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In recent years the investigation of auditory 
evoked potentials has acquired a place in electro- 
physiology mainly as a method to obtain 
objective measurements of hearing function. 
Most studies in this field were carried out with 
clicks and with tone and noise bursts. 

The clicks have the disadvantage that the 
evoked responses recorded from the scalp may 
have myogenic components (Bickford et al. 
1964). The evoked response transients can be 
decreased by using tone or noise bursts with a 
trapezoidal envelope (Rapin et al. 1966); in these 
studies clear relations between tone frequency or 
intensity and evoked response amplitude were 
obtained. The click repetition rate was also shown 
to affect the evoked responses recorded from the 
cat (Teas and Kiang 1964). 

We thought that it might be useful to apply 
another type of stimulation for exploring the 
auditory pathways under steady state conditions, 
for which purpose amplitude-modulated sound 
was used. It has been shown that responses 
produced by this form of stimulation can be 
recorded from the auditory cortex (AC) in 
anaesthetized cats (Whitfield 1953, 1957; 
Goldstein et al. 1959). These authors showed in 
cats the presence of neural activity at the auditory 
cortex which followed the periodicity of the 
stimulation at low modulation rates. 

In our investigations we have treated ampli- 
tude-modulated sound in general terms. As 
carrier we used a sine wave of 4000 c/sec or band- 
limited noise, as modulating signal sine waves at 

1 During a part of the period in which the reported 
experiments were conducted F. H. Lopes da Silva had a 
Gulbenkian Foundation Scholarship and J. P. Reneau a 
Special Fellowship (NINDB-EP 1F 11 NB 11 46-01). 

various frequencies. Several modulation depths 
were applied and most experiments were carried 
out with the same average intensity, in a few 
cases, however, the latter was changed also. 

To avoid any influence of anaesthetics the 
experiments were carried out on animals with 
chronically indwelling electrodes. This has, more- 
over, the advantage that the results can be 
compared more readily with data obtained in 
humans. 

METHODS AND MATERIAL 

The investigations were carried out in two 
dogs (German boxers), over a time course of 
about 1 year. Both dogs, about 2 years old, had 
chronically indwelling electrodes in various brain 
structures. (Preliminary non-systematic investi- 
gations were carried out in two other dogs. These 
investigations revealed no data essentially at 
variance with the present ones and thus are not 
further considered). The electrodes consisted of 
stainless steel wires of 100 # diameter, insulated 
except for 1 mm at the tip. The electrode positions 
were checked histologically. 

Electrode positions 
Two electrodes, E1 and E2, were placed in 

the inferior colliculus. Four cortical electrodes 
were situated as follows. E3 in the posterior 
sylvian gyrus and the other three E4, E5 and E6 
were in the ectosylvian gyrus; i.e., in the anterior, 
medial and posterior parts. 

Sinusoidally amplitude-modulated sound arrange- 
ment 

The carrier signal, sine wave or noise, and 
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Fig. 1 
Block diagram of the stimulating and recording arrangement. 

the modulating signal were fed to a modulator in 
which the depth of modulation was set. The 
modulated carrier was then amplified and fed to 
two earphones, which were placed at the 
entrances of the external auditory meati (Fig. 1 
and Tielen et al. 1967"). An example of sine wave 
amplitude-modulated sound is presented in 
Fig. 3, C. 

Periodic tone burst arrangement 
The tone, a sine wave of 4000 c/sec, was 

modulated by a periodic square wave at a 
modulation depth of 100 %. 

The sound level of the carrier, here called aver- 
age intensity, was measured with a sound level 
meter (Brufil and Kjaer, type 2203), in the air at a 
distance of 1 cm from the opening of the ear- 
phones. The intensity is expressed in dB. The ref- 
erence sound pressure level, 0 dB, is: 2.10-4 #bar. 
Over the frequency range of 3200-5000 c/sec the 
intensity of the sound was constant within _ 2 dB. 

Experimental conditions 
During the experiments the dog was alert and 

lying or sitting on a couch. The stimuli were 
presented during periods when the dog was quiet. 

Recording 
The derivations, in the following noted as El,  

E2 .... were against a common reference electrode 
consisting of a stainless steel pin in the frontal 
skull. 

The recording (Fig. 1) was carried out by 
means of an EEG apparatus (Offner R-type) and 
a tape recorder (EMI). To the EEG apparatus 
were fed 15 EEG derivations and 1 signal to 

* Report available on request from the Institute of 
Medical Physics, Utrecht, The Netherlands. 

indicate the modulation. This signal passed 
through the entire recording system and was used 
as calibration signal. To the tape recorder were 
also fed a trigger signal with a fixed relation to 
the modulating signal and a spoken commentary 
on the dog's behaviour. 

Analysis 
(1) The evoked responses were averaged by 

means of an average response computer CAT 
400B (Mnemotron). Usually 10004000 samples 
were added. The averaged responses were plotted 
by means of an X-Y recorder. (2) Harmonic 
analysis: three EEG signals and the calibration 
signal were averaged simultaneously so that 
100 addresses corresponded to one period of the 
modulating signal. An analogue computer was 
programmed to perform harmonic analysis of 
the averaged signals, one at a time. For each 
averaged signal the amplitude, An, and phase 
angle, Cn, of the first five harmonics were 
computed and printed out (formula 1). 

Amplitude and phase/frequency plots 
These plots were made for the first two har- 

monics. The modulating signal, a pure sine wave, 
was also analysed by the computer and in this 
case, of course, only the fundamental component 
was significant. Its amplitude, A, was then 
equivalent to the peak-to-peak amplitude and so 
was directly measurable in/zV. All amplitudes 
(An) of the harmonics of the other signals were 
converted to #V, using A as calibration. 

The phase angles (¢1) of the fundamental 
components at the various modulation frequen- 
cies were plotted against frequency on a linear 
scale. For the second harmonics the phase angle 
(¢2) was converted to fundamental degrees. The 
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signal was expressed then as fol lows:  

S(t) = ½A0 + Y~ An sin n [~ol t - (~n/n) ]  (1) 

n = l , 2 ,  so tha t  ~n/n was p lo t ted  against  the 
fundamenta l  f requency 6Ol. 

The phase angle measured,  considered as a 
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Fig. 2 

Average evoked responses to the beginning ("on") and the end ("off") of periodic tone bursts 
recorded from inferior colliculus (El, E2) and auditory cortex (E3, E4, E5 and E6). Tone frequency: 
4000 c/sec; intensity: 80 dB; repetition rate: one tone burst every 2 sec. The marks in the curves are 
the measuring points for the latencies of the different parts of the responses (text). In all figures an 
upward deflection indicates negativity of the intracerebral electrode in relation to the common 
frontal reference electrode. 
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phase difference between the modulat ing signal 
and the output,  lay between 0 ° and 360 °. But 
since in our  results the phase angle increased with 
frequency it was decided to add 360 ° every time 
the phase went over 360 ° with increase of  frequen- 
cy. For  example: in Fig. 4 it is seen that  the phase 
angle of  the fundamental  component  ~51 at E1 
increased with frequency from 10 c/sec to 
30 c/sec. At  30 c/sec the phase was 310 ° and at 
40 c/sec it was 40 °. To obtain a continuous phase 
characteristic 360 ° were added and the value 
400 ° was plotted. The same procedure was 
applied in all similar cases. 

In the text, amplitude and phase of  the 
fundamental  component  are abbreviated to 
" fundamenta l  ampli tude" and "fundamental  
phase".  The same is done for the other harmonics.  
The plots of  amplitude or phase against modu-  
lation frequency are abbreviated in this report  to 
"ampl i tude"  and "phase characteristics". 

RESULTS 

Responses evoked by periodic tone bursts 
To enable compar ison of  the responses to sine 

wave-modulated sound with responses evoked 

by a more conventional  form of  auditory 
stimulation, one series of  experiments was carried 
out with periodic tone bursts at an intensity of  
80 dB. The rise- and fall-time of  the bursts were 
5 msec, the tone frequency 4000 c/sec and the 
burst duration 500 msec. One burst was presented 
every 2 sec. In  Fig. 2 the averages o f  I00 evoked 
responses to the beginning and the end of  the 
tone bursts are shown, side by side. 

At  each electrode the responses evoked by 
the beginning ( "on" )  and the end ("off")  of  the 
bursts started with deflections at the same 
polarity. The first peak amplitudes were o f  the 
same order of  magnitude except at E1 where the 
" o f f "  initial response had twice the amplitude o f  
the " o n "  response. The later components  of  both 
evoked responses were similar at E4 and E5 and 
differed considerably at the other electrodes. In 
Table I the latencies and amplitudes of  the first 
negative and the first positive peaks of  " o n "  and 
"o f f "  responses are summarized. 

Evoked responses to sinusoidally amplitude- 
modulated sound 

In the pr imary E E G  the evoked responses 
were readily observable at the inferior colliculus 

TABLE I 

Responses evoked by tone bursts 

A. Latencies in msec 

"on" response "off" response 
Electr. 

Onset 1st neg. 1st pos. Onset 1st neg. 1st pos. 
peak peak peak peak 

El 8 11 28 7 12.5 
E2 5 14 8 4.5 13 8 
E3 12.5 88 26 14 85 26 
E4 11 28 44 11 21 45 
E5 9 17 36 10 19 37 
E6 11 28 74 8 23 36 

B. Arnp[itudes in I ~ V 

1st neg. 1st pos. 1st neg. 1st pos. 
peak peak peak peak 

E1 90 106 160 160 
E2 25 49 18 60 
E3 120 35 42 21 
E4 42 53 39 60 
E5 35 56 32 60 
E6 25 110 17 5 
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Fig. 3 
Examples of average evoked responses to sinusoidally amplitude-modulated sound (SAMS) with 
4000 c/sec carrier, 80 700 modulation depth, 74 dB intensity and several modulation frequencies. In 
A the responses recorded from inferior colliculus are shown and in B the responses from auditory 
cortex. The analysis time was always 2T, indicating that it changed with modulation frequency. 
(T= l/f; f is the modulation frequency). In C a sample of sine wave amplitude-modulated sound 
with sine wave carrier and 20 ~ modulation depth. Two periods of the modulating signal are shown. 

(El) but difficult to detect at the auditory cortex 
electrodes. 

Because the wave forms o f  the responses were 

usually complex and difficult to describe in 
qub.ntitative terms, a form of  signal analysis was 
applied; i.e., harmonic  analysis (see Methods) .  
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In almost all cases the averaged responses could 
be described to a high degree of accuracy by 
fundamental and second harmonic components 
only. Hence, in the following the description of 
our results will be limited to these two com- 
ponents. 

Most experiments with the same stimulus 
parameters were repeated 3 times in sessions of 
2 min duration, several weeks apart. In a few 
cases, only one session of experiments per 
stimulus parameter was carried out. The ampli- 
tudes and the phases of the fundamental and 
second harmonic components were computed 
from the average responses obtained at the three 
independent sessions. The means and the 
standard deviations of these three amplitudes and 
phases were calculated. 

A. Influence of modulation frequency 
The main part  of  the experiments was carried 

out with the following stimulation parameters:  
modulation depth 80 %; carrier frequency 
4000 c/sec; average intensity 74 dB. The modu- 
lation frequencies applied were 10, 15, 20, 30, 40, 
60 and 80 c/sec. 

Inferior colliculus. In Fig. 3,A examples of  
average responses at the two inferior colliculus 
electrodes E1 and E2 to several frequencies are 
shown. In Fig. 4 their mean fundamental and 
second harmonic amplitudes and phases and 
their standard deviations are plotted. At E1 the 
mean fundamental amplitudes were between 
95/zV at 20 c/sec and 65 #V at 80 c/sec. At the 
same electrode the mean harmonic amplitudes 
were always smaller than the fundamental ones. 
A clear peak in the amplitude characteristics 
could not be discerned at this electrode. In Fig. 4 
it is seen that the phase differences of the funda- 
mental component  951 at E1 and E2 increase 
with frequency. The slope of the phase character- 
istic (in the following called "phase slope") 
changes with frequency; this is especially notice- 
able at E1 where the phase slopes from 10 to 
20 c/sec and 30 to 60 c/sec are steeper than those 
from 20 to 30 c/sec. 

Auditory cortex. Examples of  average re- 
sponses obtained at the 4 cortical electrodes are 
presented in Fig. 3, B. In Fig. 5 the means of the 
amplitudes and the phases in relation to the 
modulation frequencies are plotted. From this 
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Amplitude and phase characteristics of the fundamental 
and second harmonic components of the average evoked 
responses to SAMS (for stimulating conditions, see text) 
recorded from the inferior colliculus (El and E2). The 
horizontal axis indicates the modulation frequency and 
the vertical axis the fundamental amplitude Al, second 
harmonic amplitude A2, fundamental phase ~1 and 
second harmonic phase ~52/2 (in fundamental degrees, 
see text). The dots are means calculated from 3 obser- 
vations and the lines through the dots indicate the stan- 
dard deviations. 

figure it can be seen that E4 and E5 presented the 
largest fundamental amplitudes of the cortical 
electrodes. At these two locations the mean 
fundamental amplitudes were largest in the 
frequency range from 15 to 30 c/sec. The second 
harmonic amplitudes were small, 4-6 #V being 
the maximum, and showed considerable vari- 
ability. At 60 c/sec the amplitudes were negligible. 
Generally, the phases increased linearly with 
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Amplitude and phase characteristics of average evoked responses to SAMS recorded from the 
cortical electrodes (legend of Fig. 4). Note that at 40 c/sec only one observation was made. 

frequency, in the range investigated. 
A few series of experiments were carried out 

for investigating the influence of some other 
stimulation parameters on the amplitude charac- 
teristic. One series of experiments was carried out 
with the same parameters but at an average 
intensity of 62 dB. Only the cortical electrodes 
were studied; the amplitudes and phases of the 
average responses did not show appreciable 
differences in relation to those found at 74 dB. 

A second series of experiments was performed 
at the smallest modulation depth compatible 
with an adequate evaluation of the average 
response. This modulation depth was 5 ~ for the 
inferior colliculus and 10~  for the auditory 
cortex. The average intensity was again 74 dB 
and the carrier frequency 4000 c/sec. In this 

series the responses were smaller at all electrodes 
and at all frequencies than those at 80 ~ modu- 
lation depth. In the inferior colliculus the har- 
monic amplitudes were 10-20 times smaller at 
all modulation frequencies, and the amplitude 
characteristic at 5 ~ was almost parallel to that 
at 80 ~.  In the auditory cortex, on the contrary, 
no such parallellism was observed. The decrease 
of the response amplitude from 8 0 ~  to 10~o 
modulation depth was more marked in the 
modulation frequency range from 15 to 30 c/sec 
than at other frequencies. 

The phase characteristics at the small modu- 
lation depths were similar at all electrodes to 
those at 80 ~ ,  but the steepness of the phase slope 
increased by a factor of approximately two. 

In a third series of experiments the average 
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intensity was kept at 74 dB and the modulation 
depth at 80 % but the carrier was changed to 
band-limited noise with bandwidth 3200-5000 
c/sec. This change of carrier caused considerable 
modification of form and amplitude of the re- 
sponses. In the inferior colliculus the fundamental 

amplitudes at both electrodes were larger with 
this carrier than with 4000 c/sec, especially at the 
modulation frequencies 40 and 80 c/sec. The 
harmonic analysis of the responses showed also 
a marked increase of the amplitude of higher 
harmonics, e.g., 3rd-4th-5th harmonics, in 
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Examples of average evoked responses to SAMS at several modulation frequencies but with band- 
limited noise (3200-5000 c/sec) as carrier. A: inferior colliculus; B: auditory cortex. 
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relat ion to those observed with a 4000 c/sec 
carr ier .  The aud i to ry  cor tex  responses  did  not  
show such marked  changes in wave fo rm and  
ampl i tude.  However ,  the ha rmonic  analysis 
presented  an increase of  the fundamenta l  and  
second ha rmon ic  ampl i tudes  in the 10-15 c/sec 

f requency range.  Some examples  of  the evoked  
averaged responses are shown in Fig. 6. 

B. Influence of modulation depth 
The influence of  modu la t ion  depth  on the 

average evoked responses was s tudied with the 
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Average evoked responses to SAMS at different modulation depths. The modulation frequency was 
kept constant at 20 c/sec. In A are shown responses recorded from inferior colliculus and in B from 
auditory cortex areas. 
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following stimulus parameters:  (a) carrier 4000 
c/sec; (b) modulation frequency 20 c/sec; 
(c) average intensity 74 dB. Three separate 
sessions per modulation depth were carried out. 
F rom the results, the mean amplitudes and 
standard deviations were calculated and plotted. 
The modulation frequency of 20 c/sec was chosen 
because at this frequency the fundamental 
amplitudes were large at E4 and E5 and clearly 
detectable at E3 and E6. 

Change of modulation depth caused change 
of amplitude and wave form of the average 
evoked responses at all electrodes. Some examples 
of this effect are shown in Fig. 7. From the 
harmonic analysis of the responses it appeared 
(Fig. 8 and 9) that the changes concerned the 
amplitudes of the fundamental and second 
harmonic response components and to some 
extent also their phase relations to the modu- 
lating signal. The effects in the inferior colliculus 
and in the auditory cortex were as follows: 

Inferior colliculus (Fig. 8). The mean ampli- 
tudes of the fundamental components at E1 and 
the second harmonic components at El and E2 
increased almost linearly with the modulation 
depth. At E2 the fundamental amplitudes in- 
creased from 5 to 10°/o but showed no obvious 
further increase from 10 to 80°/'o. The mean phase 
differences between the modulating signal and 
the fundamental components showed some 
change with modulation depth. At E1 the phase 
difference was somewhat larger at 5 o/ than at 

, ' O  

the other modulation depths. At E2, on the 
contrary, it was smallest at 5/°~ and appeared 
to increase towards larger modulation depths. 
The mean phase difference between the modulat- 
ing signal and the second harmonic components 
showed little change with modulation depth at 
both E1 and E2. 

Auditory cortex (Fig. 9). At E4 and E5 the 
relation between the mean fundamental ampli- 
tude (A) and the modulation depth (m) was not 
linear, as at El, but fitted well the function 
A = k m  h. For E5 b=0.63 and k =  1.9 and for E4 
b=0.68 and k =  1. In Fig. 9 it can also be seen 
that at E3 and E6 the mean amplitudes of the 
fundamental components increased with modu- 
lation depth from 5 to 40 ~ but did not increase, 
or even decreased slightly, from 4 0 ~  to 80~ .  
The amplitudes of the second harmonics were 
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Amplitude and phase characteristics of fundamental 
(A1, ~51) and second harmonics (A2, ~52) at different 
modulation depths, at a modulation frequency of 20 c/see 
(inferior colliculus). The dots represent the means of 
3 obselvations and the lines through the dots indicate the 
standard deviations. 

very small, at some parameters barely above 
noise level, and consequently these components 
were not considered further. 

At all electrodes the phase difference between 
the modulating signal and the fundamental and 
second harmonic components had slightly larger 
values at 10 ~ than at higher modulation depths. 
(Note: the data on 5 ~ modulation depth are not 
included in this series because the responses were 
too small). 

DISCUSSION 

The experiments presented here show that it 
is possible to detect responses evoked by sinus- 
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oidally amplitude-modulated sound (SAMS) at 
the auditory cortex and at the inferior colliculus 
in unanaesthetized dogs. In our study a full 
investigation into the influence of all stimulus 
parameters has not been attempted. Indeed, the 
main interest has been the influence of modu- 
lation frequency in the range 10-80 c/sec and 
modulation depth from 5 to 80 ~ at one of these 
frequencies. In addition, limited explorations 
have been carried out into the effects of changes 
of  some of the other stimulus parameters:  to 
small modulation depth, average intensity of  
62 dB and a band-limited noise carrier. 

The variability of the average evoked re- 
sponses showed no particular trend over the 
course of the investigatory per iod- - for  instance 
no signs of habituation were noted--and thus 

the averages may be considered as reasonably 
representative. 

Most of the average responses are not pure 
sine waves, but are distorted to a greater or lesser 
degree. The distortion is least in the responses 
from the cortical areas at modulation frequencies 
of 20 c/sec and higher. These responses present 
an almost sinusoidal wave form and thus are 
easily quantifiable (Fig. 3). However, for expres- 
sion in quantitative terms of all the evoked 
responses some form of signal analysis is needed. 
Because of the above, a method based on analysis 
into sine waves seemed appropriate and con- 
sequently harmonic analysis was applied. This 
point of  view was strengthened by the subsequent 
finding that the power of a good many of the 
electrical potentials was concentrated in the first 
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two harmonic components. The identification in 
the responses of sine waves at frequencies related 
coherently with the modulating signals makes it 
possible to study the time-locked slow neural 
activity through these basic functions. In the 
following, amplitude and phase of the responses, 
particularly the fundamental components, will be 
discussed as functions of modulation frequency. 

All phase characteristics show an increase of 
phase lag with frequency. In many cases the 
characteristics approximate a linear function. 
Characteristics such as these are encountered in 
transmission lines with a constant time delay. If  
our phase characteristics are regarded from this 
point of  view an estimate of the delay between 
the modulating signal and the evoked response 
can be determined in the way described by 
van der Tweel and Verduyn Lunel (1965) for 
responses to sine wave modulated light. 

The delay, in seconds, is equal to A~5/Af.360 °, 
A~5 in degrees and Af in c/sec. Thus, a physio- 
logical meaning is ascribed to the phase charac- 
teristic. The time delay so calculated is: for the 
anterior ectosylvian gyrus (E4) 43 msec, for the 
middle ectosylvian gyrus (E5) 34 msec, and for 
the posterior ectosylvian gyrus (E6) 35 msec. In 
these three areas the responses evoked by tone 
bursts show clear positive peaks with latencies of 
44 msec, 36 msec and 74 msec to the beginning 
and 45 msec, 37 msec and 36 msec to the end of 
the tone burst (Table I). All but one of these 
values, therefore, have nearly the same magnitude 
as the corresponding time delays. In one other 
cortical area (posterior sylvian gyrus, E3), how- 
ever, this close relationship is not evident, but in 
this area the late positive peak is also not 
distinguishable in the tone burst evoked response. 
The above seems to indicate that similar path- 
ways are involved for the responses evoked by 
SAMS as for late response components evoked 
by transients. This may be related to the finding 
of Teas and Kiang (1964), who found that the 
early components of the click response almost 
disappeared during repetitive stimulation, even 
at comparatively low repetition rates, while the 
late components were still present. The same 
authors observed that the independence of the 
different components of the responses to tran- 
sients "raises the issue of multiple projection 
systems to the classical auditory cortex". From 

our results it appears that the responses to SAMS 
with modulation frequency above 10 c/sec are 
transmitted mainly over the pathways with 
relatively long latencies, "slow pathways". 

Some special attention may be devoted to the 
phase characteristics obtained from the inferior 
colliculus (El). The phase characteristics in this 
structure diverge from a linear relation with 
frequency in such manner as if several time delays 
were contributing to the response at various 
frequencies. This finding may be related to the 
fact that the inferior colliculus electrode (El) 
was situated partly inside the nucleus and partly 
made contact with external lemniscal fibres. 
Nevertheless, all these time delays are shorter 
than the cortical ones. 

The amplitude characteristics of some areas 
of the auditory cortex and the inferior colliculus 
show marked differences. In the inferior colliculus 
the function is comparatively flat, decreasing 
only towards high modulation frequencies. A 
similar relation was found at one cortical location 
(posterior ectosylvian gyrus). Goldstein et al. 

(1959) also showed a flat characteristic in the 
frequency range from 10 to 40 c/sec for the cat's 
auditory cortex responses evoked by periodic 
noise bursts. In our experiments, at some cortical 
locations (anterior and middle ectosylvian gyrus), 
the relation between amplitude and frequency 
deviated from a flat characteristic, presenting a 
maximum in the range 15-30 c/sec. Before an 
interpretation of this finding can be advanced, 
the responses in this frequency range will have 
to be investigated further, utilizing smaller fre- 
quency intervals. 

Concerning the influence of low modulation 
depth ( 5 ~  for inferior colliculus and 1 0 ~  for 
auditory cortex) on the amplitude characteristics 
it can be pointed out that at the inferior colliculus 
these characteristics are essentially the same as 
at 80 ~ modulation depth but at a lower ampli- 
tude level. However, at some of the cortical areas 
this is not the case. At the anterior and medial 
ectosylvian gyrus the amplitudes were more 
affected in the frequency range 15-30 c/sec than 
at other frequencies. It  is of importance to note 
that the amplitude modulation depth character- 
istics obtained from these areas show a power 
law relation between these two parameters, 
whereas the characteristics in the other auditory 

Electroenceph. clin. Neurophysiol., 1969, 26:381-394 



RESPONSES TO AMPLITUDE-MODULATED SOUND 393 

cortex areas are different. In these areas the 
response amplitudes do not increase with in- 
creasing modulation depth but remain the same 
after surpassing a given modulation depth. This 
phenomenon is similar to the "saturat ion" 
described by van der Tweel and Verduyn Lunel 
(1965) for responses to sinusoidally modulated 
light. 

The influence of carrier frequency has not 
been extensively investigated but even the change 
from a sine wave carrier at 4000 c/sec to a 
band-limited noise (3200-5000 c/sec) leads to a 
modification of the responses and their distri- 
bution at the cortex. The data so far obtained are 
insufficient to draw general conclusions; more 
information with sine wave carriers at other 
frequencies and noise with other bandwidths is 
needed. 

One of the main interests of investigating 
systems such as the auditory projection areas 
with periodic stimuli is that this form of stimu- 
lation emphasizes those rhythmic properties of 
the system which are also apparent in the 
"spontaneous" EEG. In connection with this it 
is interesting to remark that the frequency range 
at which the auditory cortex responds with the 
highest amplitude, is in the band of the beta 
rhythm (15-24 c/sec), which predominates in the 
ectosylvian gyrus in behavioural situations in 
which the animal is alert but shows no great 
interest in the ambient situation (Storm van 
Leeuwen et al. 1967), as indeed occurred also 
during stimulation. 

4. The amplitude/frequency characteristics of  
the fundamental components obtained from the 
inferior colliculus were almost flat, with a slight 
amplitude decrease at frequencies above 60 c/sec. 
In some of the cortical areas the characteristics 
showed a maximum of amplitude at modulation 
frequencies between !5 and 30 c/sec. 

5. The phase/frequency characteristics showed 
a lag of phase with modulation frequency. From 
this phase lag delay times were calculated. Those 
at the inferior colliculus were shorter than those 
at the auditory cortex. At the latter structure the 
calculated delay times corresponded closely with 
latencies of the first positive deflection of re- 
sponses evoked in these same structures by tone 
bursts. 

6. The amplitude modulation depth charac- 
teristics showed that the amplitudes of  the re- 
sponses were influenced by modulation depth. At 
the inferior colliculus an almost linear relation 
appeared to exist between modulation depth and 
response amplitudes. 

In the auditory cortex more complex relations 
between modulation depth and amplitude occur- 
red. "Saturat ion" phenomena were observed in 
two cortical areas. 

7. Restricted investigations into the effects of 
the composition of the carrier signal revealed that 
change of carrier signal from sine wave at 4000 
c/sec to band-limited noise at 3200-5000 c/sec 
caused change of the response amplitude distri- 
bution over the auditory cortex. Decrease of 
average intensity to 62 dB produced no change. 

SUMMARY 

1. Responses evoked by sinusoidally ampli- 
tude-modulated sound in unanaesthetized dogs 
have been recorded from inferior colliculus and 
from auditory cortex structures by means of 
chronically indwelling stainless steel wire elec- 
trodes. 

2. Harmonic analysis of the average responses 
demonstrated that the energy of most of the 
responses was concentrated in components at 
fundamental and second harmonic frequencies. 

3. The influence of various stimulus param- 
eters was investigated, in particular the effect of 
variation of modulation frequency between 10 
and 80 c/sec. 

RI~SUMI~ 

RI~PONSES I~VOQUI~ES ,~ DES SONS MODUL[~S SINUS- 

OiDALEMENT CHEZ DES CHIENS NON-ANESTHt~SiI~S 

1. Les r6ponses 6voqu4es par des sons 
d'amplitude modul6e sinusoidalement ont 6t6 
enregistr6es chez des chiens non-anesth6si6s au 
niveau du colliculus inf6rieur et de structures 
corticales auditives au moyen d'61ectrodes d'acier 
inoxydable chroniquement implant6es. 

2. L'analyse harmonique des r6ponses moy- 
ennes montre que l'6nergie de la plupart des 
r6ponses se concentre en des composantes de 
ff6quence fondamentale et harmonique seconde. 

3. L'influence de divers paramhtres de 
stimulation est explor6e, en particulier l'effet de 
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la var ia t ion de la fr6quence de modu la t ion  entre  
10 et 80 c/sec. 

- 4. La  courbe  d ' ampl i tude  en fonct ion de la 
fr6quence des composan tes  fondamenta les  obte-  
hues au niveau du colliculus inf6rieur est presque 
pla te ;  on note une 16g~re d iminut ion  d ' amp l i t ude  
de cette courbe  pour  des fr6quences sup6rieures 
il 60 c/sec. Dans  certaines aires cort icales un 
max imum d ' ampl i tude  s 'observe pour  des 
frdquences de modu la t ion  comprise  entre  15 et 
30 c/sec. 

5. La  courbe  des phases en fonct ion de la 
fr6quence mont re  un re ta rd  de phase  associ6 /t 
la fr6quence de modula t ion .  A par t i r  de ce 
re tard  de phase  des d61ais ont  6t6 calculds. 
Ceux-ci sont  plus courts  pour  le colliculus 
infdrieur que pou r  le cor tex auditif .  Pour  cette 
derni6re structure,  les d61ais calcul6s correspon-  
dent  6t roi tement  aux latences de la premi6re  
d6flection posit ive des r6ponses 6voqudes au 
niveau des m~mes structures pa r  des sdries de 
sons .  

6. La  courbe  d ' ampl i t ude  en fonct[on de la 
p ro fondeur  de modu la t ion  mont re  que les ampli-  
tudes des r6ponses sont  influenc6es pa r  la p rofon-  
deur  de modula t ion .  A u  niveau du colliculus 
inf6rieur semble exister une relat ion presque 
lin6aire entre  la p ro fondeu r  de modu la t ion  et les 
ampl i tudes  des r6ponses. Dans  le cor tex audit if ,  
les relat ions entre p ro fondeur  de modu la t ion  et 
ampl i tude  sont  plus complexes.  Des ph6nom6nes 
de " s a tu r a t i on"  ont  6t6 observ6s dans deux aires 
corticales.  

7. Quelques invest igat ions sur les effets de la 
compos i t ion  de la por teuse  r6v61ent qu 'une  
modif icat ion de la compos i t ion  d 'une  por teuse  
sinuso'~'dale ft. 4000 c/sec en bru i t  limit6 ~t la bande  
de 3200-5000 c/sec ddtermine un changement  de 
d is t r ibut ion  de l ' ampl i tude  des rdponses sur le 
cor tex auditif .  Une d iminu t ion  d ' intensi t6 moy-  
ennejusqu'~t 62 dB ne produi t  aucun changement .  
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