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Analysis of sound by frequency, intensity and timing 
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What does it mean to analyze the frequency components of a sound?  A 
‘spectrogram’ such as that shown here is the usual display of frequency 
components as a function of time – here during the production of a sentence “I can 
see you”.    We will see a real-time spectrograph in operation ourselves.  
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‘audiogram’ of human hearing, with landmarks
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The frequency composition of speech sounds is shaped by muscular control of the 
airway.
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The RC time constant imposes a low frequency limit on the rate at which voltage 
changes across the cell membrane  (or any other system)
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Current flows across a capacitor in  proportion to the rate of change of voltage, 

Ic = CdV/dt.  At steady-state no current flows, so no voltage  change is measured.  
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Linked together, low and hi pass result in ‘band pass’.  Each cochlear nerve fiber 
(afferent neuron) behaves as a bandpass filter.  The ‘quality’ – Q’ of the filter refers 
to its narrowness, how cleanly does it segregate its center frequency (resonant 
frequency) from surrounding frequencies.  Center frequency divided by bandpass 
width (at 3 dB (50% down) or 10 dB below the peak.  
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A cell membrane with voltage-gated potassium channels can exhibit resonance, or 
the behavior of a bandpass filter.  The RC time constant serves as the low pass 
component and the delayed gating of potassium channels reduces the voltage 
change from some initial value, so serving as the high pass component.  With the 
right combination of voltage-gated ion channels, neurons and hair cells can have 
sharply-tuned resonance.  This is used by auditory hair cells in the turtle for 
‘electrical tuning’ to analyze acoustic frequency composition.   
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So now to The Ear.  Drawings from Max Brodel, an Austrian artist who came to 
Johns Hopkins in the 1920s.  

My point in showing this figure is to emphasize the intricate and well-protected 
structure of the inner ear, encased in the temporal bone.  This combination of 
fragility and inaccessibility is a large part of the explanation for why knowledge of 
auditory transduction has somewhat lagged others, such as the vision and olfaction.  
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Today I will  provide an overview of cochlear function.  Sound enters the external 
ear, initiating motion of the eardrum and attached ossicular chain, resulting in fluid 
movement within the inner ear, in the cochlea.  
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When middle ear function is degraded, it results in a “conductive” hearing loss.  A 
common cause is otosclerosis in which bony growth impedes the movement of the 
middle ear ossicles.  Conductive hearing loss can be distinguished from 
“sensorineural” hearing loss (the loss of hair cells and/or nerve fibers such as 
occurs with sound damage) by comparing the audibility of a tuning fork held in the 
air, or pressed against the skull (‘Rinne test’).  In conductive hearing loss, the latter 
position is effective at presenting sound by bone conduction, thus overcoming the 
conductive loss pertaining to air-borne sound If the loss is sensorineural thenconductive loss pertaining to air-borne sound.  If the loss is sensorineural, then 
bone conduction doesn’t help..  
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The middle ear facilitates acoustic sensitivity by helping overcome the air/water 
impedance mismatch.  >95% of energy in air-bourne sound is reflected at a fluid 
boundary.  The 20-fold area ratio of eardrum to stapes footplate helps overcome this 
loss, as does a lever action of the middle ear ossicles (~1.6 fold gain).  When 
contracted, tensor tympani and stapedius muscles reduce middle ear transmission.   
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Motion of the stapes footplate causes fluid motion, resulting in deflection of the 
cochlear partition upon which are situated the hair cells and surrounding supporting 
cells.  Frequency selectivity begins with the fact that the mechanics of the cochlear 
duct vary from end to end.  Consequently, lower frequency tones cause maximal 
vibration at positions near the cochlear apex.  High frequency tones deflect the 
stiffer partition nearer the oval window.  This ‘tonotopic’ pattern of vibration was 
described first by von Bekesy and is the basis of frequency selectivity in the 
mammalian cochleamammalian cochlea.  
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The sensory epithelium, organ of Corti, includes sensory hair cells and specialized 
supporting cells that lie in rows along the length of the cochlea.  The organ of Corti 
sits on the basilar membrane.  
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The basilar membrane vibrates in response to acoustic stimulation (motion of the 
stapes footplate).  This vibration propagates as a ‘traveling wave’ from the cochlear 
base (nearest the stapes footplate) to the cochlear apex.  The basilar membrane 
varies systematically in thickness and width from base to apex, so that it is relatively 
stiff at the base, and flexible at the apex.  This varying stiffness confers a systematic 
shift in resonant frequency from high to low, so that the position of peak vibration 
varies ‘tonotopically’ along the cochlear length.  
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‘Tonotopic’ vibration of basilar membrane.  
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Specific innervation of hair cells results in afferent neurons serving as ‘labeled lines’ 
for frequency.  
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The ‘labelled lines’ made up by cochlear neurons project to the brain to establish a 
tonotopic map (map of sound frequencies) all the way up to the cortex.  The 
auditory cortex is found on the superior surface of the temporal lobe.  

21



The tonotopic organization of the cochlea, and the selective innervation of that 
sensory epithelium, is taken advantage of with the cochlear implant.  For the 
profoundly deaf, a set of electrodes are threaded into the cochlea.  A spectrum 
analyzer provides frequency-dependent stimulation to each electrode, which then 
stimulates the nearest auditory nerve fibers.  With practice this very limited input 
(usually ~ 10 working electrodes) can be used to understand speech.  

The best success has been obtained in post-lingually deafened adults, and in 
congenitally-deaf children who receive the implant in the first year of life.  In the best 
cases otherwise deaf children can hit age-appropriate educational milestones.  
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The cochlear implant takes advantage of the tonotopic organization of the cochlea.  
Electrodes spaced along the implant activate neurons at different positions, 
corresponding to different frequency ‘places’.  

23



Cochlear implants are given to very young children to capture the ‘critical period’ for 
language acquisition.  
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Diving into the cochlea
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Schematic diagram of the cochlear spiral.  Afferent neurons form the spiral ganglion 
within the center, or modiolus of the cochlea.  The cochlear duct is separated into 
scala vestibuli (red arrows) and scala tympani (blue arrows), by the basilar 
membrane on which resides the Organ of Corti.  Overlying Corti’s organ is the scala
media, containing endolymph produced by the stria vascularis (violet).  Stephan 
Blatrix
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The cochlear partition consists of the basilar membrane and the hair cells, supporting cells 
and extracellular structures lying upon it, and the overlying tectorial membrane.  These all 
lie just under the scala media, the central membranous tube flanked on top and bottom by 
the scala vestibuli and scala tympani, respectively.  

The scala media is bounded by Reissner's membrane on the top, and although not so 
obvious in the figure, is actually delimited by the apical surface of the hair cell epithelium on 
the bottom, not by the basilar membrane.  This distinction is important because the scala 
media is filled with endolymph, a high potassium and low sodium fluid similar in 
composition to intracellular fluid.  The endolymph is produced by a secreting epithelium 
called the stria vascularis that lines the outer wall of scala media.  

The scala vestibuli and scala tympani contain perilymph, which has the low potassium, high 
sodium concentrations of normal extracellular fluid.  Since the basilar membrane itself does 
not present a diffusion barrier, the basal surface of the hair cells is bathed by low potassium 
perilymph (equivalent to normal extracellular fluid) while their apical hair-bearing surfaceperilymph (equivalent to normal extracellular fluid), while their apical, hair-bearing surface 
faces high potassium endolymph.  At their apical surface the hair cells and supporting cells 
are joined by intercellular junctions (zona occludens) that provide a tight seal against fluid 
exchange across that surface. 

As we will see, this unique disposition of ionic media is important for hair cell function.  One 
important result is that a voltage difference exists between endolymph and perilymph, with 
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the endolymph being 80 mV positive to perilymph.  The ‘endolymphatic potential’ provides 
additional driving force for potassium ions to flow into hair cells.  



Potassium flows into hair cells from scala media.  Potassium concentration ratio 
about equal in s. media and cytoplasm, but, electrical drive force of +140 mV drives 
potassium in (+80 in s. media, -60 mV in hair cell).  
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How is an up-down motion of the basilar membrane translated into significant lateral 
displacement of the hair bundle?  The answer lies in the fact that the basilar 
membrane and tectorial membrane are attached at different points on the cochlear 
wall.  Thus, vertical displacements of both membranes occur as the folding of a 
parallelogram, resulting in lateral shear between basilar and tectorial membranes.  
Since the hair cells are coupled to both membranes, the ciliary bundles are pushed 
from side to side as a consequence of that shear.  This may seem at best an 
awkward way to stimulate the hair cell Nonetheless it is effective in part becauseawkward way to stimulate the hair cell.  Nonetheless, it is effective, in part because 
the hair cell is almost unbelievably sensitive to hair bundle displacement.  Estimates 
of hair cell sensitivity suggest that it can reliably signal a bundle displacement of a 
fraction of a nanometer!
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Motion of the basilar membrane and overlying tectorial membrane includes lateral 
shear that deflects the hair cell’s stereocilia.  
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Spontaneous activity of the auditory afferent neuron is modulated by stimulation of 
the hair cell.  Biphasic modulation reflects ongoing transmitter release from hair cell.  
During stimulation hair cell is alternately depolarized and hyperpolarized, increasing 
and decreasing the rate of transmitter release.  
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Structure and Function of the Auditory 
and Vestibular System - 1

Schematic representation  of externally recorded electrical cochlear response 
waveforms and their relations to each other.  The stimulus consists of two bursts 
lasting about 18 ms.  The second tone burst is inverted in polarity with respect to 
the first.  From the bottom up, the cochlear microphonic response CM exactly 
follows both stimulus waveforms.  The summating potential SP is by definition non 
oscillatory and follows the envelope of the stimulus. The compound or whole nerve 
action potential CAP  is present only at the start and end of stimulation. The top 
trace shows the composite electrical signal as it would actually be recorded Thetrace shows the composite electrical signal as it would actually be recorded.  The 
CM, SP and CAP traces are simply added.  The composite responses to the two 
stimuli are different only because of the polarity inversion of CM.  Subtraction of the 
two composite waveforms would leave only the CM trace, whereas adding them 
together would eliminate CM and leave the sum of SP and CAP traces.

(From D.T. Kemp, “Otoacoustic emissions and evoked potentials”, in The Ear, 
volume 1 of the Oxford University Press Handbook of Auditory Sciences, (P. Fuchs, y y , ( ,
ed.) to be published in 2010.)  
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Micro-electrodes in VIIIth nerve record (extracellular) action potentials of individual 
cochlear afferents.  Such ‘single unit’ recordings have given us our detailed 
understanding of acoustic transduction and tuning in the cochlea.  
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Low frequency tones produce ‘phase-locked’ activity in afferent fibers (turtle).  
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Temporal coding results from phase-locking, accurate to submillsecond.  
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At low frequencies (below ~ 5 kHz), afferent neuron action potentials tend to occur 
in phase with the acoustic stimulus.  

At higher frequencies phase-locking fails and action potentials have random timing.

With louder sounds the number of action potentials per stimulus increases – i.e., 
intensity is coded by firing frequency.

However note that action potential also can encode low sound frequencies byHowever, note that action potential also can encode low sound frequencies by 
timing (phase-locking), and near theshold may not produce a net change in firing 
rate. 

For louder sounds afferent firing shows ‘adaptation’ a gradual decline in firing 
frequency (only evident in figure for higher frequency stimulus).  Adaptation results 
from a decline in the n mber of esicles a ailable for release from the ribbonfrom a decline in the number of vesicles available for release from the ribbon.  
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Superthreshold stimulation ultimately increases firing rate above spontaneous level.  
Note panels F and I, cell responds to 20 dB sound with essentially no net increase 
in rate.  However, louder sounds demonstrate general ‘rate code’ for intensity.  
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As sound intensity rises, firing rate of auditory afferents increases.  The resulting 
intensity response curve has a threshold, a maximum slope, and usually saturates 
for loud sounds.  

Among cochlear afferents some have high spontaneous rates, low thresholds and 
narrow dynamic range (‘hi spont’ fibers).  ‘Lo spont’ fibers have higher thresholds, 
lower slopes, and ‘sloping saturation’.  

Hi spont and low spont afferents can be connected to the same inner hair cell, 
requiring that some aspect of transmitter release varies between different ribbons in 
a single hair cell.  
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Tuning curves are derived from the sound pressure (intensity) necessary to produce 
a threshold response in the afferent fiber.  Thus, at the characteristic, or best 
frequency, the fiber is most sensitive, and louder sounds are required to elicit the 
same response at lower and higher frequencies.  ‘Sharp tuning’ means a narrow V-
shaped tuning curve.  
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