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The possible contribution of bone 
conduction to the perception of binaural 
beats is eliminated, however, by the use 
of modern stereophonic earphones. Such 
earphones have padding, often liquid
filled, to insulate the head from the 
sound source, and are designed explicit
ly to prevent conduction effects. Indeed, 
stereophonic recordings played through 
earphones can sound unnatural because 
the instruments seem too isolated. 

The difference most immediately ap-
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parent between monaural and binaural 
beats is that binaural beats can be heard 
only when the tones used to produce 
them are of low pitch. Binaural beats 
are best perceived when the carrier fre
quency is about 440 hertz; above that 
frequency they become less distinct and 
above about 1,000 hertz they vanish al
together. No person I have tested re
ports hearing beats for frequencies 
above 900 hertz. Experimental condi
tions, particularly the intensity of the 
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sounds and the type of earphones used, 
can affect the results, however, and oth
er investigators report detecting beats 
produced by tones up to almost 1,500 
hertz. At the other end of the scale beats 
also become elusive. Below about 90 
hertz the subject may confuse the beats 
with the tones used to produce them. 

J. C. R. Licklider of the Massachusetts 
Institute of Technology dev.eloped a 
technique when he was working at Har
vard University to measure a spectrum 

,n 

SINE WAVES COMBINE TO PRODUCE BEATS in this illustra

tion based on oscilloscope traces. The two waves at the top are of 

slightly different frequency; when they are combined, the result

ing wave at the bottom varies slowly in amplitude. The variations 

are beats and would be perceived acoustically as modulations in 

loudness. If the two signals were presented separately to each ear, 

binaural beats would be heard. These differ in character from 

monaural, or ordinary, beats and are generated within the brain. 
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OSCILLATOR 
440 HERTZ 

J\f 

EXPERIMENTAL METHOD for generating monaural beats uses two electronic oscillators 

and a network, here called a mixer, to comhine their outputs. Each ear hears a composite 

signal; the beats can be heard with one ear or both. With the oscillators tuned to the fre· 

quencies shown, six beats per second (440 hertz minus 434 hertz) would be perceived. 

OSCILl,A TOR 
440 HERTZ 

-

BINAURAL BEATS are produced when each oscillator is connected separately to one ear· 

phone. Again the beat frequency is six hertz, but in this mode the beats are less distinct. 

Whereas monaural beats are produced by the physical interference of two sound waves, bin· 

aural beats are a result of the interaction of auditory signals occurring within the brain. 
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of binaural beats [see upper illustration 
on page 102]. He adjusted the frequen
cy of one oscillator until the interval was 
large enough so that the beats seemed 
"rough"; then he noted the frequency 
of the unchanged reference oscillator. 
Next he changed the setting of the refer
ence oscillator and repeated the proce
dure. In this way the range of perception 
of each subject was recorded. 

Another distinguishing characteristic 
of binaural beats is their muffied sound. 
�Ionaural beats produced with sounds of 
equal intensity pulse from loudness to 
silence, as their wave form would sug
gest. Binaural beats, on the other hand, 
are only a slight modulation of a loud 
background. I have tried to estimate the 
depth of the modulation, and it seems 
to be about three deCibels, or about a 

tenth the loudness of a whisper. In order 
to help subjects recognize these relative
ly faint effects I usually present signals 
with monaural beats and then suddenly 
change to the binaural mode. ""ith tones 
of about 440 hertz it usually takes two 
or three seconds for the subject to recog
nize the binaural beats. 

To produce a monaural beat that varies 
from a maximum to complete silence 

the loudness of the two Signals must be 
identical; if the signals are mismatched, 
the instantaneous amplitude of the alge
braic sum will always be greater than 
zero. As the difference in intenSity in
creases, the beats become less distinct. 
Binaural beats, on the other hand, have 
the same apparent strength regardless 
of the relative intensities of the two 
tones. In fact, E. Lehnhardt, a Berlin 
audiologist, discovered that binaural 
beats are perceived even if one of the 
signals is below the threshold of hearing. 

J. J. Groen of the State University of 
Utrecht has studied this phenomenon. 
\Vorking with tones of about 200 hertz, 
he found that beats were perceptible 
when one signal had a loudness of 40 
decibels and the other a loudness of 
minus 20 decibels, a hundredth the loud
ness of barely audible sound. Evidently 
the brain is able to detect and process 
the signals even though one of them is 
too weak to impinge on consciousness. 
When the experiment is attempted mon
aurally, only the louder sound, without 
beats, is heard. 

A perhaps related effect is the inter
action of noise and binaural beats. Noise 
ordinarily masks sounds one wants to 
hear. For example, "static" sometimes 
overwhelms a weak radio signal. The 
perception of binaural beats, however, is 
enhanced by noise. 

When two appropriate tones are pre-
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ferences is highly efficient, however. In 
an open area with no reflecting struc
tures one can locate a low-pitched sound 
to within 10 degrees. To do so requires 
detecting a phase difference of less than 
one millisecond, a feat accomplished 
without difficulty by the mechanism of 
binaural hearing. The same phase differ
cnce is present in the tones that produce 
binaural beats, which is why slow beats 
seem to be in motion. A source of sound 
revolving around the head would pro
duce a similar sensation. 

For sounds of higher pitch the wave
length is comparable to or smaller than 
the size of the head, and the head acts 
as a barrier, so that the ear in its shadow 
receives almost no sound. Above about 
1,000 hertz sound localization is gov
erned primarily by intensity rather than 
phase differences. It is Significant that 
the ability to hear binaural beats also 
wanes when the tones presented ap
proach 1,000 hertz. Direction-finding at 
the higher frequencies is less accurate 
than it is for low-pitched tones up to 
about 8,000 hertz, when the pinna (the 
external ear) becomes effective as an aid 
to localization. 

The auditory mechanisms manifested 
in the perception of binaural beats aid 
human hearing in another way. It has 

often been observed that the ability to 
select and listen to a single conversation 
in a jumble of background noise is a re
markable and valuable human faculty. 
This phenomenon, sometimes called "the 
cocktail party effect," is dependent on 
binaural hearing. It is, in fact, an appli
cation of the enhancement of phase per
ception with noise also seen in the per
ception of binaural beats. 

Hearing generally deteriorates with 
age. Yet I have found that older people 
are able to detect binaural beats and 
to locate sounds almost as well as the 
young. At 5,000 hertz the auditory acu
ity of a man of 60 is, on the average, 40 
decibels below that of a man of 20, and 
the highest pitch he can hear, 8,000 
hertz, is half that heard by the younger 
man. His acuity for low tones, however, 
is barely affected, and evidently his 
phase perception is also undiminished. 

What is the neurological basis of bin-
aural beats? The simplest explana

tion is that the number of nerve impulses 
from each ear and the route they travcl 
to the brain are determined by the fre
quency of the incident sound, and that 
the two nerve signals interact some
where in the brain. 

One theory of the perception of pitch, 

called the telephone theory, was pro
posed by W. Rutherford in 1886. It pos
tulated that the ear converts acoustic 
vibrations into electrical signals much as 
a microphone does, emitting one nerve 
impulse for each cycle of the tone. Sin
gle nerve fibers can respond to such stim
uli only up to about 500 hertz, however, 
so that the telephone theory could de
scribe the behavior of the ear only for 
the lowest frequencies. In 1865 Her
mann von Helmholtz proposed the place 
theory, which ascribed pitch discrimina
tion to the mechanical properties of the 
cochlea, or inner ear. The cochlea is a 
cone-shaped, fluid-filled vessel, rich in 
nerve endings and coiled like a snail 
shell. ("Cochlea" is Latin for snail.) The 
coilcd tube of the cochlea is divided in 
half along its length by the basilar mem
brane, which vibrates in response to 
sound. Georg von Bekesy found by di
rect visual observation that a sound of a 

certain frequency will make the basilar 
membrane bulge most noticeably in a 
certain place [see "The Ear," by Georg 
von B6kesy; SCIENTIFIC AMERICAN, Au
gust, 1957]. This local stimulation, it is 
believed, excites receptor cells in the vi
cinity of the bulge and thus excites the 
nerve fibers connecting the receptor cells 
to the auditory area of the brain. Accord-

LOCATION OF THE SOURCE of a sound is determined for low

pitched tones by detecting the difference in phase between signals 

arriving at each ear. In this illustration a compression wave has 

reached the left ear while the right is near a maximum of rarefac-

tion. By detecting such a phase difference the ears can find the di

rection of a low-frequency tone to an accuracy of about 10 degrees. 

At these frequencies little sound is blocked by the head; the wave

length is larger than the head and sound is diffracted around it. 
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ing to the place theory, the impulses 
transmitted by the auditory nerves re
flect the intensity of the sound but not 
the frequency; what pitch is perceived 
is determined by the place on the coch
lea where the nerve originates. 

Above about 5,000 hertz the place 
theory seems to be adequate to describe 
pitch perception. At lower frequencies, 
however, the mechanical response of the 
basilar membrane is too unspecific to ac
count for the precision with which the 
ear identifies tones. Furthermore, at
tempts to test the theory by excising in 
experimental animals those nerve fibers 
that should be the sole carriers of low
frequency tones have been unsuccessful. 

For the frequencies between 500 and 
5,000 hertz Ernest Glen Wever of 
Princeton University in 1939 proposed 
the volley theory. Although individual 
nerve fibers cannot fire more than 500 
times per second, a group of nerve cells 
could exceed this rate by firing in succes
sion, Wever suggested, much as platoons 
in an infantry company could fire their 
weapons in successive volleys. Thus 
while some nerve cells are in their re
fractory period others are producing 
pulses. The fading of binaural beats at 
frequencies between 500 and 1,000 
hertz suggests that the mechanism of the 

beats follows the telephone theory and, 
at the higher frequencies, follows the re
lated volley theory. 

Interaction of the signals from the two 
ears probably occurs at the brain center 
named the superior olivary nucleus. As 
the messages ascend the auditory path
ways to be processed and interpreted 
at higher centers, this is the first center 
in the brain to receive signals from both 
ears [see illustration on page 101]. Actu
ally there are two superior olivary nu
clei; they are arrayed symmetrically on 
each side of the brain, and each is a 
terminus for nerve fibers from both ears. 
They have long been considered likely 
sites for the neural processing of low
frequency sound impulses. 

In experiments with cats Robert Ga-
lambos showed in 1959 that loud 

clicks stimulating both ears generate 
nerve impulses that meet in the superior 
olivary nucleus. When the clicks are 
simultaneous, the signals are reinforced 
at some site in the superior olivary nu
cleus. When a slight delay is introduced, 
however, the resulting signal is inhib
ited. Thus a small phase shift gives rise 
to a weaker perception of sound. It is 
presumably for this reason that one tends 
to turn toward the source of a sound 

and eliminate the phase difference. 
When one is listening through ear
phones, of course, turning the head has 
no effect on the phase of the signals. 

Nerve potentials at the superior oli
vary nucleus of the cat have been mea
sured directly. With human subjects 
it is possible to measure these signals 
by recording evoked potentials: small 
changes in the electrical properties of 
the scalp produced as a result of activ
ity of the brain. Because they are objec
tive indicators of certain brain functions 
evoked potentials have clinical applica
tions. For example, in cases of possible 
hysterical blindness evoked potentials 
from the scalp above the OCCipital lobes 
can determine whether or not the brain 
is receiving visual infonImtion. Similarly, 
evoked potentials can be used to detect 
deafness in infants, which is otherwise 
quite difficult to diagnose. The poten
tials are very small (measured in mi
crovolts) and are obscured by many 
random Signals not associated with 
the stimulus. They can be measured on 
an oscilloscope, but special procedures 
must be followed. 

First, the horizontal sweep of the os
cilloscope must be synchronized with 
the stimulus; this is done by using the 
stimulus current to trigger the start of 

HIGH.FREQUENCY SOUND LOCALIZATION also requires bin· 

aural hearing, but differences in intensity rather than phase are 

detected. The wavelength of a hi gh.pitched tone is smaller than 

the diameter of the head and a distinct sonic shadow is formed; 

thus one ear receives more sound than the other. This mode of 

sound localization is less accurate than phase detection except at 

very high frequencies. The transition takes place at about 1,000 

hertz; at this frequency too the perception of binaural beats wanes. 
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EVOKED POTENTIALS for subjects listening to monaural beats are shown in a photo· 

graph of an oscilloscope screen made by the author with Adam Atkin and Neil Wother. 

spoon at the Mount Sinai School of Medicine. Tones of 300 hertz and 303 hertz were pre· 

sented to each ear; an electrode attached to the scalp was used to measure electric potentials 

in the skin evoked by underlying electrical activity in the brain. By synchronizing the hori· 

zontal sweep of the oscilloscope with the beat frequency it was possible to correlate these 

small potentials (measured in microvolts) with the stimulus. The step like wave form at the 

top of the screen is a signal used to time the oscilloscope sweep; the rise of each pulse cor· 

responds to the moment of maximum loudness of the beat. The periodic wave below it reo 

cords the evoked potentials. It consists of the average values for each point on the curve, 

determined by a small computer (a signal·averager) after many iterations of the procedure. 

BINAURAL EXPERIMENT was conducted under the same conditions, except that the 

tones were presented separately to each ear. Evoked potentials were once again successfully 

recorded, but they differed from those detected under monaural conditions in amplitude, in 

wave form and in timing with respect to the stimulus. These differences suggest that binau· 

ral beats are processed in another way or at another site in the brain than monaural beats 

are. In the illustration the amplitude of the evoked potentials appears to be about the same 

as it is for monaural beats; it is actually much smaller. For clarity the vertical scale of the 

oscilloscope has been expanded, as can be seen by comparing the apparent amplitudes of 

the timing signals. In both illustrations bright areas not associated with the main wave form 

are extraneous signals produced by residual' noise generated in the recording apparatus. 
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the sweep. In addition, a great many 
tracings must be made in order to obtain 
unambiguous data. A computer known 
as a signal-averager stores a series of 
tracings electronically, then on com
mand adds the instantaneous potentials 
of all the tracings to produce a com
posite signal. Because the extraneous 
random potentials have no fixed phase 
relation to the stimulus they are progres
sively suppressed as the number of trac
ings increases. 

If binaural and monaural beats are in
deed processed at different sites in the 
brain, it should be possible to detect this 
difference by measuring the evoked po
tentials. With my colleagues at the 
Mount Sinai School of Medicine, Adam 
Atkin and Neil Wotherspoon, I set out 
to test this hypothesis. Because the stim
ulus was a continuous tone rather than 
a brief click, it proved particularly diffi
cult to obtain clear tracings. Eventually 
we learned that for effective results the 
subject must concentrate on the beats 
while in total darkness. This is a boring 
task, since the binaural beats are indis
tinct and many tracings must be aver
aged. Often the subject experiences 
auditory hallucinations imposing a spu
rious pattern on the sound, which spoils 
the results. Nevertheless, after many 
iterations of this procedure we were 
able to demonstrate that the evoked 
potentials produced by binaural and 
monaural beats differ qualitatively and 
quantitatively, indicating that they are 
processed differently [see illustrations 
at left]. 

Binaural beats may have clinical ap-
plications. With some of my stu

dents I examined a number of neurologi
cal patients and discovered that a few 
could not hear binaural beats. Among 
these patients a few could not localize 
sounds (produced by the examiner's 
snapping his fingers). It may be signifi
cant that some of those who could not 
hear the beats suffered from Parkinson's 
disease, a disorder of the central nervous 
system characterized by a lack of spon
taneous muscular activity, an immobile 
facial expression and tremor. One pa
tient, a violinist, was unable to hear bin
aural beats when he entered the hospi
tal. As his treatment continued he be
gan to perceive the beats produced by 
the very lowest tones, and gradually he 
progressed to higher frequencies. At the 
end of a week, when his condition was 
considered satisfactory, he could hear 
beats produced by tones up to about 650 
hertz. 

A sex-related variation in the ability 
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Fly Smithsonian 

Have you ever been to a place where they teach eagles to be wild? 
Have you ever journeyed deep into the mind of a man 

who single-handedly revolutionized Man's entire perception of the universe? 

Have you ever penetrated to the heart of the Cretan Maze, to confront the Minotaur? 

Visit some of the world's most enlightening destinations. 

Fly with SMITHSONIAN Magazine for the next 12 months ... for less than one dollar a month. 

We invite you to spread the wings 
of your imagination every month, 

and come with us into many surprising 
worlds of nature, art, history and sci
ence. And we invite you to bring your 
entire family along. 

When did Man first set foot on the 
North American continent-and think 
about when Man is likely to first set 
foot on Mars. Is rainmaking becoming 
respectable? Why is it essential to save 
the prairie dog from extinction? What 
really happened the night that Paul 
Revere made his famous ride? 

What happens when the gold
bedecked chieftains of the Akan pay a 
state visit to their new King? What is 
currently the rarest stamp in the world? 
Were dinosaurs the only warm-blooded 
reptiles that ever lived? What causes 
the brilliant colors of butterfly wings? 
How close are we to directly harness
ing the power of the Sun? 

If these questions intrigue you, you'll 
b e  i n t r i g u e d  a n d  p l e a s e d  w i t h  
SMITHSONIAN. And i f  you are attracted 
and moved by beauty, you'll love 
SMITHSONIAN the more ... because it 
is one of the handful of magazines in 
the world today that is almost a work 
of art in itself. Here every month you 
will find a dazzling display of beauties 
both ancient and modern-from the 
most recently discovered Pompeiian 
frescoes to the finest works of modern 
masters (many of them never seen out
side private collections before). 

What's more, as beautiful, informa
tive, intelligent and entertaining as 
SMITHSONIAN Magazine is, it's only one 
of the knowledge-enhancing benefits 
you and your family receive when you 

become a National Member of the 
Smithsonian Associates. 

Much more than a magazine 

In addition to SMITHSONIAN every 
month, your members hip in the 
Smithsonian Associates entitles you and 
your family to: 

• Special travel programs organized 
for Members only - nearly 50 oppor
tunities each year to visit historic sites, 
art centers and scientific installations 
(many of which are not open to the 
general public). 

• Discounts on quality books deal
ing with history, art, science and na
ture. 

• Discounts on unusual gifts from 
the museum shops of the Smithsonian 
Institution ... fascinating arts and crafts 
from all corners of the globe. 

• Special welcome when you and 
your family visit the Smithsonian in 
Washington, D.C. including use of the 
Member's Lounge and the privilege of 
dining with the Smithsonian staff. 

The contribution 
you are making to knowledge 

Beyond the extensive, almost unlimited, 
resources and opportunities for learn
ing that your Membership will bring to 
you and your family, a substantial por
tion of your annual $10 Membership 
Fee goes 10 help increase the fund of 
Man's knowledge. 

It goes to help support the many re
search and educational programs of the 
Smithsonian Institution's private sector 
which depends on the private support 

of individuals for its activities. 

Join today-
return the coupon below 

If you are interested in exploring many 
new regions of the world and of the 
mind, if you respond to the historic and 
the beautiful and the innovative, if you 
would like to help increase the range 
of Man's mind, join the Smithsonian 
today. All it takes is a few brief 
moments to fill out and mail the cou
pon below to spread the wings of your 
mind. 

Mail this coupon to: 
�-------------------------. 

SMITHSONIAN Membership Service 
P.O. Box 2606 • Greenwich, Conn. 06830 

Please enroll me as a National 
Member of the Smithsonian Asso
ciates, and enter my subscription 
for the next year (12 issues) of 
SMITHSONIAN. 
Bill me for the annual dues of $10. 

Name (please print clearly) 

Address 

City 

State Zip 

MEMBERSHIP BENEFITS 
• SMITHSONIAN Magazine - 12 issues 
• Travel Program-

Domestic and Foreign 
• Book and Gift Discounts 

• Reception Center at 
Smithsonian Institution 
in Washington, D.C. 

P6-903 L _____________ _ 
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