- 
rons in the superior temporal gyrus lateral to the 
sensory and motor cortex showed activity modula- 
tions closely related in one way or the other to 
different aspects of  spoken language including the 

subjects own voice (for the latter see the subse- 
quent report). Excitatory responses were strong 
and obvious with event related bursts of  discharges 

at a mean rate of 20-50/s and peak rates reaching 
70-100/s. In contrast, middle temporal gyrus neu- 
rons were either not at all or only slightly affected 
by spoken language with mean rates below 5-10/s. 
Thus, the superior temporal gyrus is clearly more 
involved in the representation of auditory linguistic 
signals than the middle temporal gyrus. This i s  
consistent with the observation that phoneme rec- 
ognition may be impaired by electrical stimulation 
of the superior temporal gyrus lateral to the senso- 
ry and motor fields (Ojemann 1983). It is also in 
line with the definition of the superior temporal 
gyrus as an auditory association cortex (see Creutz- 
feldt/983). The lack of  obvious pitch or noise sen- 
sitivity of its neurons, and the loose - if any - 
coupling of their activity to harmonic elements of 
speech signals such as formants (vowels) indicates 
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that this area is not part of  the tonotopically orga- 
nized auditory cortex. Our recording area in the 
superior temporal gyrus corresponds approximate- 
ly to the internal and external parakonio-cortex 
as defined cytoarchitectonically by Galaburda and 
Sanides (1980), which may correspond to the non- 
tonotopically organized lateral or ventral auditory 
association cortex of other mammals such as the 
rhesus monkey (Merzenich and Brugge 1973), cat 
(Merzenich et al. 1979), or guinea pig (Redies et al. 
1989). 

As to the pathways which carry activation and 
inhibition into this auditory association area, we 
cannot say much from our data. Whenever an acti- 
vation can be related to a well defined phonetic 
event, the response latency is between 60 and 100 
ms. At the sound pressure used, this long latency 
suggests several relays. It must be considered, how- 
ever, that the sound pressure of voiceless conso- 
nants is much lower than that of the vowels. Re- 
sponses to and perception of voiceless consonants 
can therefore the easily suppressed by backwards 
masking (Spenner and Urbas 1986). The long last- 
ing activations during and following words and 
often across phoneme boundaries indicate that ac- 
tivities in this region are not just due to feature 
related selection of primary auditory cortex activi- 
ties but represent additional labels related to 

acoustic signals (see section B). They contribute 
rather than extract specific information to the mul- 
tiple parallel representation of auditory linguistic 
signals in the brain in a way similar to that seen 
in other sensory systems (Creutzfeldt 1983, 1985). 
Such additional informations could reach these ar- 
eas via parallel thalamo-cortical projections 
(through the pulvinar) or could result from a com- 
bination of pulvinar-thalamic and transcortical-as- 
sociation inputs. Here, it should be noted that neu- 
ronal activities in the thalamus and other subcorti- 
cal structures are also affected by spoken language 
in a specific manner (Bechtereva et al. 1979), and 
that electrical stimulation or lesions in the pulvinar 
may lead to speech disturbance (Ojemann 1976). 

Neurons in the middle temporal gyrus were as 
a whole much less responsive, but not all were 
completely un-responsive to auditory language sig- 
nals (see Fig. 16). No specific features of our audi- 
tory stimuli could reliably be related to activity 
changes of units in this area, however (see below). 
Visual stimuli, written language, pictures or faces 
also failed to modulate the activity of these neu- 
rons in a prominent and reliable manner, although 
modification of discharge rate was found in some 
of them during various tasks involving memory 
(see Ojemann et al. 1988). Possibly other variables 

which were not included in our exploration, have 
to be linked to the auditory stimuli in order to 
affect the middle temporal gyrus neurons more 
consistently. Yet, as auditory responsiveness, in- 
cluding responses to the subjects own voice were 
found in nearly 50% of the recording sites on the 
lateral surface of the middle temporal gyrus below 
the sensory and motor cortex but no visual re- 
sponses, this region may still be considered as part 
of the auditory rather than the visual association 
cortex, if one wants to connect it to one of these 
two senses at all. 

The lack of auditory or visual responsiveness 
of recordings in the anterior lateral temporal cor- 
tex (temporalpole) leaves the question of the func- 
tional significance of this part of  the human tempo- 

ral lobe again unanswered. The inferior temporal 
gyrus does not appear to be much involved in audi- 
tory speech analysis either. In three out of the five 
recordings here, in which we tested speech, we 
found only a slight suppression of activity during 

words and no activity changes in the other two. 
As will be discussed in the last report, neurons 
in this region did also not respond specifically to 
complex visual stimuli or reading (see also Oje- 
mann et al. 1988). Thus, our single unit recordings 
in this segment of the human inferior temporal 
gyrus indicates so far that it is not functionally 
homologous to the monkeys infero-temporal cor- 
tex which appears to be involved in recognition 
of visual objects (Mishkin et al. 1983 ; Ungerleider 
1985). The homologous region in the human brain 
is probably located further posteriorly. 

The functional topography of the lateral tem- 
poral lobe with respect to the analysis of  speech 
as derived from our single unit study is consistent 
with some, but not with other conclusions based 
on observations with other methodological ap- 
proaches. The changes of RCBF and metabolic 
rate are distributed more widely over both tempo- 
ral lobes during listening to speech and during con- 
versation, although - in some studies - heaviest 
in the region over the superior temporal gyrus (Ing- 
var 1983; Lassen and Larsen 1980; Raichle 1987; 
Reivich 1983). Our single unit studies indicate that 
during listening to speech only the superior tempo- 
ral gyrus is specifically activated, but during overt 
speech of the subject we have noted a slightly 
stronger involvement of the middle and inferior 
temporal gyrus (see following report). During si- 
lent reading and naming we have seen only few 
if any systematic changes of activity over the whole 
lateral temporal lobe (see last report of this series, 
and Ojemann et al. 1988) and also RCBF-changes 
during silent reading appear to be restricted to the 
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riphery (Sachs etal .  1982; Delgutte and Kiang 
1984) or in fibres of the auditory radiation (Stein- 
schneider et al. 1982). Most neurons remained in 

an activated state for up to several hundred ms 
after the specific sound combination or speech seg- 
ment had vanished which had turned them on, like 
an undamped string on a keyboard instrument 
which goes on ringing after it had been touched. 
This reverberation may even continue across phone- 
mic segmentations of subsequent syllables and 
after the end of a word. 

As mentioned earlier, our data do not give any 
hint that responses of  superior temporal gyrus neu- 
rons are related to semantic categories of  spoken 
language. This can be concluded from responses 
to foreign words the meaning of which was un- 
known to the patient, and which affected neuronal 
activity in the same general manner as familiar 
words. On the other hand, the meaning of lan- 
guage to the patient, i.e. whether it was directed 
to him or whether he had to attend to it or not 
could have some effect on the amplitude of re- 
sponses (see section C). The closest we have seen 
as coming to semantics were the recordings in 
which neurons responded only to the second part 
of compound words, since these second parts al- 
tered the semantic meaning of the first part of  the 
words. Yet, one cannot assign a specific semantic 
signal to such responses as they appeared with each 
compound word contained in our word list. Such 
neurons indicate, however, that speech signals can 
be meaningfully segmented by neuronal activities 
already at an early, presemantic level and before 
conscious access to the vocabulary. 

A related but distinct type of response is the 
activation exclusively or predominantly during the 
longer words, no matter whether they are com- 
pound or just multisyllable. Such activations could 
" m e a n "  that the phonetic sequence is all belonging 
to one single word. Although such a category "one  
word"  appears to imply some semantic under- 
standing, the semantics are not contained in these 
activations as they develop during long and com- 
pound words without clear distinctions between 
meanings. It is more probable that the prosodic 
and temporal characteristics of  multisyllable in 
contrast to a sequence of  short words is the deter- 
mining factor for such long word-responses. 

Another aspect of  temporal sequencing of  
speech signals is suggested by some neurons or 
multiunit activities which responded indiscrimi- 
nately to every word of our word lists, or to almost 
each syllable of  a sentence addressed to them. They 
could thus beat in the rhythm of speech, at least 
for a limited period (see e.g. Fig. 2E, unit 1). This 

beat related activity might also contribute to the 
segmentation of ongoing speech. Again other neu- 

rons were just generally activated by speaking. 
Such neurons were not or only slightly affected, 
however, by the 500 or 1000 Hz tone preceding 
the words, or by non-linguistic noises around the 
subject. The message of  the activation of such neu- 
rones could then just be that speech is going on. 

Also inhibition can be a feature of neuronal 
responses of superior temporal gyrus neurons dur- 
ing words or speech. In a number of neurons sup- 
pression of ongoing activity was the first response 
to a word presented, which could then be followed 
by activation or rebound. The activity of  other 
neurons was strongly or completely suppressed 
during ongoing speech (sentences, instructions), 
and short off-activation could appear after termi- 
nation of  the sentence. That this inhibition may 
be language specific is indicated by the observation 
documented in Fig. 14A, where only the acousti- 
cally undistorted sentences suppressed the activity 
and elicited an oft-discharge. 

Thus, our observations so far suggest that neu- 
ronal activity in the superior temporal gyrus during 
speech may carry information on broadly tuned, 
mainly voiceless phoneme categories or complexes, 
on segmentation of phoneme sequences within 
words and spoken language, on coherence of 
phoneme sequences in long polysyllabic and in 
compound words and on the presence of language 
altogether. This information appears to be distrib- 
uted across different neurons or sets of neurons 
each of  which is not tuned to just one of these 
various aspects, and activation patterns elicited by 
the various triggering elements overlap in time. It 
is quite possible that in different linguistic contexts 
neurons may show different patterns, and it is 
probably the ensemble of  activities going on in this 
cortical network which determines its contribution 
to the representation of  speech signals rather than 
the specific activation pattern of one single neuron. 

An appropriate metaphor might be that of  an 
orchestra, in which each instrument may have a 
certain function according to its place and timbre, 
but within a piece of music it may be involved 
in various aspects of  representing the music, such 
as carrying the tune, responding to it or only ac- 
companying it and thus affecting its sound and 
quality, beating the rhythm or only accentuating 
it. None of the instruments is involved only in one 
aspect of  music but changes its function continual- 
ly. The sound of the instrument is invariantly de- 
termined by its built like that of  neurons by their 
connectivity, but its function is not only one and 
invariant within the piece of  music, which express 
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posterior perisylvian cortex, in addition to patches 
of increase in the frontal and occipital cortex, while 

during silent speech, changes of  RCBF are re- 
stricted to the dorsal frontal cortex (Ingvar 1983). 
When comparing results of the two approaches one 

also has to keep in mind the differences in the 

experimental situations in which the measurements 
were taken. RCBF-  and metabolic measurements 

are integrated over long time and the tasks may 
involve more attention and mental concentration 
over longer periods, whereas during the single unit 

studies temporally restricted activity changes relat- 

ed to short linguistic signals are tested. Both ap- 
proaches agree on the bilateral participation of  the 
temporal lobes in speech perception, except for the 

minor and apparently variable lateral differences 
in the RCBF-  and metabolic studies (see cited ref- 

erences). 
Evoked potential studies also demonstrate a bi- 

lateral involvement of  both temporal lobes in 
speech analysis but  without further dorso-lateral 

differentiation (Hillyard and Picton 1987). This 
may be due to the fact that evoked potentials may 

give relatively little information on the exact loca- 

tion of  neuronal processing, as an electrocortico- 
graphic and more so an EEG-electrode picks up 

not only local activity but also far field potentials 
as amply documented in evoked potential litera- 
ture (Desmedt 1977). Therefore, the somewhat 

more widespread distribution of  speech related and 

other auditory evoked potentials does not contra- 
dict the conclusion of  a more restricted involve- 

ment of essentially only the superior temporal gy- 

rus  in acoustic representation of  speech signals. 
Interhemispheric differences of  evoked potentials 

elicited by words have been observed by some au- 
thors, but not by others, indicating that if differ- 

ences are real they must be minor (see p. 561 in 
Hillyard and Picton 1987). Such minor differences 

could be caused by the different and interindivid- 

ually variable anatomy of the two temporal lobes 
with a larger superior temporal gyrus in the speech- 

dominant hemisphere. 

Specificity o f  responses 

Our recordings have shown that responses of  supe- 

rior temporal gyrus neurons may be specifically re- 
lated to certain temporal and phonemic aspects 
of spoken language, such as the length of  a word 
(longer words may elicit a stronger excitation than 
short words), some neurons may be excited only 
by the second part of a compound word, or re- 
sponses may be restricted to only one phoneme 
combination or syllable of  a word. In other neu- 

rons, excitation or inhibition by spoken words or 

sentences may be unspecific in that activation pat- 
terns cannot be related to any consistant variables 

of the spoken language. In many neurons a re- 
bound activation is seen following short words and 

towards the end of  longer words. If  a word or 

phoneme elicits a specific response, the same re- 
sponse pattern appears again when this word or 
phoneme is repeated at a later time. Although we 

have found such reproducable response patterns 
even at different sound pressure levels, our data 
do not allow at this point to conclude that such 

responses were always completely sound pressure 
invariant. It is interesting to note, that also in sub- 

human primates (squirrel monkeys) the probability 
of complex responses increased with the length of 

a natural call in neurons in A I I ,  whereas neurons 
in A I were only transiently activated by a variety 

of stimulus components (Glass and Wollberg 

1983). 
Some of the responses described in this report 

could help in categorization of certain classes of 

phonemes. This applies mainly to consonants. Al- 
though certain consonant combinations such as 

chr or stm in "Christmastree" or scr in "cork- 

screw", the voiceless closure guttural k in "cater- 
pillar" or "rat t lesnake" or fricatives such as " s "  

or " f "  may lead to strong excitation in some neu- 
rons, our data do not indicate that such neurons 
were exclusively " t uned"  to only one of  these con- 

sonants or consonant combinations. With respect 

to formants we have not found one neuron that 
responded exclusively to only one vowel although 
our second word list was specifically designed for 

vowel detection (see Methods). The long activa- 
tions elicited by voiceless consonants usually 
reached across the vowel phonation and it may 
therefore be that the consonant/vowel combina- 

tion or coarticulation (Pols and Schouten 1982) 

as such was marked. In any case, neurons appear 
to be relatively broadly tuned to phoneme classes 
and their activation pattern can therefore only 
code for broad phonemic and linguistic categories 

within words. 
Auditory neurons in the superior temporal gy- 

rus are not turned on or off by peaks of the sound 
pressure envelop such as neurons in the primary 
auditory cortex of guinea pigs, cats and monkeys, 
which are activated only by sound peaks reaching 
into their spectral sensitivity range (Creutzfeldt 
et al. 1980; Sovij/irvi 1975; Winter and Funken- 
stein 1973). There was also no indication that neu- 
ronal discharges were phase locked to the basic 
frequency or comparable higher frequency tempo- 
ral modulations such as seen in the auditory pe- 
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over time various aspects of a tune, connecting 
it with other tunes and bringing it into different 
harmonic and syntactic contexts. 

In the middle temporal gyrus, suppression of 
activity was the only response to words or speech 

in the majority of those recordings which showed 
any activity changes (see Fig. 16). In half of  the 
recordings, the neuronal activity was not at all af- 
fected by language. In all responsive recordings, 
the excitatory or suppressive effect of  language was 
weak and activations never went above 10/s, usual- 
ly less than 5/s discharge rate. In several units the 
activity was suppressed during the words and 
showed a slightly increased discharge rate only fol- 
lowing the word. In others the activity was slightly 
depressed following the word. Yet, these responses 
did not appear to be just unspecific auditory re- 
sponses as noises or the 1000 or 500 Hz tones af- 
fected such neurons much less or not at all. In 
some units we observed suppression of ongoing 
activity only during understandable normal 
speech, but not during uncomprehensibly distorted 
or backward speech. These observations indicate 
that although some recording sites in the middle 
temporal gyrus may be affected by spoken lan- 
guage there are no clear indications that they con- 
tribute an important signal about phonetic, tempo- 
ral or semantic aspects of  speech. Instead, the 
changes of  middle temporal gyrus activity may be 
related to understanding of language in a very gen- 
eral way and the prominent suppression may even 
suggest that activity is being tuned down during 
listening to speech, as it might interfere with com- 
prehension of  spoken language otherwise. 

Task dependent changes of responsiveness 
and activity 

Responses to words or short sentences could be 
stronger or weaker when the task or the situation 
demanded specific attention to them. Less than 
half of  our recordings were affected by attention, 
however. In the superior temporal gyrus responsive 
variation related to attention were essentially 
quantitative, i.e. more or less of the same type of 
activation, but not a different type of response. 
To what extent the increased responsiveness re- 
flects gating of  afferent signals in the thalamus 
controlled by reticulo-thalamic circuits (Singer 
1977) or at the cortical level through prefrontal 
mechanisms (Roland 1982) via association fibre 
connections, must be left open at this stage. In- 
creased as well as decreased responsiveness may 
indicate that the total excitation pattern in the neu- 
ronal network is not only generally elevated or 

lowered during directed attention, but that the dis- 
tribution of relative excitations may also change. 
Response variations depending on the attention 
paid to the task have also been observed in mon- 
keys even in the primary auditory cortex but there 
again, only a minority of neurons showed such 
effects (Beaton and Miller 1975; Hochermann 
et al. 1976; Benson and Heinz 1978). Also in hu- 
mans, language and other auditory evoked poten- 
tials may change depending on the attention payed 
to the stimulus (Hillyard et al. 1973; N/ifitfinen 
et al. 1981 ; for further references see Hillyard and 

Picton 1987). 
The non-specific activation or suppression of 

ongoing activity by speech, which we observed in 
the superior as well as in the middle temporal gyrus 
may be interpreted as a more general arousal, how- 
ever, indicating that more extended cortical regions 
are temporarily alerted by language. These may 
be reduced again if their contribution is not needed 
or may be even disturbing for a detailed represen- 
tation of the signal. 

Concluding remarks 

We have emphasized in this report the specific in- 
volvement of the superior temporal gyrus in the 
analysis of  speech. Neuronal activities in this re- 
gion may add to the multiple representation of 
acoustic language, in parallel with other predomi- 
nantly acoustic and predominantly semantic repre- 
sentations in nearby areas. Lesion of the superior 
temporal gyrus on both sides produces auditory 
agnosia, which disables the patient's ability to re- 
cognize sounds and to distinguish between lan- 
guage and other sounds (KIeist 1934; Luria 1966). 
Resections that included those sites in many cases, 
including all resections in nondominant  hemi- 
sphere, were followed by no-lasting language dis- 
turbance at all. Resections on the speech dominant 
side were occasionally followed by deficits in com- 
prehending or repeating long words. This defect 
may last for some time (up to several weeks) and 
thus outlast the anomia seen during the first days 
following the operation due to post-operative local 
edema. Our observations are consistent with the 
suggestion that this intermediate part of  the superi- 
or temporal gyrus belongs to perisylvian language 

cortex and thus plays a role in the mental composi- 
tion of  acoustic noises to a linguistic code but with- 
out major lateral specialization. The relatively 
small deficits after unilateral removal indicate that 
this region is at least unilaterally disposable and 
thus not essential for language functions. 
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