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ABSTRACT

This study aims to document the historical conceptuali-
zation of the inner ear as the anatomical location for the
appreciation of sound at a continuum of frequencies and
to examine the evolution of concepts of tonotopic
organization to our current understanding. Primary
sources used are from the sixth century BCE through
the twentieth century CE. Each work/reference was
analyzed from two points of view: to understand the
conception of hearing and the role of the inner ear and
to define the main evidential method. The dependence
on theory alone in the ancient world led to inaccurate
conceptualization of the mechanism of hearing. In the
sixteenth century, Galileo described the physical and
mathematical basis of resonance. The first theory of
tonotopic organization, advanced in the seventeenth
century, was that high-frequency sound is mediated at
the apex of the cochlea and low-frequency at the base of
the cochlea. In the eighteenth and nineteenth centuries,
more accurate anatomical information was developed
which led to what we now know is the accurate view of
tonotopic organization: the high-frequency sound is
mediated at the base and low-frequency sound at the
apex. The electrical responses of the ear discovered in
1930 allowed for physiological studies that were consis-
tent with the concept of a high to low tone sensitivity
continuum from base to apex. In the mid-twentieth
century, physical observations of models and anatomical
specimens confirmed the findings of greater sensitivity to
high tones at the base and low tones at the apex and,
further, demonstrated that for high-intensity sound,
there was a spread of effect through the entire cochlea,

more so for low-frequency tones than for high tones.
Animal and human behavioral studies provided empiri-
cal proof that sound is mediated at a continuum of
frequencies from high tones at the base through low
tones at the apex of the cochlea. Current understanding
of the tonotopic organization of the inner ear with regard
to pure tones is the result of the acquisition over time of
knowledge of acoustics and the anatomy, physical
properties, and physiology of the inner ear, with the
ultimate verification being behavioral studies. Examina-
tion of this complex evolution leads to understanding of
the way each approach and evidential method through
time draws upon previously developed knowledge, with
behavioral studies providing empirical verification.
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cochlea, acoustics, anatomy, physiology, psychophysics

INTRODUCTION

The earliest written records concerning how we hear
are to be found in the classical Greek and Roman
literature. The unfolding of this knowledge continu-
ing into the twenty-first century, with a particular
inquiry into the narrative of understanding of the
localization of hearing, is the focus of this study.

How we hear has been and continues to be a
concern to musicians, scientists of many types, and
physicians. Throughout time, our understanding has
undergone revisions dependent upon the develop-
ment of many forms of knowledge including music,
acoustics, physiology, anatomy, psychophysics, and
medicine. There is a hierarchy of validity of each of
the various evidential methods used to achieve each
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advance. This report ranks these methods, with the
theoretical-only explanations, that is, those originating
from the fifth century BCE to the sixteenth century,
having the least validity. The period from the
sixteenth century to the nineteenth century is marked
by increasing validity for observation of anatomical
structure that could account for localization of sound
perception. The period from the nineteenth century
into the twentieth century sees advances in validity
through physical models utilizing simulation, followed
by physical models utilizing biological material. In the
twentieth century and into the twenty-first century,
physiological observations and animal and human
behavioral studies increased the validity of under-
standing the process by which we hear.

THE CLASSICAL WORLD OF GREECE AND
ROME (500 BCE–200 CE)

The classical theory of hearing, in general, was that
the mind had only a passive role as it received direct
impressions from the outside world and that objects
were perceived as they truly existed. In this period of
theoretical-only explanations, these concepts were not
based on human dissection.

The philosopher/mathematician Pythagoras (ca.
570 BCE–495 BCE) and his school, while not involved
in investigating hearing, are significant in the history of
ideas about tonotopic organization of hearing because
they provided the beginning for the concept of pure
tones. They studied how pure tones were physically
generated by determining that plucking a string pro-
duced a tone related to the length of the string, as well as
that harmony was a mathematical proportion, and they
developed the mathematics that could begin to explain
these phenomena (Robinson 1941; Sigerist 1961).
These data would become the foundation for the
concept of tonotopic organization of the cochlea.

What is remarkable about the early concept of
hearing of the philosopher Alcmaeon (Sigerist 1961),
probably of the first half of the fifth century BCE, is
his evident insight into the role of the brain in
perception. He writes:

Hearing arises when an external sound is first
transmitted to the outer ear and then picked up by
the empty space (kenon) in the inner ear, which
transmits it to the brain… (Alcmaeon 2018)

Alcmaeon appears to be the first to recognize the
brain as the seat for sensory perception as well as for
memory and thought. In this he was far more accurate
than Aristotle who lived a century later and who was
far more influential for subsequent scientific thought.

Two competing and subsequently influential views of
the process of hearing arose in the later part of the fifth
century BC, Hippocrates’ “echo” concept and Emped-
ocles’ idea of “inner air”. The view of the physician
Hippocrates (ca. 460 BCE–370 BCE) can be related to
the classical Greek concept that perception mirrors the
external world—that “like is perceived by like” (Finger
1994; Wever 1949; Werner 1932). This was an echo
theory. In the Hippocratic texts, the hearing apparatus
consists of an external auditory canal ending in a spider
web-like dry membrane which leads to a hard, dry, and
stony bone. The sound discovers the bone and creates
an echo: the stronger the echo, the louder the sound.

The “air” theory of hearing first appears in the
fragments of the writings of Hippocrates’ older
contemporary, the philosopher Empedocles (Sigerist
1961) (ca. 494~434 BCE). He deduced that there is
“internal air” through which moving air is perceived,
and this perception leads to hearing. The air in the
tympanic cavity was considered as the essential
substance by which aerial vibration is perceived. The
tympanic air was thought to be a highly refined
substance and was a permanent part of the sense
organ (Wever 1949; Werner 1932).

Empedocles described his concept of hearing as
follows:

And hearing is the result of noise coming from
outside. For when (the air) is set in motion by a
sound, there is an echo within; for the hearing is as
it were a bell echoing within, and the ear he calls
an ‘offshoot of flesh: and the air when it is set in
motion strikes on something hard and makes an
echo. Hearing takes place by the impact of wind on
the cartilage of the ear, which, he says, is hung up
inside the ear so as to swing and be struck after the
manner of a bell. (Empedocles 2010)

The philosopher Plato (424/423 BCE–348/
347 BCE), in his dialog Timaeus (Plato 2017), has a
character theorize about hearing and the function of
air within the ear as follows:

… Hearing is the effect of a stroke which is
transmitted through the ears by means of the air,
brain, and blood to the soul, beginning at the head
and extending to the liver. The sound which moves
swiftly is acute; that which moves slowly is grave;
that which is uniform is smooth, and the opposite is
harsh. Loudness depends on the quantity of the
sound …

the ear is the aperture through which the vibra-
tions of sound pass. But that the complex structure
of the eye or the ear is in any sense the cause of
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sight and hearing he seems hardly to be aware. The
swifter sound is acute; the sound which moves
slowly is grave. A great body of sound is loud, the
opposite is low. Discord is produced by the swifter
and slower motions of two sounds, and is converted
into harmony when the swifter motions begin to
pause and are overtaken by the slower … (Plato
2017)

Following earlier ideas, the philosopher Aristotle
(384–322 BCE) stated that a sound is perceived by the
ear because there is air in the ear that vibrates with
the air outside of the ear. If the air in the ear, middle
ear cleft, is lost, then there is no hearing, i.e.,
deafness:

The organ of hearing is physically united with
air, and because it is in air, the air inside is
moved concurrently with the air outside. Hence
animals do not hear with all parts of their bodies,
nor do all parts admit of the entrance of air; for
even the part which can be moved and can
sound has not air everywhere in it. Air in itself is,
owing to its friability, quite soundless; only when
its dissipation is prevented is its movement
sound. The air in the ear is built into a chamber
just to prevent this dissipating movement, in
order that the animal may accurately apprehend
all varieties of the movements of the air outside.
That is why we hear also in water, viz. because
the water cannot get into the air chamber or
even, owing to the spirals, into the outer ear. If
this does happen, hearing ceases, as it also does
if the tympanic membrane is damaged, just as
sight ceases if the membrane covering the pupil
is damaged. It is also a test of deafness whether
the ear does or does not reverberate like a horn;
the air inside the ear has always a movement of
its own, but the sound we hear is always the
sounding of something else, not of the organ
itself. That is why we say that we hear with what is
empty and echoes, viz. because what we hear
with is a chamber which contains a bounded
mass of air. (Aristotle 2010)

Texts of Hippocrates and Aristotle continued to be
used by physicians, including those concerned with
hearing, to the Renaissance. The anatomical concept
of the air in the ear, “aer internus,” largely through
the dominance of Aristotelianism, was the basis of the
understanding of ear physiology until the middle of
the eighteenth century (Békésy and Rosenblith 1948;
Cotugno 1760).

All of these concepts had the least validity in the
historical development of understanding hearing
because all were products of theory alone and did

not develop through the observation of dissections.
Perhaps the earliest theory based on the observations
of anatomical structure was that of Galen (130 BCE–
200 CE) who dissected the ear of various animals
including pigs and primates (Ajita 2015). He observed
the inner ear and wrote about the way the inner ear
protects from sound trauma the nerve he also
observed that leads into the inner ear (Galen 1968;
Siegel 1970):

Accordingly, she [Mother Nature] added a dense,
hard bone and bored through it with oblique coils
like a labyrinth, being careful gradually to dull, by
intricate deflections, the direct force which the
cold air would have if the pathway were straight,
and to check the impact of all other, hard bodies.
(Galen 1968)

Galen’s theory of hearing was based upon the
anatomical structure of the labyrinth, which he
named (Galen 1968). The labyrinth served as a
tortuous channel to protect the nerve endings from
damage by very strong sound. He brought the ideas of
Hippocrates, Empedocles, and Aristotle to his under-
standing of hearing, utilizing the concepts of inner air
and transmission of a mirror image to the brain by the
nerves.

SIXTEENTH CENTURY

To our knowledge, the first complete and separate
tome on the ear is by Volcher Cöiter (1534–1576), De
auditus instrumento in 1566 (Coïter 1572), which
included a section on the transmission of sound.
Cöiter was an anatomist in Bologna noted for his
studies of osteology and meningitis and for obtaining
permission to perform autopsies to understand dis-
ease (Castiglioni 1941). The source for the date is
Ernst Glen Wever (Wever 1949) who states that this
text first appeared separately in 1566 as a part of
Cöiter, Volcher (1534–1576), Externarum et internarum
principalium humani corporis partium tabulae, Nurem-
berg: Dietrich Gerlach, 1573. See https://
archive.org/details/hin-wel-all-00000250-001 and the
Vatican Library; the author has not been able to
locate a copy of that publication, and the earliest
located is 1572. Cöiter traces the vibrations from the
entrance of the external auditory meatus through the
middle ear and via the cochlea and labyrinth to the
auditory nerve. He appears to be the first investigator
on record who opposed the idea of implanted air in
the tympanic cavity although his idea was not imme-
diately taken up. Cöiter reasoned that the distinctive
properties of the inner air could not be preserved
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since there was an opening to the throat, and
therefore, the surrounding air could replace whatever
was in the cavity.

SEVENTEENTH CENTURY

Casper Bauhin (1560–1624) of Basel appears to be the
first to hypothesize a resonance theory of hearing in
his Theatrum Anatomicum infinitis locis auctum written in
1592 and first published in 1605 (Bauhin 1605)
(Fig. 1). This was formulated before there was detailed
knowledge of the inner ear and the concept of
enclosed air was still the accepted mechanism for
hearing. He stated that when aerial waves beat upon
the ear, there is resonance in its various tubes and
spaces, in the depths of which the auditory nerve lies.
The resonance is selective for the cavities contain

openings of different sizes, lengths, and forms. He still
thought that most of the transduction occurred in the
middle ear but allowed for possible processing in the
inner ear.

Perhaps a lesser known but critical scientific
achievement of Galileo Galilei (1564–1642) is his
study of the mathematical basis of resonance which
demonstrates that the shorter a string in a musical
instrument or other sound-making device, the higher
the resonant frequency and vice versa. Galileo brings
the Pythagorean concept, with which he was familiar,
to a more complete mathematical description.
Galileo’s formulation underlies our current under-
standing of the tonotopic organization of the cochlea.
Galileo in 1638 published his studies of the mathe-
matical basis of resonance in Discorsi e dimostrazioni
matematiche intorno à due nuoue scienze attenenti alla
mecanica & i mouimenti locali ... Con vna appendice del
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FIG. 1. Theatrum anatomicum infinitis locis auctum written in 1592 and first published in 1605. Bauhin (1605), frontispiece. Courtesy of the
Library of the New York Academy of Medicine, Arlene Shaner



centro di grauità d’alcuni solidi (Gallie 1914; Galilei
1638). First, he described the acoustical and visual
effects of resonance using church bells, stringed
instruments, and a glass of water as his examples. He
then quantified the effects on a string to produce a
sound by stretching, shortening, or making it thinner.
These data were then expressed as mathematical
formulations which he illustrates in his Figure 13
(Galilei 1638) (Fig. 2).

Galileo’s explanation of the illustration in Fig. 2
includes this clarification:

Let AB denote the length of a wave emitted by the
lower string and CD that of a higher string which is
emitting the octave of AB; divide AB in the middle
at E. If the two strings begin their motions at A and
C, it is clear that when the sharp vibration has
reached the end D, the other vibration will have
travelled only as far as E, which, not being a
terminal point, will emit no pulse; but there is a
blow delivered at D. Accordingly when the one
wave comes back from D to C, the other passes on
from E to B; hence the two pulses from B and C
strike the drum of the ear simultaneously. Seeing
that these vibrations are repeated again and again
in the same manner, we conclude that each
alternate pulse from CD falls in unison with one
from AB. But each of the C D pulsations at the
terminal points, A and B, is constantly accompa-
nied by one which leaves always from C or always
from D. (Gallie 1914)

Anatomical knowledge of the inner ear increased
during the latter part of the seventeenth century.
Thomas Willis (1621–1675) in his De anima brutorum of

1672 (Willis 1672) identifies the function of the
labyrinth as the organ of hearing:

But from the aforesaid Den, place behind the Drum,
another passage leads towards that part, which is
properly the Organ of Hearing; to wit, in the extreme
side of that Cavern, before mentioned, there is a
door, or certain round hole, covered with a thin
Membrane, commonly called the Window, and
beyond that whole, to wit in the end or shop process
of the stony Bone, is the Shell, contain: from whence
we may think very sharp processes of the stony Bone,
is the Shell contain: from whence we may think very
well, that the impression of the sound brought
through its next Chamber from the Drum, is that’s
propagated, by an impulse made above the Window,
into the shell. (Willis and Pordage 1683)

Willis also affirmed the earlier observation of
Cöiter of the impossibility of implanted embryonic
air (Plato 2017; Aristotle 2010 in the middle ear—i.e.,
the cave/den—because the middle ear was connected
to the pharynx, resulting in the exchange of air in the
middle ear:

Behind the Drum, the Den or Cavity subsists, in
which the Ancients placed the implanted Air, which
received the impressed sound from the Drum: which
thing indeed is not unlikely; for, because the waiving
of the sound ought to be conveyed still further
towards the Sensory, it seems that the Sonorifick
Particles, which are their Vehicle, are contained
within this Den; and because it is needful, that
Sonorific [k] Particles, included in this Den, should
be in some measure consumed; therefore from this
hidden place, there lies an open passage into the
Palate; but yet after that manner, that little doors
being placed in its upper part, it admits the Air
fetched from the Palate, as often as there is need; but
the same being admitted into the Den of the Ear, its
passage out by the same way is hindered. (Willis and
Pordage 1683)

During the reign of Louis XIV, a major undertak-
ing of anatomy was carried out in Paris and Versailles
through animal and human dissection (Guerrini
2015). In this context, work on the inner ear and
theory of hearing are detailed in two works. The first
of these, by Charles Perrault (1628–1703), is incorpo-
rated as Chapter II, “Du Bruit,” in Perrault’s Essais De
Physique, Ou Recueil De Plusieurs Traitez touchant les
choses naturelles of 1680 (Du Bruit 1680) (Fig. 3).

Perrault recognized the spiral nature of the cochlea,
as had been earlier noted by Cöiter (Coïter 1572)
(Galen had described the spiral nature of the cochlea,
but this was unknown to Perrault since the Galen

Fig. 2. Galileo Galilei’s (1564–1642) 1638 illustration of the
mathematical basis of resonance. The original in Galileo’s text
measures 2.5 × 2.5 cm and is enlarged for this publication. Galilei
(1638), figure 13, page 104. Courtesy of Biblioteca Apostolica
Vaticana, photograph by the author
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manuscript only came to light in the twentieth century
(Galen 1968)). Perrault assumed that the implanted air
was in the spiral passages of the cochlea and theorized
that this anatomy allows for the spread of vibratory
movements over a greater area of nervous substance
and thus would gain sensitivity. Perrault’s findings
appear to be the earliest observation of the function of
the anatomical structure, the spiral cochlea, which
could account for localization of sound perception. He
was the first to relate the physical structure with the way
in which sound is perceived.

Guichard Joseph Du Verney (1648–1730), a col-
league of Perrault, was the first to develop a tonotopic
theory of hearing based on anatomical structure. His
only book (Du Verney 1683) (Fig. 4) was written in the
vernacular French, not in the traditional Latin. It was
translated from 1684 until 1750 into Latin, German,
Dutch, and English (Asherson 1979) and for at least a
century and a half served as the major textbook for
the anatomy and physiology of the ear.

Du Verney considered the cochlea as the principal
organ of hearing. He also stated that the vestibule and
the semicircular canals were functional for hearing, a
conclusion based on his observations that fishes and
birds are able to hear and have a vestibule and
semicircular canals but lack a cochlea. He believed
that the tortuous passages of the labyrinth were like
the tubes of trumpets that augment sounds passing
into them and that this thereby aided the excitation of
the nerve. Du Verney also was a subscriber to the
classical theory of implanted air.

The bony lamina was, in Du Verney’s view, a
selective mechanism: he perceived it to be broader
at the basal end and narrower at the apical extremity
of the cochlea as illustrated in his Figures IV and V in
Plate X—Fig. 4. The different kinds of sounds, that is,
different frequencies, are distributed along its extent,
as described in an eighteenth century English trans-
lation:

In short, this lamina is not only capable of receiving
the vibrations of the air, but its structure makes it
appear credible, that it is sufficient to answer to all
their different characters: for it being larger at the
beginning of its first convolution than it is at the
extremity of the last, where it finishes as in a point,
and its other parts diminishing in proportion in
bulk, we may suppose that the larger parts may be
vibrated without the others participating in that
vibration; and therefore they are capable of
receiving none but the slower undulations, which
consequently answer to grave tones: and that, on
the contrary, its narrow parts being agitated, their
undulations are quicker, and consequently answer
to acute tones. In the same manner that the larger
parts of a steel spring form the slowest undulations,
and answer to grave tones: and so its narrower parts
form quicker and more frequent vibrations, and
consequently answer to acute tones. So that in
short the spirits of the nerve, which expanded over
its substance, receive different impressions which
represent in the brain the different appearances of
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Library, photograph by the author



tones according to the different vibrations of the
lamina spiralis. (Du Verney 1737)

There is a fascinating paradox in Du Verney’s
contribution concerning tonotopic organization: in
short, he got the theory right and the observation wrong.
Archives of the period document that Du Verney, in
accounting his expenses incurred earlier in the perfor-
mance of his dissections, included reimbursement requi-
sitions for magnifying glasses and a microscope. Thus we
can know that he usedmagnifying instruments inmaking
his observations, a point which heretofore has not been
recognized (Guerrini 2015). It should be noted further
that Du Verney’s use of magnification is also indicated in
his descriptions of his illustrations. For example, in his
“Explanation of Plate X,” he describes Fig. I as
representing “the temporal Bone twice as large as
Nature,” and he describes Fig. IV as representing “the
Lamina Spiralis in the Air much larger than nature.”
Specifically, his reimbursementmemoranda for 1687 and
1691 include reimbursement requests for a microscope
and two “very strong” magnifying glasses.

If we ask why Du Verney, who arrived at the right
theory, produced incorrect observations in spite of his
use of magnifications, the answer lies in the develop-
ment of scientific technology. Du Verney’s observa-
tions were made on intact or dissected specimens but
not on sectioned and stained material because
microtone and staining were not introduced until
the end of the eighteenth century (Wilson 1995). One
can only surmise that if he had the instruments for
better observation, he would have also observed the
correct dimensions of the basilar membrane. Du

Verney utilized knowledge of the resonance of a
stringed instrument, the lute, which he applied to
his anatomical observations of the cochlea (Du
Verney 1737). Indeed, resonance underlies his theory
of the tonotopic organization of the cochlea: high
tones at the apex and low tones at the base. This
concept persisted until the latter part of the nine-
teenth century.

EIGHTEENTH CENTURY

The concept of tonotopic organization with low-
frequency (grave) tones mediated from the base of
the cochlea and high-frequency (acute) tones at the
apex persists in Albrecht von Haller’s (1708–1777)
1751 publication (Haller vA 1751). Following Du
Verney, von Haller describes the osseous lamina as
an indefinite number of cords, continually shortening
in their lines (lengths of his so-called cords). By that
means, they are adapted so that there is a greater
variety of acute and grave sounds which vibrate
sympathetically; the longest are at the base of the
cochlea with the grave sounds, and the shortest near
the apex with the acute sounds. Further, he stated
that the distinction of sounds no doubt depends upon
the rapidity of the tremors of the cochlea and acoustic
nerve as they follow one another frequently or slowly
over a brief time. For this, it is not necessary that the
tremors be numbered by the mind but only that their
numbers be different and that this difference excite
changes in our perceptions, as described in an
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English translation in 1801 (Haller vA. First lines of
physiology. Edinburgh Ad 1801):

It is an elegant conjecture, that since the lamina
spiralis forms a true triangle, of which the apex is a
very acute angle, it may be supposed to contain an
infinite number of cords, successfully shorter,
which correspond harmonically with the various
acute and grave tones, for that they vibrate in
uniform with the greater number of sounds; the
longest cords in the base of the cochlea with the
gravest sounds; and the shortest cords nearest the
apex, with the sharpest sounds. Are sounds per-
ceived in the middle semicircular canals, since
there alone are found in all classes of animals? Or
are they perceived in the canals, in the cochlea,
and in the membrane suspended in the
vestibulum? This seems probable. (Haller vA. First
lines of physiology. Edinburgh Ad 1801)

This erroneous view of the tonotopic organization
of the cochlea should have changed with the publica-
tion of Domenico Felice Antonio Cotugno’s (1736–
1822) dissertation, presented in 1761 when Cotugno
was 25 years old (Cotugno 1761,9 Cap. XCII). Based
on his anatomical observations, he theorizes that high-
frequency tones are mediated at the base of the
cochlea with a continuum so that the low frequencies
are mediated at the apex, as described in a 1997
English translation:

The necessity of the cochlea, in which there is a
series of parallel and stretched strings, like in a
tambourine, is quite evident. The cochlea keeps
the nervous filaments it receives from the lamina
spiralis together and keeps them parallel and of
different lengths. I put the smallest of these strings
at the base of the area (basilar membrane) right
near the orifice of the scala tympani, where it is
narrower. I put the longest ones at the small hook
of the area. When a sound is generated, as in the
case of the human voice, we may observe that,
among all the strings of the tambourine, only one
vibrates in unison with the sound; thus, within the
cochlea, which is our tambourine, for every sound
there is a corresponding and appropriate string
that, by vibrating in unison, permits the soul to
discriminate sounds. This fact probably explains
why the cochlea does not exceed the length of two
turns and a half, because in that area there may be
an area long enough to get all the possible strings
responding in unison to the sounds we hear.
Therefore, we perceive the sound by means of the
sept, we recognize the tones by means of the
cochlea. (Manni and Petrosini 1997)

Cotugno uses the observation of resonance as the
basis of his hypothesis of the function of the cochlea.
In addition to this first correct demonstration of
tonotopic organization, Cotugno is the first to dem-
onstrate that the labyrinth is filled with fluid, not air.
This critical discovery was based upon his observations
of fresh anatomical specimens. Previous observations
had been made on dried specimens in which the fluid
of the ear had evaporated (Cotugno 1761; Manni and
Petrosini 2010). Cotugno’s discovery in the eighteenth
century finally negated the theory, derived from
classical Greece, of air inside the ear. His recognition
that the labyrinth is filled with fluid contributes to the
understanding in the nineteenth and twentieth cen-
turies of cochlear function.

However, Cotugno’s theory of tonotopic organiza-
tion was ignored. Cotugno went on to have an
illustrious career in medicine, but his correct under-
standing of the tonotopic organization of the cochlea
remained unknown at the time and did not contrib-
ute to the scientific discourse.

NINETEENTH CENTURY

In the nineteenth century, the long-held, dominant
and erroneous view of the tonotopic organization of
the cochlea in which high tones are mediated at the
apex and low tones at the base was finally reversed.
Hermann Ludwig Ferdinand Helmholtz (1821–1894)
reversed that concept and demonstrated our current
view: high tones are mediated at the base of the
cochlea and low tones are mediated at the apex. He
arrived at this view through an evolution of thought
and understanding: the development of his thinking
can be followed through an early lecture and the four
editions/revisions of his book, Die Lehre den
Tonempfindungen als physiologische Grundlage für die
Theorie der Musik (Helmholtz 1870), which span the
period from 1857 to 1877. A turning point was his
incorporation of the zoologist Victor Hensen’s (1835–
1924) measurements of the width of the basilar
membrane.

In 1857, Helmholtz gave a lecture on the founda-
tion of music and presented his first formulation of
his resonance theory of hearing (Wever 1949; Cahan
2018). This was followed 6 years later by the publica-
tion in 1863 of the first edition of Die Lehre den
Tonempfindungen als physiologische Grundlage für die
Theorie der Musik. This book went through three
revised editions, second (first revised) edition in
1865 (Helmholtz 1865), third (second revised) edition
in 1870 (Helmholtz 1870), and fourth (third revised)
edition in 1877 (Helmholtz 1877). There were two
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English translations: the first was published in 1875 of
the third edition (Helmholtz 1875) and the second
was published in 1885 of the fourth edition; the latter
was reprinted in 1954 (Helmholtz 1954).

Helmholtz established the current concept of
tonotopic organization of the cochlea in the third
edition of 1870 (Helmholtz 1870).1 He achieved his
understanding by utilizing Ohm’s law of auditory
analysis (Ohm 1843), Mueller’s doctrine of specific
energy of nerves (Müller 1826), and the anatomical
discoveries of Corti (Corti 1851), and Hensen
(Hensen 1863). Measurements by Hensen of the
basilar membrane were most critical to the formation
of Helmholtz’s resonance theory of hearing in the
third edition (Fig. 5). Hensen observed that the
basilar membrane was the more likely resonance
structure in comparison with the pillar cells because
it varies more markedly in size than the pillar cells:
according to his observations, there is about a 12-fold
increase in width of the basilar membrane from base
to apex.

Helmholtz comments on the use he made of new
information in explaining the first appearance of the
new tonotopic concept in a footnote (page 218 of the
1875 English translation) as follows:

In the first edition of this book (1863), which was
written at a time when the more delicate anatomy
of the cochlea was just beginning to be developed,
I supposed that the different degrees of stiffness
and tension in Corti’s rods themselves might
furnish the reason of their different tuning. By
Hensen ’s measures of the breadth of the
membrana basilaris (Zeitschrift für wissensch.
Zoologie, vol. xiii. P. 492) and Hasse’s proof that
Corti’s rods are absent in birds(Hasse 1866) and
amphibia, far more definite foundations for
forming a judgment, have been furnished, then I
then possessed.

Helmholtz further develops his new concept of
tonotopic organization in the fourth edition (page
146 of the Dover 1954 reprint of the 1885 English
translation):

… the basilar membrane is tightly stretched in the
transverse direction from the modiolus to the outer
wall of the cochlea but has little tension in the
direction of its length because it cannot resist
strong pull in this direction … but if the tension
in the direction of its length is infinitesimally small
in comparison with the tension indirection of the
breadth, then the radial fibers of the basilar

membrane may be approximately regarded as
forming a system of stretched strings, and the
membranous connections as only serving to give a
fulcrum to the pressure of the fluid against these
strings. … any exciting tone would set that part of
the membrane into sympathetic vibration, for
which the proper tone of one of its radial fibers
that are stretched and loaded with the various
appendages already described, corresponds most
nearly with the exciting tone; and thence the
vibrations will extend with rapidly diminishing
strength onto the adjacent parts of the membrane.
The strongly vibrating parts of the membrane
would, as has been explained in respect to all
bodies which vibrate sympathetically, be more or
less limited, according to the degree of damping
power in the adjacent parts, by friction against the
fluid in the labyrinth and in the soft gelatinous
parts of the nerve fillet.
Under these circumstances the parts of the mem-
brane in unison with higher tones must be looked
for near the round window, and those with deeper,
near the vertex of the cochlea, as Hensen also
concluded from his measurements. That such short
strings should be capable of corresponding with
such deep tones, must be explained by their being
loaded in the basilar membrane with all kinds of
solid formations; the fluid of both galleries in the
cochlea must is also be considered as weighting the
membrane, because it cannot move without a kind
of wave motion in that fluid. (Helmholtz 1954)

It took Helmholtz synthesizing microscopic anato-
my, physics, and acoustics to develop the concept of
base-to-apex high tone to low tone tonotopic organi-
zation. Helmholtz is the synthesizer.

It is surprising that Helmholtz, who was very
scholarly (Cahan 2018), never refers to Cotugno’s
conclusion in his dissertation of 1761 of the base-to-
apex high tone to low tone tonotopic organization.

This tonotopic theory of high to low tones from
base to apex becomes the present model. In Helm-
holtz, however, it is still a theory because it has not
been shown to be related to the physical properties of
the basilar membrane, the physiology of hearing, or
the psychoacoustics of hearing.

During the late nineteenth century, several publi-
cations sought to correlate the pathology of the
cochlea in man with hearing. C. Hubert Hurst, Ph.D.
(Hurst 1894), an English anatomist, in 1894 men-
tioned that injuries of the apex of the cochlea caused
a loss of hearing for low tones but provided no details.

Pathological evidence, with the details of which I
am not acquainted, shows that injury—or at any
rate some injuries—to the apex of the cochlea lead1 8
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to a deafness to low tones, while the ear may still
remain sensitive to high ones. (Hurst 1894)

There were at least three reports (Stepanow 1886;
Moos and Steinbrügge 1881; Gruber 1885)
concerning various forms of human cochlea patholo-
gy and the patients’ hearing and one report based on
guinea pig experiments (Stepanow 1888). These
studies had critical design flaws in that the stimuli
and the responses were not controlled, and the
histology was inadequate due to artifacts. The results
were conflicting and did not prove or disprove
Helmholtz’s theory of tonotopic organization.

TWENTIETH CENTURY

The twentieth century brought about advances in the
understanding of the physics of the basilar mem-
brane, the physiology of the cochlea, and the corre-
lation of cochlear function with hearing in animals
and man. Georg von Békésy (1899–1972) commenc-
ing in 1928 published a series of studies which
culminated in his being awarded the Nobel Prize in
Physiology or Medicine2 for his research on the
function of the cochlea in the mammalian hearing
organ (Wever 1949). His initial studies utilized model
membranes which consisted of covering a hole on a
metal plate with a rubber film and stimulating it with
pure tones. Through this model, he demonstrated
that the place of maximum amplitude of vibration was
dependent upon the frequency of the stimulus
(Békésy 1928) (Fig. 6a), in English translation
(Békésy 1960a):

From the intermediate curves it may be seen that in
the course of this movement the fluid above the
membrane and on the left side will be sucked in
the direction of the solid arrows. When the

membrane reverses its direction the fluid will be
displaced to the right as indicated by the broken
arrows.
In this manner the vibration of the membrane near
the place of resonance, where the displacement is
the greatest, produces a transporting of fluid near
the surface in a direction from the higher tuned
resonators to the lower tuned ones. This
transported fluid of course must return, and in
this way the eddy arises. The same thing takes place
on the lower side of the membrane, though the
form of motion is a mirror image of that of the
upper side. This situation accounts for the variation
in the location of the eddy as a function of
frequency, as well as for the other phenomena
mentioned. Because the vibration has its maximum
amplitude at the place where the eddy appears, a
perforation of the membrane always occurs there.
(Békésy 1960a)

In these studies that utilized models, optimal
resonance at different places along the basilar mem-
brane model was directly observed. These studies
demonstrated for the first time the correctness of
the theory of resonance underlying tonotopic organi-
zation.

The next crucial step was to determine whether the
same phenomenon would occur in a biological
specimen, that is, in the cochlea of various animals
including man. To explore this question, von Békésy
utilized human temporal bones: he removed the
stapes and replaced it with a rubber membrane
cemented to a small brass ring over the oval window.
Vibrations were produced from the driving unit of a
loudspeaker, and these were transmitted to the basilar
membrane by an artificial stapes which was a knob
attached to the rubber member. This 1943 study
demonstrated the patterns of vibration for various
frequencies on the basilar membrane of a cadaver
specimen (von Békésy 1943). The results are present-
ed in Fig. 6b, and von Békésy describes his observa-
tions in two passages, here in English translation, as
follows (Békésy 1960a):

2 Róbert Bárány (1876–1936), also a Hungarian, in 1914 was the
first to be awarded a Nobel Prize in the area of otology; it was in
physiology or medicine based on his work on the physiology and
pathology of the vestibular apparatus.
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The vibrations observable through the microscope
were relatively large, and the next step was to discover
whether nonlinear distortions appeared in the mea-
sured amplitudes. The data showed that the ampli-
tude of vibration of the cochlea partition, as observed
at a particular point, increased exactly in proportion
to the amplitude of the vibration of the loudspeaker
system, so that no distortion was present.

… frequencies below approximately 30cps, the
whole cochlea partition near the helicotrema
vibrated with almost the same amplitude. As the
frequency was raised, however, the vibrations
moved away from the helicotrema until, at fre-
quencies above 800cps, no further vibrations could
be seen in the exposed spiral. The measured
amplitudes of vibration, expressed in volume
displacement per millimeter of length of the
partition, constitute the ordinate in figure 11-43.

[here Fig. 6b]. This scale is arbitrary for each
individual frequency. The abscissa represents the
distance from the stapes to the measured point.
The distances were determined by noting the
direction of the cochlear duct and converting the
angle into distance by means of a chart of the
cochlea, as described on page 29. (Békésy 1960a)

Through von Békésy’s experiments, the physical
properties of the basilar membrane were determined
to be consistent with the concept of the cochlea’s
tonotopic organization in which high-frequency tones
have their greatest effect at the base and the low-
frequency tones at the apex of the cochlea.

Jozef John Zwislocki (1922–2018) in 1946
(Zwislocki 1946) and 1950 (Zwislocki 1950) added to
the understanding of the physical properties allowing
for the tonotopic organization of the cochlea. Using a
rubber model similar to that used by von Békésy
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(Békésy 1928), Zwislocki hypothesized that the analyt-
ic action of the cochlea depends upon only two
variables, the elasticity and the dampening of the
basilar membrane. He considered hydrodynamic
principles and concluded that every tone produces a
wave that travels up the cochlea, reaches a maximum
amplitude at some position, and then rapidly falls
away. Location of the maximum variation to frequen-
cy is near the base for high tones and toward the apex
for low tones.

A major advance in the twentieth century for the
understanding of tonotopic organization was based
on the discovery of the electrophysiological properties
of the cochlea to sound. This electrical activity was
first demonstrated in 1930 by Ernest Glen Wever
(1902–1991) and Charles W. Bray II (1904–1982) who,
in their experiments, discovered the electrical physi-
ological properties of the ear in response to sound,
the Wever-Bray effect (Wever and Bray 1930a; Wever
and Bray 1930b) which is now referred to as the
cochlear microphonic. They misattributed these po-
tentials to the auditory nerve, albeit expressing some
uncertainty about that conclusion. They discuss their
results as follows:

The results so far obtained in this investigation
bear upon the question of the relation between the
qualitative aspect of the stimulus and the nature of
the nerve response. It was found that sound stimuli
applied to the ear of the animal set up in the
auditory nerve action currents of frequencies
corresponding to those of the sound waves. These
action currents, after amplification, were audible in
the receiver as sounds which, so far as the observer
could determine, were identical with the original
stimulus.
Speech was transmitted with great fidelity. Simple
commands, counting, and the like were easily
received. Indeed, under good conditions the
system was employed as a means of communication
between operating and sound-proof rooms.
A simple tone sounded into the cat’s ear gave rise
to that tone in the receiver. The observer was able
to detect no difference in pitch between this tone
and the original stimulus. The range of frequencies
to which response can be obtained has not as yet
been thoroughly investigated, but the response has
been observed to tones as low as 125 and as high as
4100 ~/sec. There was manifested a high degree of
tonal discrimination: e.g., if two tones of adjacent
frequencies, such as 3200 and 3300 ~, were given in
succession, the observer could report accurately
which was the higher.
These facts show, then, that in the nerve as a whole
the frequency of response is correlated with the
frequency of stimulation.

There was evidence also of a correspondence
between the intensity of response in the nerve as
a whole and the intensity of stimulation.
The above results are not what have been expected
on the basis of recent work on other sensory
nerves. The nerve responses recorded by Adrian
and others on stimulation of the end-organs of
pressure, pain, vision, and muscle-sensitivity, have
in every case shown frequency of nerve impulse to
be correlated with intensity of stimulation. Here,
on the contrary, we have found frequency of
impulse correlated with frequency of stimulation.
Because of the divergence of our findings from
what is beginning to be accepted as a general law of
sensation, and the obvious suspicion aroused by
what appears to be a direct correlation of stimulus
and end-effect, it is necessary to produce evidence
eliminating every possibility of artifact, and to
supply checks beyond what have ordinarily been
considered necessary in experiments of this nature
in order to establish the results as in reality due to
action currents in the nerve set up in the response
of the ear to sound. (Wever and Bray 1930b)

This interpretation by Wever and Bray that the
electrical response they observed was the nerve
responding to sound turned out to be inaccurate
and was quickly challenged (Adrian et al. 1931).
Hallowell Davis (1896–1992), Arthur J. Lurie (1893–
1993), Moses H. Lurie (1893–1979), and Leon J. Saul
(1912–1992) (Davis et al. 1934)3 demonstrated
through a series of experiments, including studies in
deaf white cats, the effect of anoxia, pithing of the
basilar membrane, and lesions of the nerve of
hearing, that the cochlear microphonic is the result
of stimulation of the hair cells:

The cochlear response is interpreted as arising in
the sensory cells of the organ of Corti as a result of
mechanical deformation. (Davis et al. 1934)

Davis (Davis 1935) then showed that the Wever-
Bray effect of electrical response has two components:
The first is the cochlear microphonic, a specific
electrical response of the cochlea that is synchronized
with the acoustic signal. The second is the action
potential of the cochlear nerve. He then utilized the
cochlear microphonic to demonstrate the resonance
properties of the cochlea in his Figure 13 (Fig. 7).

XII. EVIDENCE FOR SPECIFIC RESONANCE:
Fig. 13 shows average curves from guinea pigs, the
solid curve representing data from the round

3 My appreciation for this information to Louise Collins, Director
Massachusetts Eye and Ear Library

12 RUBEN: The Developing Concept of Tonotopic Organization of the Inner Ear



window, while the dotted line represents the apex.
In the guinea pig, the cochlea is exposed in the
inner ear in such a way as to make the apical region
readily available for experimentation. It is evident
that there is a much lower threshold of response to
low tones at the apex and to high tones at the
round window. … These data show conclusively
that the cochlea is tuned in some fashion from end
to end, the low tones being represented toward the
apex and the high tones toward the base. (Davis
1935)

The recognition of the electrophysiological prop-
erties of the ear leads to the report of Tasaki et al. of
1952 (Tasaki et al. 1952), which provides understand-
ing of the physiological basis of the tonotopic
organization of the cochlea with greater electrical
response to higher frequencies at the base and
greater electrical response to lower frequencies at
the apex. This is illustrated in Figure 9 of their 1952
report (Tasaki et al. 1952) in which this is demon-
strated in the guinea pig cochlea (Fig. 8).

Concurrent with these advances, and to fulfil their
implications, the question needed to be answered is
whether these physical, anatomical, and electrophys-
iological discoveries actually relate to human hearing
of discrete frequencies. A most significant advance of

the twentieth century was to answer that question
whether this basic science relates to hearing as human
beings experience it.

An anatomist at The Johns Hopkins School of
Medicine, Stacy Guild, Ph.D. (1890–1966), et al., in
1931 (Guild et al. 1931) and 1932 (Guild 1932),
described three conditions which were necessary to
ascertain the function of the human cochlea. These
were as follows: first, to have accurate human tempo-
ral bone histology; second, to have a sufficient
number of temporal bone specimens so as to be able
to note the variation in neural innervation and
ganglion cells along the length of the cochlea duct;
third, to have an accurate quantitative assessment of
human hearing. These three requirements were
achieved as follows: (1) the histological demands
through Guild’s development of excellent histological
preparations; (2) sufficient data through testing of
many patients admitted to the Johns Hopkins hospi-
tal, testing their hearing while still alive, and
collecting their temporal bones at autopsy; (3)
accurate quantitative assessment of human hearing
through the Johns Hopkins’ patients undergoing
objective hearing testing with the Western Electric 1-
A Audiometer. Western Electric patented the electric
audiometer in 1914 and, in 1922, produced the first
commercially available electronic audiometer for the
measurement of the sensitivity of hearing, the West-
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ern Electric 1-A. Designed by E. P. Fowler and R. L.
Wegel (Fowler and Wengel 1922), it allowed for
hearing testing from 32 through 16,384 Hz. For
the Hopkins studies, the Western Electric 1-A
Audiometer was mounted on wheels so that it
could be taken to the ward to test the patients
before they died.

Guild devised a system of two-dimensional graphic
reconstruction of the three-dimensional cochlea
which clearly shows the distribution of cochlear
elements throughout the length of the coiled cochlea
duct (Fig. 9). The tonotopic properties of the human
cochlea could be clearly seen in these two-
dimensional graphic reconstructions. Individual pa-
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tient data from the histological analysis of the
temporal bone and results of audiological testing
were used to generate these reconstructions. An
example is seen in figure 15 from the 1931 article
(Guild et al. 1931) (Fig. 10).

Guild saw in this new device, the Western Electric
1-A Audiometer, which was developed to test hearing
for the purposes of a telephone company and of
which there were at the time perhaps no more than
two or three in existence, the potential to answer a
major scientific question: do human beings really hear
tones through tonotopic organization? He applied the
device’s accurate behavioral study to understanding of
the anatomy of the cochlea and verified the theory of
the tonotopic organization.

The audiogram in Fig. 10 shows an average high
tone loss in three ears from 2048 to 4096 Hz and no
response at 8192 Hz (solid line) which is compared
with the average hearing of young adults with good
hearing (dashed line). The anatomical data of the
normal hearing group and the high tone loss group
are compared in a table which shows the average
number of ganglion cells per millimeter of the length
of the organ of Corti by region. Overall, the high tone
loss group had on the average 76 % (19,538/25,614)
fewer ganglion cells than those with good hearing.
The difference in fewer ganglion cells in the lower
basal region was 62 % (579/924), in the upper basal

region 80 % (862/1076), in the lower middle region
93 % (854/971), and in the upper middle plus apical
region 80 % (403/502). These observations are
congruent with the location of high tone perception
at the base of the cochlea because that is where there
is the greatest difference between ears with good
hearing and ears with a high tone loss. Unfortunately,
there is no information concerning variance which
would be required for a twenty-first century report.

These data are the first to relate pathological
anatomical findings with hearing so as to locate
high-tone perception at the base and low-tone per-
ception toward the apex:

There are differences in the average density of
innervation of corresponding regions of the organ
of Corti in groups of ears with average differences
in the acuity of hearing for tonal regions. These
differences are of sufficient degree to indicate
definitely that the relative density of innervation
of the region of the organ of Corti stimulated by
any given tone is an important factor in the relative
acuity with which that tone is perceived. Analysis of
the evidence from the groups indicates that the
regions of the organ of Corti most concerned the
perception of all tones below 3000 cycles are
located in the upper basil, the middle or the apical
turns, and not the regions of the lower basal turn is
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graphic reconstruction reduced from a 20-in.-wide graph paper. b Reconstruction of spiral ganglion cells in specimen # 3889 left. Figures 8 and 9
in Guild et al. (1931). Reproduced with permission from Acta oto-laryngologica 1931; 15:269–308: www.tandfonline.com



the one most concerned with the reception of
tones over frequency of C(Wever 1949) (4096~)
and higher. (Guild et al. 1931) (Fig. 11)

The 1931 (Guild et al. 1931) and 1932 (Guild 1932)
articles were followed by a more detailed article by
Crowe et al. in 1934 (Crowe et al. 1934) which
graphically demonstrated in two dimensions the
tonotopic organization of the human cochlea based
on the multiple correlations of human temporal bone
pathology and quantitative audiometry obtained with
the Hopkins Western Electric 1-A Audiometer. They
concluded:

“This publication is a correlation of the clinical and
pathological findings in 79 ears whose audiograms
show impairment of hearing limited to the high
tones. A proper control for this study has been
established by comparing the middle and inner ear

lesions in ears with known good hearing for all
tones with the lesions found in our cases with
impaired hearing. The control group numbers
about 200 ears. Our observations prove very
definitely that the receptors for high tones are
located in the basal turn of the cochlea. Three-
fourths of the ears with impaired hearing for high
tones have lesions of the basal turn more extensive
and severe than in any of the control group.
(Crowe et al. 1934)

These observations offer no definitive evidence
from human studies for a discreet locus for the low-
frequency tones. The reason is that the higher the
frequency, the smaller the region of cochlear involve-
ment: that is, the region of high tone perception is
substantially more discreet than that of low-frequency
tones, where the area of cochlear stimulation is much
larger (Wever 1949; Wever and Lawrence 1949). This
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study also showed that over-stimulation by low-
frequency sound destroys a larger portion of the
cochlear duct than high-frequency sound, an obser-
vation congruent with the anatomical difference
noted in the low-frequency reception region and the
high-frequency reception region (Wever 1949; Smith
and Wever 1949).

Harold Schuknecht (1917–1996) and Dewey Neff
(Schuknecht and Neff 1952) (1912–2002) undertook
their 1952 animal studies because there was scant
evidence for determining what hearing loss would
result from damage to receptor or neural elements in
the apical portion of the cochlea. Through condition-

ing with an avoidance response in cats with an only
hearing ear, behavioral audiograms were obtained
before and after a lesion was created at the apex of
the cochlea. This was accomplished using the opera-
tive techniques developed by Julius Lempert
(Lempert 1938) (1891–1968) of creating a small
fenestra which thinned the bone, which then enabled
the membranous cochlea to be entered with a small
needle. At this point, Schuknecht and Neff carried
out various apical lesions. The temporal bones of the
cats were obtained after the post-lesion audiograms
and histologically analyzed with serial sections (Neff
1984). They concluded:

FIG. 11. These data are the first to relate the anatomical findings with hearing so as to locate the high tones at the base and the low tones
toward the apex. Figure 44 in Crowe et al. (1934). Reprinted with permission from Johns Hopkins University Press

FIG. 12. Schuknecht and Neff (1952) demonstrated the hearing losses after apical lesions in the cochlea. Figure 2 in Neff 1984. Reproduced
with permission from Acta Oto-Laryngologica, 1952, 42:3, 263–274. www.tandfonline.com
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The results obtained indicate that, at near thresh-
old intensities, frequencies below 5oo c. p. s. excite
receptors only in the apical turn of the cochlea – at
least, it is only in this region that the effect they
produce is sufficient to set off the neural activity
necessary for sensory discrimination. As intensity is
increased the low frequencies appear to arouse
activity over a wide area of the cochlea so that, at
intensities 20 to 30 db. above threshold, they are
producing excitation at least as far towards the base
as the lower middle turn of the cochlea.
(Schuknecht and Neff 1952) (Fig. 12)

These results based on combined behavioral and
anatomical observations are consistent with the phys-
ical observations of von Békésy (von Békésy 1943;
Békésy 1960b), which showed the very broad vibration
pattern of the cochlear partition when stimulated with
low-frequency tones. These results were confirmed in
the late twentieth century by Donald Greenwood
(Greenwood 1990) in various living mammals and in
human cadaver material and by Marcus Müller
(Müller 1996) in the Mongolian gerbil.

CONCLUSION

The correct understanding of hearing, and of the
tonotopic organization of the cochlea in particular,
developed from speculation by the ancient Greeks to
our contemporary knowledge, based on a synthesis of
several of the basic sciences and on experiment and
observation. This accurate understanding has led to a
major advance in the care of the deaf and hearing
impaired: the cochlear implant. The first implants
stimulated the whole cochlea, but as development on
the device was continued, realization that the cochlea
would respond more appropriately by stimulation of
discrete regions led to the development of our
current generation of cochlear implants (Mudry and
Mills 2013). The cochlear implant threads a series of
electrodes through the cochlea, and the electrodes
are programmed so those nearest the apex are
activated by low tones and vice versa. Today’s implant
itself is a model of the tonotopic organization of the
cochlea and is based upon it.

Helmholtz arrived at an accurate view of the
tonotopic organization through a synthesis of studies
of the physics of sound, including his own, and
anatomical observation. von Békésy furthered the
concept with the application of physics to the
observation of models and anatomical specimens of
the ear. Wever and Bray discovered the electrical
response to sound of the ear, and Davis et al.
identified the components of the electrical response.

Building upon the cochlear microphonic, Tasaki
demonstrated that the physiological responses were
consistent with the base-to-apex high-to-low-tone
tonotopic organization. Guild proved that the
tonotopic organization of the cochlea was responsible
for pure tone hearing in humans.

The cochlear implant applied centuries of scientif-
ic endeavor for the care of patients. The pursuit of
basic science transformed the concept of tonotopic
organization from theory to fact and in the service of
humankind.
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