                                                         








Chapter 7





NOISE, AUDIOMETRY, AND COMMUNICATION


revised by Don Reeves, M.D., M.P.H.











INTRODUCTION





	Sound is one of the physical attributes of the environment for which living beings have developed a special sense.  Minute vibration in the air around us is more readily perceived than gross vibration of the ground we walk upon.  As with the special senses of vision and smell, small inputs are amplified anatomically and neurologically so that our perception of the world comes to us almost as a form of filtered telemetry. This allows us to know about the things around us before they bump into us.





	But the perception of sound is a two bladed sword.  The richness and variety of vibration in the air molecules around us consists of huge spectra of both frequency and intensity.  With acuteness of hearing comes the need to compensate for these wide variations and also a need to make some sense of the many vibrations.





	In this chapter, the basic issues of noise and communication are discussed in relationship to the aerospace environment.  Preservation of hearing through protection and engineering are discussed, and monitoring programs are described.  A bibliography is attached to allow the flight surgeon to become more familiar with specific areas of interest.











AUDITORY SIGNALS AND NOISE





Sound, Noise, and Signal


	Sound can be defined as the series of pressure changes which are almost always present in any fluid in nature.  Since we are flight surgeons, we will limit ourselves to the fluid of mixed gasses called air.  Since we are humans, we will limit the pressure changes to cyclic pressure changes with frequencies greater than 20 cycles per second (Hz) and less than about 20,000 cycles per second.  





	When sound conveys useful information in the form of a signal, the sound has value.  Any other sound (i.e., no signal or worthless information) is noise.  Sound as pleasure is outside the scope of this chapter, although it exists somewhere between signal and noise as an entity.





	By our definition, static on a radio, the sound of air rushing over a canopy, engine sounds, and questions from a flight surgeon in the back are usually considered noise by pilots.  These sounds may include some useful information, but frequently are not reliable signal sources.   





	The question may arise: why use auditory information in aircraft?  The answer, of course, is that the flight crew in charge of the aircraft's mission have to be aware of an enormous array of constantly changing information.  Flight safety and mission completion require continuous navigational situation awareness; flight attitude, altitude, and speed parameters; aircraft systems performance; and monitoring of offensive and defensive weapons systems.  





	Visual and tactile channels are extensively utilized and are augmented with sophisticated systems such as the Head Up Display of the fighter and the stick shaker of the transport.  The other special senses such as smell and taste do not easily lend themselves to clear contrast or rapid information transfer.  The only other special sense channel into the crewmember's thought stream is acoustic in nature. 





Types of Auditory Signal


	 Useful aural information in the cockpit is usually presented as 1) a communication signal, 2) an auditory display, or 3) speech synthesis technology.





	Communication signals were the first refined auditory tools available to aviation.  Although the only aural communication available in early biplanes was the mouthpiece calling tube, radios came into military use shortly after World War I.  Communication was available air to air and also air to ground.  Radio meant the airman was no longer a solo knight of combat, now extensive command and control could be used to manage complicated mass bombing, transport, and escort missions.  Later expansion of communication radio added mainly to the number of channels utilized at one time.  It is now commonplace for aircrew to monitor up to four communication channels concurrently.





	Auditory displays were also introduced into early aircraft.  They are presentations of acoustic information through nonverbal means.  These consist of alarms, beeps, buzzes, bells, whistles, tones, and warbles.  Their presentation is at different intervals and at different frequencies, continuously or intermittently.  These displays are unfortunately not standardized among aircraft types or classes.  Even worse, many of them may be presented coincident to each other (up to 4 at a time is the standard), and simultaneous to other aural signals such as radio and intercom voice communication.  The combination of all this acoustic information is a rich potpourri of essential, simultaneous information. 





	Concern for the pilot being able to remember the meaning of increasing numbers of aural warnings and alarms as expressed by bells and whistles has lead to the development of synthesized speech technology displays.  The advantage of synthesized speech is that the intended meaning of the display is immediately obvious. The disadvantages of synthesized speech are numerous.  On one hand, there is another voice to listen to.  (Remember the 4 radio channels being monitored).  A second problem is that voice messages must be heard for several seconds before their meaning is deciphered.  Perhaps worst, since an infinite number of messages can be comprehended by the crew, a near infinite number of messages are sent by the engineers who design the central flight computer.  This tendency has lead to the aircrew's favorite term for speech synthesis - BITCHING BETTY or HARASSING HAROLD.  





Noise as a Human Factor


	Since World War II, it has been more and more widely recognized that some aircraft accidents and incidents are due to people problems.  In the beginning, this was simply described as "pilot error," and was thought of as an inexcusable and inexplicable dereliction of duty on the part of the aircrew.  But as time passed, the problem was studied and found to consist of a number of  "human factors."  G-induced loss of consciousness, fatigue, channelized attention, hypoxia, and a number of other elements are well- recognized human factors in aircraft incidents.  Noise is a human factor which affects aircrew in several ways.





	Noise interferes with communication which may be necessary for flight safety.  The 1977 accident at Tenerife in the Canary Islands was found in large part due to missed communication between the tower controller and the flight crews of two 747 aircraft on a foggy airport runway.  The radio link allowing communication was temporarily affected by simultaneous transmissions leading to a squeal on the frequency.  Non-standard communication phrases also lead to the communication breakdown.  Both of these problems are noise problems as per our definition.


 


	Noise is one of the common causes of acute fatigue.  Listening through static to more than one channel in the noisy environment of the typical cockpit or flight deck is one of the determinants of how soon a crew becomes so fatigued that the mission or safety is affected.  The management of noise (see below: Noise Protection) leads to improved communication and decreased fatigue.  








AEROSPACE SYSTEM NOISE





Acoustics - The Physics of Sound


	Sound, as we have said, is the perceived result of small, cyclic barometric pressure changes.  Sound waves travel through air at sea level at about 1000 feet per second, or about a mile in 5 seconds.  Scientifically, sounds can be described in terms of duration, spectrum, and intensity.  





	The duration of a sound, for medical purposes, is either a very short duration sound known as impact sound or is continuous sound.  Impact sound is the result of a single pressure wave passing the observer.  This is usually the result of a percussive event such as the explosion of ordinance or the collision of one object with another.  Continuous sounds are the result of objects vibrating or moving with a frequency audible to the human ear.  Examples of continuous sounds would be the sound from an aircraft engine or the sound of a siren.





	The spectrum of a sound refers to the frequency or mixture of frequencies of pressure change.  Pure tones, as used in hearing testing, consist of a sine wave pressure change with a specified frequency of between 500 to 6000 Hertz (cycles per second).  Almost all sounds in the environment are inevitably more complex than single frequency pure tones.  The complex pattern of resonant frequencies and other overtones is usually hard to adequately describe, but clinical use allows either analysis of the sound at specific frequencies or the averaging of multiple frequencies. 


 


	As stated above, the total audible frequency response of the ear is from 20 to 20,000 Hz.  But the very high frequencies and the very low frequencies are poorly perceived.  The best and most responsive frequencies lie between 500 to 6000 Hz, the frequency range of intermediate priced hi-fi equipment.  The frequencies used in speech communication are between 500 and 2000 Hz.  This is convenient, for as it will be seen, early hearing loss often occurs at frequencies well above 2000 Hz.  Because the human ear perceives different frequencies to different extents, care must be used in weighing the importance of various frequencies in the overall description of noise.





	Which leads us naturally to a discussion of the intensity or pressure level of sound.  The intensity of sound is the amount of pressure change occurring.  Commonly called loudness, the perceived intensity of a sound at a specific frequency varies in a non-linear manner with both the frequency and the intensity of the sound.  That's to say that low frequency sounds (within the range of normal hearing) are perceived at lower intensities than actually present.  This is especially true at low intensities.  Specific weighting systems are discussed in the section on measurement of sound, but the primary reason for weighting systems is decreased apparent acuity to low as opposed to medium frequency sound.  





	The human ear response to intensity at all frequencies is also non-linear in general.  The doubling of sound pressure does not result in a sound perceived twice as loud.  The perception of sound is more closely related to a geometric (logarithmic) curve.  





	For the convenience of audiologists and physicians, sound intensity (sound pressure level) measurement is quantified on a specific logarithmic curve known as the decibel scale.  The unit of the scale is the dB (d for the Latin deci, B in honor of Alexander Graham Bell).  Since the smallest amount of pressure change audible to an average person is .00002 Pascals (Newtons/square meter), this is arbitrarily assigned a value of 0 dB.  Each tenfold increase in pressure is assigned 20 dB , creating the scale in table 7-1.





	Using this scale, the normal threshold of hearing is 0 dB; face-to-face communication takes place at 60 to 70 dB; discomfort occurs at 115 dB; and pain is present at 130 dB.  





	Because of the geometric scale employed, dB arithmetic follows modified logarithmic rules.  The combination (addition) of two 80 dB sound sources next to each other leads to a doubling of the sound pressure which is a 3 dB increase.  Sound propagation follows the inverse square law, so doubling the distance from a sound source decreases it's intensity by a factor of 4 (a 6 dB decrease).  A secondary feature of intensity attenuation is the relatively selective high frequency drop-off in comparison with low frequency transmission.  A sound, like that of a jet engine, will transmit it's lower frequencies much further than its high frequencies.  The same is true of any insulator to sound; high frequencies are much more attenuated than low frequencies.
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			Table 7-1: Pascal and Decibel Scale





			                    Pascals             dB


  			                  .00002              0


			                    .0002              20


 			                    .002                40


 			                    .02                  60


			                    .2                    80


			                  2.0                  100


			                20.0                  120


			              200.0                  140





Sound Pressure Measurement


	Sound pressure (intensity) is measured with an instrument called a sound level meter.  This is simply a microphone attached to an amplifier which then drives a read-out device.  The electronic insides of the device may give the sound pressure at specific frequencies (useful in engineering applications), or more commonly gives a weighted average of all frequencies.  





	Because of the variable response of the ear to different frequencies, weighted averages are utilized.  Three different weighting systems are in common use (A, B, C).  With the A weighted average, low frequency sounds are given little weight in the average.  With C weighting, all frequencies are averaged almost equally.  The B weighting system is an intermediate scheme. A weighting corresponds to the human response to low intensity sounds, C weighting approximates response to high intensity noise.  A weighting is the standard for measurement for compliance with OSHA and USAF regulatory programs in the workplace.
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       Figure 7-1. Frequency Response for A B C Weighting Characteristics





	In addition to instantaneous measurement of sound pressure, noise dosimeters are available for the determination of time weighted sound pressure measurements.  These devices are useful for determining the average and peak noise exposure that ground operation personnel and aircrew are exposed to.  The apparatus is battery operated and lightweight, allowing portable use.  These recording dosimeters are increasingly more common, so exposure in hazardous noise aerospace environments should be documented.





System Sources and Characteristics of Aerospace Noise


	Aircraft noise has different characteristics depending on whether the observer is on the ground during maintenance and ground operations or if the observer is on the flight deck during flight.


   


	Ground operation noise is related to the powerplant and it's associated appendages (props, fans, rotors), and to the tools used in starting (auxiliary power units) and maintaining (fork-lifts, etc.) the aircraft.  Long gone are the days when jet engine mechanics carefully tweaked the engine by it's sound at full throttle, without ear protection.  But maintenance personnel, crew chiefs, and runway personnel are all exposed to potentially damaging sound pressures.  Typical auxiliary power units (APU) used in starting some aircraft produce about 110 dB, and the idle rpm sound of military aircraft at several exterior stations reaches 120 to 130 dB.  Ear protection is needed as far away as 200 feet for most aircraft during taxi and run-up, when sound levels can be 100-120 dB.





	Many communications during ground operations are accomplished with hand signals because of the environmental noise and it's tendency to mask auditory communication.  However, during the ground operation of several aircraft, crew chiefs and other maintenance people need to talk with the flight crew by intercom.  Attenuating insulation for the outside microphone as well as for the earphones are necessary for these circumstances.  A potential danger is present when workers are functioning near intensely loud aircraft.  Oftentimes, personnel are unable to hear alarms or danger signals.  Visual alarm signals are likewise difficult to use when the job at hand is highly visual to begin with.  Tactile warnings are not readily available, except as a tug or pull from a fellow worker.





	Inflight noise (at more than .8 mach) on the flight deck or in the cockpit is surprisingly not mainly due to the engine.  The majority of noise is due to the boundary layer of air rushing over the canopy and fuselage.  Secondary sources of noise are the cabin conditioner, communication radios, and finally the powerplant.  Inflight noise increases with airspeed and decreases with altitude.  Larger aircraft with their lower typical speed and with better acoustic insulation tend to have lower interior sound pressures, but many still require hearing protection in crew positions.  In fighter aircraft helmets are universal, but depending on the helmet and it's configuration, secondary hearing protection may still be needed.  Helicopters have small amounts of boundary layer noise, but large amounts of powerplant and rotor noise.  Much of the noise in helicopters is in the lower frequencies not protected well by passive noise attenuation systems.  
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THE EFFECTS OF NOISE ON MAN





Communication Effects


	The primary effect of noise in the aerospace environment is to mask communication.  Other than in formation flight, or at work stations on the flight deck, acoustic communication by radio or intercom is the only form of communication available to the aviator.  This leads to an importance of vocal communication found in few other occupational settings.  





	One of the predominant problems of communication in a high noise environment is the signal to noise gradient.  Distorted reception, as is common in aviation radios, and background noise, naturally lead the crewmember to turn the volume up, leading to amplification distortions.  There are some circumstances in which distortions do not allow an acceptable signal to noise gradient.  





	Several factors in aviation communication have been designed to deal with the limited intelligibility of communications.  One of the larger determinants in a pilot's reception of a radio message is the aviator's experience.  Crewmembers learn what messages to expect, and which words are key to understanding the communication.  The use of special alphabets and standard phrases in aviation makes information transfer safer and less fatiguing.  For the same reasons, use of non-standard phrases can be dangerous.  When a pilot tells the co-pilot to "cheer up," he or she better be sure that the crew is not expecting a command to bring the GEAR up.





	Pilots who have a mild hearing deficit are traditionally tested in an inflight test of hearing.  The FAA requires an examiner to fly with an individual and determine if that person is able to hear and comply with instructions from air controllers.  The USAFSAM flight test of hearing is a set of words spoken by a flight surgeon examiner and heard by the crewmember through the aircraft intercom system during flight.  There is no limit placed on the crewmember's volume control, only accuracy is assessed.  For details see SAM TR #73-29, Materials and Procedures for In-flight Assessment of Auditory Function in Aircrewmen.





	Both acute and chronic fatigue decrease an aircrew member's skill at learned tasks, including radio communication.  Noise in the airplane leads to increased fatigue, and what's more, the sounds coming out of the aviation radios constitute one of the principle sources of noise in the cockpit!  In addition, fatigue leads to acceptance of lower standards of accuracy and performance.  So while the crewmember is straining over the radio to hear what the controller just said, the individual is getting tired, and less able to hear the repeat message.   





	It is noted that for familiar sounds, the identity of the sound, it's apparent location in space, and it's movement can be determined.  The same is not necessarily true for unfamiliar sounds.  One avenue of ongoing research is the artificial placement of various radio messages and aural warnings in apparent space.  The utility of placing communication radios up and to the left, navigation radios down and to the right, and missile warning warbles directly in front of the aviator or in some other arrangement makes for interesting research.  At present, neither the basic advantage of lateralization or the best arrangement have been elucidated.
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Noise Induced Injury


	Noise is mechanically transmitted to the outer ear following the rules of wave propagation discussed in the section on acoustics.  The outer ear acts as a collector of the air pressure changes, and transmits the pressure change to the middle ear by way of the tympanic membrane.  The TM and the ossicles of the middle ear act as an impedance matching device, amplifying the air pressure change and effecting vibration of the fluid in the neurosensory cochlea of the inner ear.  The cochlea, in turn, acts as a transducer of pressure signals into an electrically coded signal which can be transmitted to neural pathways and eventually to the cortex of the brain for interpretation. 





	Damage at any level in this chain leads to lessening of the individual's hearing ability.  Tumors can affect the neurosensory tracts.  Connective tissue diseases can cause fusion of the ossicles.  Infection or Eustachian tube dysfunction can cause erosion of the middle ear.  Pressure changes can rarely cause rupture of the fluid portion of the inner ear (round window fistula).  Unfortunately, exposure to overly loud noise can also damage the hearing apparatus.  





	One kind of noise induced injury to hearing occurs when loud sounds damage the middle ear.  Extreme impact sounds can rupture the TM, strain the muscles of the middle ear, or cause dislocation of the ossicular chain.  Bleeding and scaring of the middle ear is also possible.  These changes or other middle ear pathology may lead to a permanent conduction type hearing loss with the patient's hearing affected about equally at all frequencies.  If one ear was affected by the impact (as when one ear is slapped in a childhood game), then the damage is limited to that ear.  





	By far, the most common type of noise induced hearing deficit is the sensorineural type of loss.  The usual picture in early noise induced loss is of high frequency injury.  Exposure to loud sounds leads to a transient loss of hearing known as temporary threshold shift.  Tinnitus is usually the first sign of noise induced hearing deficit, but may be ignored by the patient.  Several hours or days after exposure, the temporary shift clears and the tinnitus is resolved.  The accumulation of many incidents with temporary threshold shift may result in permanent threshold impairment.





	Permanent threshold shift is typically bilateral and begins at 4000 Hz and then becomes present as damage worsens at 3000 and 6000 Hz.  Without a formal monitoring system, this damage is seldom noticed until it begins to interfere with speech critical frequencies below 2000 Hz.  By this time the hearing loss at 4000 Hz may approach a 40 to 60 dB deficit.  





	The differential diagnosis of noise induced sensorineural loss includes checking for hearing loss due to pathology of the eighth cranial nerve.  In cochlear disease the phenomenon of recruitment tends to be present.  That is, small increases in sound intensity above the audible threshold, are perceived as large increments in the intensity of the sound.  In proximal eighth nerve disease, on the other hand, threshold adaptation ensues.  Threshold adaptation of up to 10 dB is considered normal, but disease of the eighth nerve leads to excessive adaptation on continued stimulation.





	Distinguishing noise induced (i.e., employment related) hearing loss from other forms of hearing loss is important in the context of workers' compensation programs.  One complication of such programs is determining the amount of hearing loss due to noise exposure at work as compared with that due to recreational noise exposure.  Practically, compensation programs are geared to the conservative assumption that all hearing loss while in the employment of the USAF (if the worker is exposed to significant noise) is compensable regardless of etiology.  Theoretically, if hearing loss can be shown to be entirely due to noise exposure off the job, then the employer is not liable for compensation.  This might exist if the worker had a steady second job as a rock musician, for instance.  A second complication of the workers' compensation program is the presentation of fictitious hearing loss.  Fortunately, malingering is fairly easy to establish by means of audiometry.  





Other Effects of Noise


	One universal problem which bothers nearly everyone at one time or another is speech interference due to noise.  From 0 to 50 dB of background noise there is no interference with speech.  50 dB is about the level of background sound present in a classroom.  At 79-80 dB, the level of noise in the cabin of a commercial airliner, normal conversation is not audible more than 5 feet away, and your neighbor's conversations across the aisle will not be audible to you.  At 84 dB, communication at more than 3 feet requires shouting. This is the level of sound pressure in many factories, and sound levels above this require hearing protection.  At sound levels above 90 dB speech is usually not possible.





	Other effects are noted by people exposed to loud environmental noises.  Many are annoyed by loud sounds and find themselves constantly irritated by situations requiring them to be in loud noise areas.  Headaches are not uncommon.  Other people have interference with normal sleep and rest in the presence of even minimal noise.  Such annoyance and sleep disturbance is listener dependent.  People tend to get used to their environment and can even be annoyed at unusual quiet.  Even more unusual are nausea and vertigo related to noise.  This syndrome is poorly understood but tends toward only one of the two components in an afflicted patient.    











AUDIOLOGY - TESTING HEARING





Pure Tone Threshold


	The standard hearing test done on all aviators is the pure tone threshold test.  After the patient has been placed in a quiet place (preferably an acoustically isolated chamber) a series of very low intensity tones are sent to one ear and then the other via headphones.  The standard frequencies are between 500 and 6000 Hz.  The examiner attempts to determine the threshold intensity for each frequency for each ear.  The threshold intensity is defined as the lowest intensity sound at which the patient consistently hears the tone.   
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	Figure 7-2. Normal Audiogram





�


Figure 7-3. Conductive Hearing Loss Right Ear
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Figure 7-4. Bilateral High Frequency Hearing Loss  


 





	Pure tone thresholds are typically measured by one of two methods: automatic testing and manual methods.  





	In automatic testing, a constantly changing intensity is controlled by a push button switch in the patient's hand.  The tone begins at a normally audible intensity, and the subject presses the button until the tone falls off into the inaudible range.  When the button is released, the intensity begins to increase until the aviator presses the switch again.  This series is continued for several cycles and then the pitch of the signal is changed.  The process continues for all frequencies in both ears.  The advantage of automatic testing is that the technician can do up to six tests at one time.  Some flight surgeons have the mistaken impression that automatic testing requires little training to accomplish the test, and that the procedure requires very little technician time to execute.  To get reliable results from this testing actually requires a better trained technician.  Because of this fallacy, automatic testing can end up doing a poor job of determining the exact pure tone threshold of an individual.  Importantly, it is notoriously easy to cheat automatic testing machines by pressing the button in a cyclic pattern.  With the newer testing machines the tones are presented in a random non-rhythmic fashion and the subject presses and releases the button for each tone heard.  Thus, making it much more difficult to cheat.





	Manual audiometric testing of pure tone threshold requires just a little more training than automatic testing and tends to be much more reliable.  The only way to cheat manual testing is to pay off the technician!  In a common method of manual testing, successively decreasing intensities of a tone are presented until the patient is no longer able to hear the tone for most presentations.  The patient is usually asked to sit facing away from the examiner so that the patient cannot see when a tone button is being pressed.  It is important for the examiner not to get into a rhythmic pattern of tone presentations.  Using this method,  all standard frequencies in each ear are measured.  An alternate method of tone presentation is to start the intensity at -10 or 0 dB and work up to the threshold value.  The rigid, standardized technique taught to Air Force audiometric technicians is a variation on the first of these two approaches.





	Pure tone audiometry in the flight surgeon's office is usually limited to air conduction.  The audiologist typically can perform bone conduction pure tone thresholds and can mask the opposite ear with white noise when necessary.





	When a patient has unilateral hearing loss, natural bone conduction to the opposite ear occurs at about 60 to 70 dB.  Stated another way, with transection of the eighth cranial nerve on the left, the patient will probably hear a tone presented on the left at 70 dB.  Masking the right ear with white noise keeps the testing isolated to the tested left side if a 70 or greater dB deficit is suspected.  Patients with fictitious unilateral hearing loss usually will continue to maintain that they do not hear the sound well above 90 dB, even if they have a perfectly good ear on the other side.  





	Audiometers are set to specific outputs so that they comply with standards.  This allows comparison of audiometry data from one machine to another, and longitudinally.  In order to assure compliance with the criterion, calibration of the audiometer needs to be accomplished according to a reasonable schedule.  Calibration by machine is required every year.  The audiometer should be checked on a subject of known hearing every day.  The present benchmark for audiometer output is specified by the ANSI 1969 standard.  Previous audiometric data may be recorded according to the ISO 1964 standard, which is very similar to ANSI; or according to the ASA 1951 standard.  Audiograms done under the ASA 1951 standard are not comparable with present audiograms.





Speech Audiometry


	Some patients who have difficulties in hearing do quite well with pure tone audiometry, but continue to complain of difficulty with conversation.  Other patients have primarily high pitched hearing loss (noise induced hearing loss) and need to document their ability with speech reception.  For both kinds of patients, speech audiometry is the answer.  Both speech reception thresholds and speech discrimination can be tested.





	Speech reception threshold testing is performed in an analogous method to pure tone audiometry.  Instead of successive frequencies being presented, a list of words is presented at varying intensities.  The result of this test correlates well with the average of the 500, 1000, and 2000 Hz pure tone scores for each ear.





	The speech discrimination score is accomplished by reading a standard list of words at 40 dB.  Reading the list of words with background noise can also be used to assess speech discrimination.  The score is the percentage of words correct, with a normal score being 96 - 100%.  Patients who have disorders of hearing secondary to CNS cortex lesions may do well on pure tones but poorly on speech discrimination.





Tympanometry


	Tympanometry and the associated audiologic tests of the middle ear are accomplished with a probe tone monitor.  The apparatus consists of a small probe with a pressure line for inducing and measuring pressure, a small speaker, and a small microphone.  Tests require the establishment of a good seal around the probe with modified ear plugs.





	The tympanogram is a graphic chart of compliance of the tympanic membrane under changing pressure conditions.  From a pressure of -200 or -400 to +200 mm water, relative to the atmospheric pressure, a tone is broadcast into the sealed external ear.  According to the principles of impedance matching, maximal absorption (transmittance) of the sound occurs when the drum is maximally compliant.  Clinical examples of this principle are the normal ear, an ear affected by barotitis, and an ear with fluid in the middle ear.
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	 Figure 7-5. Normal Tympanogram   
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Figure 7-6. Negative Pressure Behind TM
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Figure 7-7. Fluid Behind Tympanic Membrane








	In the normal ear, the Eustachian tube allows equalization of pressure on both sides of the TM.  In this condition, maximal impedance matching occurs at a relative pressure of 0 with the atmosphere. Sound absorption (transmittance) is maximal at the same pressure.  





	In an ear affected by barotitis, the Eustachian tube is closed due to inflammation, and a negative pressure develops in the middle ear.  When a negative pressure is applied to the external canal which is equivalent to the pressure in the middle ear, maximal compliance of the TM will develop.  The peak on the tympanogram will be transferred to the left.  If fluid has developed in the middle ear, compliance of the TM will be damped, and the tympanogram will be flattened.





	Two associated tests are often accomplished with the pressure tympanogram.  External ear canal volume is estimated from the amount of air volume necessary to change pressure in the canal.  Volume measurement is useful when normal (about 1 to 1.5 cc) to verify a patent TM and good seal of the canal around the probe.  Stapedial muscle reflex is noted with a change in compliance when a loud beep is presented.  A positive (normal) reflex verifies an intact cochlea and facial nerve.  





Auditory Brainstem Response


	Auditory Brainstem Responses (ABR), also known as evoked potentials, are a measurement of the average EEG immediately following several thousand auditory clicks.  





	The principle of the ABR is that electroencephalographic changes should be present after presentation of sound to an ear.  Normally these small voltages are lost in the presence of other cortical activity.  But by presenting many auditory stimuli, and gating the EEG response for the 10 msec following the stimuli, the auditory portion of the EEG emerges while the random other EEG voltages statistically average out.  
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Figure 7-8. ABR Normal Right - Abnormal Left


     The waves presently identified using this technique are:





               I    -   Cochlear Nerve


               II   -   Cochlear Nucleus


               III  -   Superior Olivary Complex


               IV  -   Inferior Colliculus


               V   -   Inferior Colliculus


               VI  -   Unknown


               VII -   Unknown








	Wave V is often one of the clearest waves identified, and one of the most important measures available is the interval between wave I and V.  This should be 4 msec +/- .2 msec.





	ABRs are delayed with disease of the neuropathways and are valuable for defining disease in this area. 











NOISE PROTECTION


	Protection from noise is essential to continued normal hearing.  Many people tend to not value their hearing until deterioration is well advanced. Appreciation of hearing loss is often not realized unless resolution of a disease leads to return of normal hearing.  Unfortunately, slowly developing high frequency hearing loss secondary to noise exposure is not reversible.  The only therapeutic modalities are prevention, and possibly prosthetic amplification with hearing aids.





	Hearing loss is the most prevalent workplace disability, and the most expensive.  Much hearing loss in our society is attributed to presbycusis, a high frequency hearing loss of old age, but true presbycusis develops after 65 to 70 years of age.  We should not expect to see age related hearing loss among workers on the job.





	Some of the hearing loss seen in aerospace medicine is due to recreational exposure to noise.  Amplification systems at concerts, stereo headphones, power tools, lawn mowers, and firearms probably all contribute to hearing loss.  But compensation systems traditionally dictate that all hearing loss  in workers exposed to noise at work is subject to compensation.





Workplace Hazardous Noise


	The assessment of workplace noise requires identification of potential risks and the personnel exposed to the risk.  Evaluation of the risk for any single employee requires knowledge of the intensity of the noise exposure and it's duration.  





	Three questions should be answered during the evaluation:  1) Should ear protection be worn?  2) Is the individual overexposed?  3) Is there a need for audiometry?  





	The risk of damage to an individual is related to time weighted noise exposure.  For the purposes of most programs, absolute safety is not the goal.  Rather, allowable time weighted noise exposure is set at a level which will cause hearing loss in 10 to 15 percent of the exposed workers.  The USAF standard is to require hearing conservation measures if workers are routinely exposed to loud noise.  Currently, hearing protection is required whenever a person is exposed to steady state noise of 85 dBA or more, or impulse noise of 140 dB SPL (sound pressure level) or more, regardless of duration.  





	In addition to the requirements dictated by exposure to continuous noise, workers exposed to 140 dB impulses on a routine basis require a formal hearing protection program.  Use of any noise hazardous machinery, or entry into hazardous noise areas requires personal noise protection.





	Flying personnel, incidentally, are automatically included in formal hearing conservation programs by regulation, regardless of specific noise exposure.  





	The assessment of noise exposure is a complex issue normally handled by the Bioenvironmental Engineer.  Simple A weighted sound pressure levels are sufficient if there is no suspicion of real noise exposure.  Intermittent noise exposure, as in repair installations, is more adequately monitored with noise dosimetry.  Analysis of complex mixtures of loud industrial noise may require frequency band analysis of the noise level.





Parameters of Hazardous Noise Exposure





A. Intensity:  Sound Pressure Level (SPL) measured in decibels (dB).





B. Frequency:  Cycles per second (Hz), indicates pitch or tone of sound.  Speech communications occurs from 500 to 2000 Hz.





C. Impulse/Impact:  Singular noise pulses, each less than one second in duration, or repetitive noise pulse occurring at greater than one second intervals.  Maximum allowable is 140 dB SPL.





D. Steady State:  Continuous or intermittent noise.  OSHA has a maximum allowable limit at 115 dBA.





E. dBA:  Approximates human ear frequency response and is used almost exclusively.  Allows more sensitivity to the higher frequencies.





F. Hazardous noise:  An eight hour equivalent continuous A-weighted sound level equal to or greater than 85 decibels, or intermittent noise above 115 decibels, or impulse or impact noise above 140 decibels peak SPL.





G. Noise Free Period:  Time free of steady state noise above 72 dBA, and free of impulse noise above 120 dB peak SPL. (As a guide, a noise free period should not require a raised voice at three feet).





�



Noise Exposure Limits





                                                                                                       Duration of Exposure


                             dBA                                                               Hours                  Minutes


                               82                                                                   16                        960


                               85                                                                     8                        480


                               88                                                                     4                        240


                               91                                                                     2                        120


                               94                                                                     1                          60


                               97                                                                    0.5                        30


                             100                                                                    0.25                      15


                             103                                                                                                 7.5


                             106                                                                                                 3.8


                             109                                                                                                 1.9


                             112                                                                                                 0.9


                             115                                                                                                 0.5








Noise Protection


	There is no doubt that the most effective forms of protection from noise are the result of industrial engineering.  Isolation of the worker from the noise source either by insulation (expensive) or by distance (cheap) is the primary form of engineering available.  





	Unfortunately, there are many cases in which workers cannot be isolated from noise sources.  In these instances, personal protection must be used.  Personal protection is a fancy way to say that the employee's ears should be covered with insulation.





	Many forms of personal protective equipment are in use.  They have differing attenuation characteristics.  In general, they are divided into the devices put into the external ear, and the appliances worn exterior to the ear.





	Ear plugs have been in use for many years.  Important factors for the flight surgeon to know include which plugs to use in different situations.  Rubber ear inserts fit almost all people, can easily be washed, are well retained, and give about 20 dB of noise attenuation.  Some fliers find rubber plugs uncomfortable because of their tendency to form a perfect seal with the ear canal, leading to irritation with pressure changes seen in flying.  Controlled studies have not proven rubber plugs to be a hazard, and some aviators prefer them.  Foam ear plugs (E.A.R. brand and others) give equivalent noise attenuation, fit most individuals and are much better tolerated by most fliers.  Their use by maintenance personnel often leads to accumulation of oil and grime in the foam. Ground maintenance workers should use these plugs as disposables or use the more common rubber insert plugs.  Several other specialty plugs are available but all have one disadvantage or another which makes them less desirable than the two options discussed here.  Cotton in the ear canal is almost useless as hearing protection.  The use of cotton should be discouraged in favor of effective protective devices.





	Ear muffs, headphones, and helmets are the other passive forms of personal hearing protection.  Standard quality ear muffs designed for hearing protection offer up to 20 dB of attenuation when well fitted.  They tend to be hot and are more expensive than ear plugs, but are better tolerated by some workers.  They tend to be more convenient when frequent short uses are required. Occasionally, workers need to be reminded that muffs do no good when worn around the neck instead of over the ears.  The combination of ear muffs and ear plugs gives about 30 dB of attenuation, an important factor for workers exposed to extremely loud situations.  





	Aircraft headphones give varying degrees of attenuation depending on their design.  The more expensive deep cup headphones (which look a lot like ear muffs) are about as good as standard hearing protection.  Shallow cup headphones are often issued to crewmembers and offer considerably less hearing protection than would be desirable.  Helmets are even more variable than headphones.  The USAF standard helicopter helmet has good noise attenuation characteristics and approaches 20 dB of protection.  The standard lightweight helmet with shallow ear cups gives about the same protection as standard headsets.  Modification by life support technicians with removal of the cup,  results in a helmet with virtually no hearing protection.  When flying with standard helmets or standard headsets, and especially with modified helmets, ear plugs are necessary in all high noise environments.  The use of plugs under a headset or helmet is usually possible if the crewmember has independent control of the volume.  When several sets are controlled by one volume knob, all crewmembers should wear ear plugs, instead of forcing an aviator to not wear plugs so that he or she can hear the communications.  Communications are usually improved with the use of plugs or muffs, as high frequency noise is more attenuated than the lower frequencies of verbal communication.  Occasionally, a plug becomes dislodged, but this has not been a significant safety factor.





	An exciting technology on the horizon will be the introduction of active noise reduction for headsets and helmets.  The principle of operation involves a small microphone inside the headphone cup.  Circuitry picks up the noise leaking into the headphone and then pumps noise canceling out of phase sound back into the audio speaker in the headset.  Because present systems work better for low frequency noise than for high frequency sound, use in helicopters and other low frequency rich situations holds promise.  Active noise reduction complements insulation very well.  While earplugs and muffs protect from high frequency noise, active noise reduction cancels low frequency best.





The USAF Hearing Conservation Program


	Air Force Regulation 160-3, published in 1949, was a one-page regulation requiring the use of ear plugs when exposed to excessive noise.  By 1956, this regulation was expanded to include an integrated hearing conservation program for the Air Force.  Renumbered in 1973 to the Air Force Regulation 161-35, the Hearing Conservation Program became part of the Aerospace Medicine series of regulations.  Currently, the AFOSH STD 161-20 describes the USAF Hearing Conservation Program.  The office of primary responsibility is the Environmental Health Service, which also is responsible for education and fitting of personal ear protection.  The individual worker has the responsibility to use ear protection whenever exposed to loud noise, and to participate in screening audiometry if indicated by exposure.  Supervisors have responsibility to encourage hearing conservation both by requiring use of hearing protection and by the personal example of using hearing protection themselves.  The Bioenvironmental Engineer is responsible for workplace hazardous noise assessment and for the design of appropriate engineering noise control.  The Physical Examination Section of the Aerospace Medicine Service is responsible for monitoring audiometry of all workers exposed to high noise, and for the disposition (with the assistance of Environmental Health) of personnel found to have progression of hearing loss.  For a summary of the disposition procedures see AFOSH STD 161-20 or the Flight Surgeon's Check List.   





	Through the cooperation of these agencies, the hearing of almost all workers should be protected.  Because of the level of acceptable noise set for the workplace, 10 to 15 percent of workers may present with early noise induced hearing loss.  It is important to remove this subset of the population from noise exposure, as they may be more susceptible to hearing loss than other workers.  Hearing can be protected, and must be protected.  It is our duty as physicians and as flight surgeons to assist and consult in this effort.
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