· Acoustics of Hearing

· Lesson 10

· Outer Ear
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· The external ear, which consists of the pinna, concha, and auditory meatus, gathers sound energy and focuses it on the eardrum, or tympanic membrane.

· One consequence of the configuration of the external ear is that it selectively boosts the sound pressure 30- to 100-fold for frequencies around 3000 Hz. This amplification makes humans especially sensitive to frequencies in this range and also explains why they are particularly prone to acoustical injury. 

· Not surprisingly, most human speech sounds are distributed in the bandwidth around 3000 Hz.

· Influence of the pinna (p) and of the ear canal (c) on the amplitude of the signal reaching the ear drum. At 3000 Hz, the final amplification (t) is 20 dB (10 times the free field level). 
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· Middle Ear

· Sounds impinging on the external ear are airborne; however, the environment within the inner ear, where the sound-induced vibrations are converted to neural impulses, is aqueous. 

· The major function of the middle ear is to match relatively low-impedance airborne sounds to the higher-impedance fluid of the inner ear.

·  The term “impedance” in this context describes a medium's resistance to movement. Normally, when sound travels from a low-impedance medium like air to a much higher-impedance medium like water, almost all (more than 99.9%) of the acoustical energy is reflected. 

· Middle Ear

· The middle ear overcomes this problem and ensures transmission of the sound energy across the air-fluid boundary by boosting the pressure measured at the tympanic membrane almost 200-fold by the time it reaches the inner ear.

· Two mechanical processes occur within the middle ear to achieve this large pressure gain. The first and major boost is achieved by focusing the force impinging on the relatively large-diameter tympanic membrane on to the much smaller-diameter oval window, the site where the bones of the middle ear contact the inner ear. 

· A second and related process relies on the mechanical advantage gained by the lever action of the three small interconnected middle ear bones, or ossicles (i.e., the malleus, incus, and stapes), which connect the tympanic membrane to the oval window.

· Middle Ear

· In humans, the maximum sound amplification possible is 20dB, and this varies greatly with frequency, for example there is a maximum of 13dB amplification at 200 Hz, 20 dB at 1000 Hz, 12 dB at 8000 Hz.

· Bony and soft tissue, including that surrounding the inner ear, have impedances close to that of water. Therefore, even without an intact tympanic membrane or middle ear ossicles, acoustical vibrations can still be transferred directly through the bones and tissues of the head to the inner ear. 

· In the clinic, bone conduction can be exploited to determine the source of a patient's hearing loss. 
· Middle Ear
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· Inner Ear

· The cochlea of the inner ear is the most critical structure in the auditory pathway, for it is there that the energy from sonically generated pressure waves is transformed into neural impulses. 

· The cochlea not only amplifies sound waves and converts them into neural signals, but it also acts as a mechanical frequency analyzer, decomposing complex acoustical waveforms into simpler elements. 

· The cochlea (from the Latin for “snail”) is a small (about 10 mm wide) coiled structure, which, were it uncoiled, would form a tube about 35 mm long. 
· Inner Ear
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· Inner Ear

· Both the oval window and the round window are at the basal end of this tube. The cochlea is bisected by the cochlear partition, which is a flexible structure that supports the basilar membrane and the tectorial membrane. 

· There are fluid-filled spaces on each side of the cochlear partition, named the scala vestibuli and the scala tympani; a distinct channel, the scala media, runs within the cochlear partition.

·  The cochlear partition does not extend all the way to the apical end of the cochlea; instead there is an opening, known as the helicotrema, that joins the scala vestibuli to the scala tympani. As a result of this structural arrangement, inward movement of the oval window displaces the fluid of the inner ear, which causes the round window to bulge out slightly and deforms the basilar membrane.
· The following diagram is a longitudinal cross-section of a cochlear showing the three major canals or ducts and the associated fluids they contain.
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· Inner Ear

· The manner in which the basilar membrane vibrates in response to sound is the key to understanding cochlear function. Measurements of the vibration of different parts of the basilar membrane, as well as the discharge rates of individual auditory nerve fibers, show that both these features are highly tuned; that is, they respond most intensely to a sound of a specific frequency. 

· Frequency tuning within the inner ear is attributable in part to the geometry of the basilar membrane, which is wider and less stiff at the apical end and narrower and stiffer at the basal end. One feature of such a system is that regardless of where energy is supplied to it, movement always begins at the stiff end (i.e., the base), and then propagates to the more flexible end (i.e., the apex). 

· Inner Ear

· This point of maximal displacement is determined by the sound frequency. The points responding to high frequencies are at the base of the basilar membrane, and the points responding to low frequencies are at the apex, giving rise to a topographical mapping of frequency (that is, to tonotopy). 

· An important and striking feature of the tonotopically organized basilar membrane is that complex sounds cause a pattern of vibration equivalent to the superposition of the vibrations generated by the individual tones making up that complex sound.

· Inner Ear

· When a vibration is carried through the cochlea, the fluid within the three compartments causes the BM to respond in a wave-like manner. This wave is referred to as a ’travelling wave’; this term means that the basilar membrane does not simply vibrate as one unit from the base towards the apex.

· When a sound is presented to the human ear, the time taken for the wave to travel through the cochlea is only 5 milliseconds. 
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Traveling waves along the cochlea. A traveling wave is shown at a given instant along the cochlea, which has been uncoiled for clarity. The graphs profile the amplitude of the traveling wave along the basilar membrane for different frequencies and show that the position where the traveling wave reaches its maximum amplitude varies directly with the frequency of stimulation. 
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· Hair Cells

· The hair cell is an evolutionary triumph that solves the problem of transforming vibrational energy into an electrical signal. The scale at which the hair cell operates is truly amazing: At the limits of human hearing, hair cells can faithfully detect movements of atomic dimensions and respond in the tens of microseconds! 

· Furthermore, hair cells can adapt rapidly to constant stimuli, thus allowing the listener to extract signals from a noisy background. The hair cell is a flask-shaped epithelial cell named for the bundle of hair like processes that protrude from its apical end into the scala media. 

· Electron Microscope view of hair cells embedded in the basilar membrane [image: image11.png]
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Hair Cells

· The cochlear hair cells in humans consist of one row of inner hair cells and three rows of outer hair cells. Connected to the bottom (or base) of each hair cell are nerve fibers from the auditory nerve.  

· The inner hair cells are the actual sensory receptors, and 95% of the fibers of the auditory nerve that project to the brain arise from this subpopulation. The terminations on the outer hair cells are almost all from efferent axons that arise from cells in the brain.

· When the basilar membrane is displaced, the tectorial membrane moves across the tops of the hair cells, bending the stereocilia. Bending of the cilia releases neurotransmitter which passes into the synapses of one or more nerve cells which fire to indicate vibration. 
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· The  inner hair cell translates the outer world vibrations by way of the eardrum, ossicles, and inner ear fluids, into a chemical/electrical signal that the brain can interpret. 
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· Outer Hair Cells

· For outer hair cells: current causes the hair cell to exhibit "motility" or movement motile OHCs change shape (lengthen or shorten)
· Motility increases the mechanical input to the inner hair cells.
· This increase in input is called the "cochlear amplifier“, the cochlear amplifier improves the sensitivity of the basilar membrane.
· Which makes thresholds lower and also improves its frequency selectivity and makes the tuning curve sharper 
· Hair Cells

· Travelling Wave

· The basilar membrane will only distort at a specific location when a frequency is detected that matches the basilar frequency sensitivity attribute at that location. 

· Inner hairs at that location distort (shear) and generate chemicals that cause an electrical current to jump across to the auditory nerve endings and thence to the brain. Outer hairs in the immediate area of the basilar membrane stretch and add amplitude to the inner hair shearing. 

· Travelling Wave

· A pressure wave of a particular frequency will pass through the entire length of the scala vestibuli and scala tympani, but the basilar membrane will only distort inner hair cells at the location where the basilar membrane attributes match a specific frequency. 

· This point is actually a cancelled wave.  In the cochlear fluids, waves build up to a maximum for each particular pitch and then rapidly fall away to nothing. In other words, the brain only hears what specific inner hair cells transmit to it, based on the distortion of the basilar membrane at a specific location.

· Travelling Wave

· The image below shows a simulated basilar membrane, rolled flat. The base end is the opening of the cochlea and the apex is the top of the cochlea. 

· For a 2000Hz (2KHz) wave and a 6000Hz (6KHz) wave, the location of the peak of the wave varies at different pitches: for high-pitched sounds, the wave peaks vibrate (and are sensed) near the base of the cochlea (6KHz example), whereas for low-pitched sounds the peaks vibrate (and are sensed) near its apex (narrow end) (2kHz example). 

· Travelling Wave
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· The above example is for only two frequencies.
·  During our daily activities, the basilar membrane is continually distorting thousands of times a second at various frequencies, and the frequency-associated inner hairs are continually firing electrical and chemical messages each time they are "pushed" by the basilar membrane.

·  These actions provide the hearing experience.

· Travelling Wave

· The key concept here is that hair cells in and of themselves are no different from each other, whether they are located at the mouth of the cochlea (high frequencies) or next to the helicotrema (low frequencies). 

· It is the properties of the basilar membrane to react to wave pressure at a specific location in the cochlea that define whether hair cells will move or not, not the properties of the hair cells themselves. 
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· Tuning Curve

· We can plot the audiogram of a single nerve cell (called a physiological tuning curve) that reflects the band-pass analysis seen on the basilar membrane.

· The way to interpret this tuning curve graph is to think of how each place on the basilar membrane is set in vibration by a range of sinusoidal frequency components. It will vibrate best at one frequency, but other frequencies will cause it to vibrate to a lesser extent.
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· Auditory Cortex

    Projections from the cochlea travel via the eighth nerve to the braistem and then to the auditory cortex.

· The primary auditory cortex, which is also organized tonotopically, is essential for basic auditory functions, such as frequency discrimination and sound localization. 

· The belt areas of the auditory cortex have a less strict tonotopic organization and probably process complex sounds, such as those that mediate communication. In the human brain, the major speech comprehension areas are located in the zone immediately adjacent to the auditory cortex. 

· The human auditory cortical areas related to processing speech sounds. (A) Diagram of the brain in left lateral view, showing locations in the intact hemisphere. (B) An oblique section (plane of dashed line in A) shows the cortical areas on the superior surface of the temporal lobe. Note that Wernicke's area, a region important in comprehending speech, is just posterior to the primary auditory cortex. [image: image18.png]@
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· The human auditory cortex. (A) Diagram showing the primary auditory cortex (A1) is shown in blue; the surrounding belt areas of the auditory cortex are in red. (B) The primary auditory cortex has a tonotopic organization, as shown in this blowup diagram of a segment of A1. [image: image19.png]@ ®
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· Localization

· Binaural localization relies on the comparison of auditory input from two separate detectors.

·  Therefore, most auditory systems feature two ears, one on each side of the head. The primary biological binaural cue is the split-second delay between the time when sound from a single source reaches the near ear and when it reaches the far ear. 

· This is often technically referred to as the "interaural time difference” (ITD). 

· ITDmax = 0.63 ms. 
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· We are able to pinpoint a sound in front of the head within 1 - 2 degrees. 

· This corresponds to a time difference of only 13 microseconds. The cells within the auditory system which analyze acoustic information are sensitive to these microchanges!

· Result of the transfer function: for a given acoustic source in the free field, there is a difference between the two ears in both the sound pressure level (when f > 500 Hz), and in the phase or the time of arrival. [image: image21.png]20
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· Localization

· The head-related transfer function, describes how a given sound wave input is filtered by the diffraction and reflection properties of the head, pinna, and torso, before the sound reaches the transduction machinery of the eardrum and inner ear. 

· Biologically, the source-location-specific prefiltering effects of these external structures aid in the neural determination of source location, particularly the determination of source elevation. 

· Audiometric curve for a normal hearing subject [image: image22.jpg]Intensity (48)
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· Acoustics Hearing

· The human auditory field (green) is limited by the threshold curve (bottom) and a curve giving the upper limit of sound perception (top). 

· At each frequency, between 20 Hz and 20 kHz, the threshold of our sensitivity is different. The best threshold (at around 2 kHz) is close to 0 dB. It is also in this middle range of frequencies that the sensation dynamics is the best (130 dB). 

· The conversation area (dark green) demonstrates the range of sounds most commonly used in human voice perception; when hearing loss affects this area, communication is altered. 
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