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INTRODUCTION

Audiology is, literally, the science of hearing. In many
countries around the world, audiology is a scientific dis-
cipline practiced by audiologists. According to the American
Academy of Audiology, “an audiologist is a person who, by
virtue of academic degree, clinical training, and license to
practice and/or professional credential, is uniquely qualified
to provide a comprehensive array of professional services
related to the prevention of hearing loss and the audiologic
identification, assessment, diagnosis, and treatment of
persons with impairment of auditory and vestibular func-
tion, as well as the prevention of impairments associated
with them. Audiologists serve in a number of roles including
clinician, therapist, teacher, consultant, researcher and
administrator” (1).

An important tool in the practice of audiology is audio-
metry, which is the measurement of hearing. In general,
audiometry entails one or more procedures wherein pre-
cisely defined auditory stimuli are presented to the listener
in order to elicit a measurable behavioral or physiologic
response. Frequently, the term audiometry refers to pro-
cedures used in the assessment of an individual’s threshold
of hearing for sinusoidal (pure tones) or speech stimuli (2).
So-called conventional audiometry is conducted with a
calibrated piece of electronic instrumentation called an
audiometer to deliver controlled auditory signals to a
listener. Currently, however, an expanded definition of
audiometry also includes procedures for measuring various
physiological and behavioral responses to the presentation
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of auditory stimuli, whether or not the response involves
cognition. More sophisticated procedures and equipment
are increasingly used to look beyond peripheral auditory
structures in order to assess sound processing activity in
the neuroauditory system.

Today, audiologists employ audiometric procedures and
equipment to assess the function of the auditory system
from external ear to brain cortex and serve as consultants
to medical practitioners, education systems, the corporate
and legal sectors, and government institutions such as the
Department of Veterans Affairs. Audiologists also use
audiometric procedures to identify and define auditory
system function as a basis for nonmedical intervention
with newborns, young children with auditory processing
disorders, and adults who may require sophisticated ampli-
fication systems to develop or maintain their communica-
tion abilities and quality of life.

The purpose of this chapter is to acquaint the reader
with the basic anatomy of the auditory system, describe
some of the instrumentation and procedures currently
used for audiometry, and briefly discuss the application
of audiometric procedures for the assessment of hearing.

AUDIOMETRY AND ITS ORIGINS

Audiometry refers broadly to qualitative and quantitative
measures of auditory function/dysfunction, often with
an emphasis on the assessment of hearing loss. It is an
important tool in the practice of audiology, a healthcare
specialty concerned with the study of hearing, and the
functional assessment, diagnosis, and (re)habilitation of
hearing impairment. The profession sprang from otology
and speech pathology in the 1920s, about the same time
that instrumentation for audiometry was being developed.
Audiometry grew rapidly in the 1940s when World War II
veterans returned home with hearing impairment related
to military service (3). Hearing evaluation, the provision of
hearing aids, and auditory rehabilitation were pioneered in
the Department of Veterans Affairs and, subsequently,
universities began programs to educate and train audiol-
ogists for service to children and adults in clinics, hospitals,
research laboratories and academic settings, and private
practice. Audiometry is now a fundamental component of
assessing and treating persons with hearing impairment.

Audiometers

Audiometers are electroacoustic instruments designed to
meet internationally accepted audiometric performance
standards for valid and reliable assessment of hearing
sensitivity and auditory processing capability under
controlled acoustic conditions. The audiometer was first
described around the turn of the twentieth century (4) and
was used mainly in laboratory research at the University
of lowa. A laboratory assistant at the university, C. C. Bunch,
would later publish a classic textbook describing audio-
metric test results in patients with a variety of hearing
disorders (5). The first commercial audiometer, called the
Western Electric 1A, was developed in the early 1920s
by the Bell Telephone Laboratories in the United States,
and was described by Fowler and Wegel in 1922 (6). More

than 20 years elapsed before the use of audiometers
for hearing assessment was widely recognized (7), and
it was not until the early 1950s (8) that audiometry
became an accepted clinical practice. Since that time,
electroacoustic instrumentation for audiometry has been
described in standards written by scientists and experts
designed to introduce uniformity and facilitate the inter-
national exchange of data and test results. The American
National Standards Institute (ANSI), the International
Standards Organization (ISO), and the International
Electrotechnical Commission (IEC) are recognized bodies
that have developed accepted standards for equipment
used in audiometry and in psychophysical measurement,
acoustics, and research. In the present day, audiometric
procedures are routinely used throughout the world for
identifying auditory dysfunction in newborns, assessing
hearing disorders associated with ear disease, and mon-
itoring the hearing of patients at risk for damage to the
auditory system (e.g., because of exposure to hazardous
noise, toxic substances).

Types of Audiometers

In the United States, ANSI (9) classifies audiometers
according to several criteria, including the use for which
they are designed, how they are operated, the signals they
produce, their portability, and other factors.

In general, Type IV screening audiometers (designed to
differentiate those with normal hearing sensitivity from
those with hearing impairment) are of simpler design than
those instruments used for in-depth diagnostic evaluation
for medical purposes (Type I audiometers). There are
automatic and computer-processor audiometers (Bekesy
or self-recording types), extended high-frequency (Type
HF), free-field equivalent audiometers (Type E), speech
audiometers (Types A, B, and C depending on available
features), and others for specific purposes.

Audiometers possess one or more oscillation networks to
generate pure tones of differing frequencies, switching
networks to interrupt and direct stimuli, and attenuating
systems calibrated in decibels (dB) relative to audiometric
zero. The intensity range for most attenuation networks
usually approximates 100 dB, typically graduated in steps
of 5 dB. The “zero dB” level represents normal hearing
sensitivity across the test frequency range for young adults
under favorable, noise-free laboratory conditions. Collec-
tion of these hearing level reference data from different
countries began in the 1950s and 1960s. These reference
levels have been accepted by internationally recognized
standards organizations. Audiometers also include various
types of output transducers for presentation of signals to
the listener, including earphones, bone-conduction vibra-
tors, and loudspeakers. As the audiometrically generated
signals are affected substantially by the electroacoustic
characteristics of these devices (e.g., frequency response),
versatile audiometers have multiple calibrated output net-
works to facilitate switching between transducers depend-
ing on the clinical application of interest.

Figure 1 shows the general layout of a Type I diagnostic
audiometer. Such instruments are required by standards
governing them to produce a stable output at a range of
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Figure 1. Typical diagnostic audiometer.

operating temperatures and humidity and meet a wide
variety of electrical and other safety standards, in addition
to precise electroacoustic standards for frequency, inten-
sity, spectral purity, maximum output sound pressure level
(SPL), and harmonic distortion. Type II audiometers have
fewer required features and less flexibility, and Type IV
audiometers have even more limitations.

Audiometric Calibration

To ensure that an audiometer is performing in accordance
with the relevant standard, the instrument’s electroacous-
tic characteristics are checked and adjusted as necessary,
usually following a routine procedure. These calibration
activities may be conducted at the manufacturing facility
or an outside laboratory, but are most often accomplished
on site at least annually. Calibration of speakers in a sound
field is typically conducted on site because the unique
acoustic characteristics of a specific field cannot easily be
reproduced in a remote calibration facility.

Calibration of audiometers is routinely checked using
instruments such as oscilloscopes, multimeters, spectro-
meters, and sound-level meters to verify frequency, inten-
sity, and temporal characteristics of the equipment.
Output transducers such as earphones and bone stimula-
tors can be calibrated in two ways: (1) using “real ear”
methods, involving individuals or groups of persons free
from ear pathology and who meet other criteria, or (2) using
hard-walled couplers (artificial ears) and pressure trans-
ducers specified by the relevant standard.

Audiometric Standards

Electroacoustic instrumentation for audiometry has been
described in national and international standards written
by scientists and experts designed to introduce uniformity
and facilitate the international exchange of data and test
results. ANSI, ISO, and IEC are recognized bodies that
have developed accepted standards for equipment used in
audiometry and acoustics. Some standards relate to equip-
ment, others to audiometric procedures, and still others to
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the environment and conditions in which audiometry
should be conducted (10).

The aim of standards for audiometric equipment and
procedures is to assure precision of equipment functions to
help ensure that test results can be interpreted meaning-
fully and reliably within and between clinics and labora-
tories using different equipment and personnel in various
geographical locations. The results of audiometry often
help to provide a basis for decisions regarding intervention
strategies, such as medical or surgical intervention, refer-
ral for cochlear implantation, hearing aid selection and
fitting, application of assistive listening devices, or selec-
tion of appropriate educational or vocational placement. As
in any measurement scheme, audiometric test results can
be no more precise than the function of the equipment and
the procedures with which those measurements are made.

PURE TONE AUDIOMETRY

Psychophysical Methods

Audiometry may be conducted with a variety of methodol-
ogies depending on the goal of the procedure and subject
variables such as age, mental status, and motivation. For
example, the hearing sensitivity of very young children
may be estimated by assessing the effects of auditory
stimuli presented in a sound field on startle-type reflexes,
level of arousal, and localization. Patients who are devel-
opmentally delayed may be taught with reinforcement to
push a button upon presentation of a test stimulus. Chil-
dren of preschool age may be taught to make a motor
response to auditory test stimuli using play audiometric
techniques.

In conventional audiometry, auditory stimuli are pre-
sented through special insert or supra-aural earphones, or
a bone oscillator worn by the patient. When indicated, a
sound field around the listener may be created by present-
ing stimuli through strategically placed loudspeakers.
Most threshold audiometric tests in school-aged children
and adults can be conducted using one of two psychophy-
sical methods originally developed by Gustav Fechner: (1)
the method of adjustment, or (2) the method of limits (11).
In the method of adjustment, the intensity of an auditory
stimulus is adjusted by the listener according to some
criterion (just audible or just inaudible), usually across a
range of continuously or discretely adjusted frequencies.
Nobel Prize Laureate Georg von Bekesy initially intro-
duced this methodology into the practice of audiometry
in 1947 (12). With this approach, listeners heard sinusoidal
stimuli that changed from lower to higher test frequencies,
and adjusted the intensity of continuous and interrupted
tones from “just inaudible” to “just audible”. As shown in
Fig. 2, this methodology yielded information about the
listener’s auditory threshold throughout the test frequency
range. The relationship of threshold tracings for the pulsed
and continuous stimuli added additional information about
the site of lesion causing the hearing loss (13,14).

Later, it was found that the tracing patterns tracked
by hearing-impaired patients at their most comfortable
loudness levels, instead of their threshold levels, yielded
additional useful diagnostic information (15). A myriad of
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Figure 2. Bekesy audiometric tracing of continuous and
interrupted tones around auditory threshold.

factors associated with this psychophysical measurement
method, including the age of the listener, learning effects,
and the length of time required to obtain stable test results,
make these methods unsuitable for routine diagnostic
purposes, especially in young children. Nevertheless,
audiometers incorporating this methodology are manufac-
tured to precise specifications (9) and are routinely used in
hearing conservation programs to record the auditory sen-
sitivity of large numbers of employees working in indus-
trial or military settings.

In most clinical situations today, routine threshold
audiometry is conducted using the method of limits. In
this approach, the examiner adjusts the intensity of the
auditory stimuli of various frequencies according to a pre-
determined schema, and the listener responds with a gross
motor act (such as pushing a button or raising a hand)
when the stimulus is detected. Although auditory thresh-
old may be estimated using a variety of procedural variants
(ascending, descending, mixed, adaptive), research has
established (16) that an ascending approach in which tonal
stimuli are presented to the listener from inaudible inten-
sity to a just audible level is a valid and reliable approach
for cooperative and motivated listeners, and the technique
most parsimonious with clinical time and effort. In this
approach, tonal stimuli are presented at intensity levels
below the listener’s threshold of audibility and raised in
increments until a response is obtained. At this point, the
intensity is lowered below the response level and increased
incrementally until a response is obtained. When the
method of limits is used, auditory threshold is typically
defined as the lowest intensity level that elicits a reliable
response from the patient on approximately 50% or more of
these “ascending” trials.

Sound Pathways of the Auditory System

The fundamental anatomy of the ear is depicted in Fig. 3.
Sound enters the auditory mechanism by two main routes,
air conduction and bone conduction. Most speech and other
sounds in the ambient environment enter the ear by air
conduction. The outer ear collects and funnels sound waves
into the ear canal, provides a small amount of amplification
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Figure 3. Anatomy of the peripheral auditory mechanism.
Adapted from medical illustrations by NIH, Medical Arts &
Photography Branch.

to auditory signals, and conducts sound to the tympanic
membrane (eardrum). Acoustic energy strikes the
tympanic membrane, where it is converted to mechanical
energy in the form of vibrations to be conducted by small
bones across the middle ear space to the inner ear. These
mechanical vibrations are then converted to hydraulic
energy in the fluid-filled inner ear (cochlea). This
hydrodynamic form of energy results in traveling
waves on cochlear membranous tissues. Small sensory hair
cells are triggered by these waves to release neurotrans-
mitters, resulting in the production of neural action poten-
tials that are conducted through the auditory nerve (N.
VIII) via central auditory structures in the brainstem
to the auditory cortex of the brain, where sound is
experienced.

Disorders affecting different sections of the ear depicted
in Fig. 3 produce different types of hearing impairment.
The outer ear, external auditory canal, and ossicles of the
middle ear are collectively considered as the conductive
system of the ear, and disorders affecting these structures
produce a conductive loss of hearing. For example, perfora-
tion of the tympanic membrane, presence of fluid (effusion)
in the middle ear due to infection, and the disarticulation of
one or more bones in the middle ear all produce conductive
hearing loss. This type of hearing loss is characterized by
attenuation of sounds transmitted to the inner ear, and
medical/surgical treatment often fully restores hearing.
In a small percentage of cases, the conductive disorder
may be permanent, but the use of a hearing aid or other
amplification device can deliver an adequate signal to
the inner ear that usually permits excellent auditory
communication.

The inner ear and auditory nerve comprise the sensor-
ineural mechanism of the ear, and a disorder of this
apparatus often results in a permanent sensorineural
hearing loss. Sensorineural disorders impair both per-
ceived sound audibility and sound quality typically because
of impaired frequency selectivity and other effects. Thus, in
sensorineural-type impairments, sounds become difficult
to detect, and they are also unclear, leading to poor
understanding of speech. In some cases, conductive and
sensorineural disorders simultaneously co-exist to produce



a mixed-type hearing impairment. Listeners with this
disorder experience the effects of conductive and sensor-
ineural deficits in combination.

Finally, the central auditory system begins at the point
the auditory nerve enters the brainstem, and comprises the
central nerve tracts and nuclear centers from the lower
brainstem to the auditory cortex of the brain. Disorders of
the central auditory nervous system produce deficits in the
ability to adequately process auditory signals transmitted
from the outer, middle, and inner ears. The resulting
hearing impairment is characterized not by a loss of sen-
sitivity to sound, but rather difficulties in identifying,
decoding, and analyzing auditory signals, especially in
difficult listening environments with background noise
present. Auditory processing disorders require sophisti-
cated test paradigms to identify and diagnose.

The Audiogram

The results of basic audiometry may be displayed in
numeric form or on a graph called an audiogram, as shown
in Fig. 4. As can be seen, frequency in hertz (Hz) is depicted
on the abscissa, and hearing level (HL) in dB is displayed
on the ordinate. Although the normal human ear can detect
frequencies below 100 Hz and as high as 20,000 Hz, the
audible frequency range most important for human com-
munication lies between 125 and 8000 Hz, and the audio-
gram usually depicts this more restricted range. For
special diagnostic purposes, extended high frequency
audiometers produce stimuli between 8000 and 20,000 Hz,
but specialty audiometers and earphones must be used to
obtain thresholds at these frequencies. A few commercially
available audiometers produce sound pressure levels as
high as 120 dB HL, but such levels are potentially hazar-
dous to the human ear and hearing thresholds poorer than
110 dB do not represent “useful” hearing for purposes of
communication.
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Figure 4. Graphic audiogram for a normal hearing listener. Bone
conduction, right ear = <; Bone conduction, left ear = >; Air
conduction, right ear = O; Air conduction, left ear = X.
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Figure 5. Graphic audiogram for a listener with conductive
hearing loss. Bone conduction, right ear = [; Bone conduction,
left ear = ]; Air conduction, right ear = O; Air conduction, left
ear = X.

The dashed line across the audiogram in Fig. 4 at 25 dB
HL represents a common depiction of the boundary
between normal hearing levels and the region of hearing
loss (below the line) in adults. The recorded findings on
this audiogram represent normal test results from an
individual with no measurable loss of hearing sensitivity.

Figure 5 displays test results for a listener with a middle
ear disorder in both ears and a bilateral conductive loss of
hearing, which is moderate in degree, and similar in each
ear. Bone conduction responses for the two ears are within
normal limits (between 0 and 25 dB HL), suggesting nor-
mal sensitivity of the inner ear and auditory nerve, while
air conduction thresholds are depressed below normal,
suggesting obstruction of the air conduction pathway to
the inner ear. Thus, conductive hearing losses are char-
acterized on the audiogram by normal bone conduction
responses and depressed air conduction responses. In
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Figure 6. Graphic audiogram. Bone conduction, right ear =
<; Bone conduction, left ear = >; Air conduction, right ear = O;
Air conduction, left ear = X.



96 AUDIOMETRY

Frequency in hertz (Hz)
250 500 1000 2000 4000 8000

-
o O

o
T
—
—
L

g

o o
T T
L

T
\ _
/

-

Hearing Threshold Level in dB (ANSI, 1996)
o

S £ 2 3 g g9 &5 ¥ D
T
T
x

-
o

Figure 7. Graphic audiogram for a listener with mixed hearing
loss. Masked bone conduction, right ear = [; Masked bone
conduction, left ear =]; Unmasked bone conduction, right
ear = <; Unmaksked bone conduction, left ear = >; Air
conduction, right ear = O; Air conduction, left ear = X.

sensorineural-type hearing losses, air conduction and bone
conduction responses in each ear are equally depressed on
the audiogram. Figure 6 shows a high frequency loss of
hearing in both ears, falling in pattern and sensorineural
in type. Air and bone conduction hearing sensitivity is
similar in both ears, suggesting that the cause of the
hearing loss is not in the conductive mechanism (outer
and middle ears).

The audiogram shown in Fig. 7 depicts a mixed-type loss
of hearing in both ears. The gap between air and bone
conduction thresholds in the two ears at the lower frequen-
cies suggests a conductive disorder affecting the outer or
middle ears. However, at frequencies above 500 Hz, hear-
ing sensitivity via both air and bone conduction pathways
in the two ears is nearly identical, which points to a
disorder affecting the inner ear or auditory nerve.

In summary, an audiogram displays the results of basic
audiometry in a stylized “shorthand”, so that the hearing
impairment can be readily characterized according to type
of loss, degree of deficit, configuration (shape) of loss, and
the degree of symmetry between the two ears. Such find-
ings constitute the basis for first-order description of a
listener’s hearing sensitivity across the audible frequency
range and provide important clues about the cause of
hearing loss, the effects of the impairment on auditory
communication ability, and the prognosis for treatment
and rehabilitation.

SPEECH AUDIOMETRY

The first attempts to categorize hearing impairment on the
basis of tests using speech stimuli were made in the early
1800s, when sounds were ranked according to their inten-
sity and used to estimate the degree of hearing loss (17).
Throughout the 1800s, refinements were introduced in

methodologies for using speech stimuli to evaluate hearing.
These improvements included the control of word intensi-
ties by varying distance between speaker and listener, the
introduction of whispered speech to reduce differences in
audibility between words, recording speech stimuli on the
phonograph devised by Edison in 1877, and standardizing
words lists in English and other languages (17). Most of the
early research on speech perception focused on the sensi-
tivity of the auditory system to speech, but progress in this
area accelerated in the early 1900s because of work at the
Bell Telephone Laboratories centered on the discrimina-
tion of speech sounds from each other. This emphasis led to
the development of modern materials for assessing speech
recognition at the Harvard Psychoacoustic Laboratories
(18), which have been refined and augmented since that
time.

Although pure tone audiometry provides important
information about hearing sensitivity, as well as the
degree, configuration, and type of hearing loss in each
ear, it provides little information about a listener’s audi-
tory communication status and the ability to hear and
understand speech in quiet as well as difficult listening
situations. Attempts to predict speech recognition ability
from the pure tone audiogram, even with normal hearing
listeners, have met with only partial success, and the task
is particularly complicated when listeners have a hearing
impairment.

Instrumentation

Speech audiometry is conducted in the “speech mode”
setting of a clinical audiometer. Speech stimuli are pre-
sented through the same types of transducers as those used
for pure tone audiometry. Live speech stimuli via micro-
phone and monitored with a VU meter can be used for
speech audiometry, or recorded speech materials can be
presented by CD or tape and routed through the audio-
meter to either one ear or both ears simultaneously by
earphone or loudspeaker. Recorded speech materials typi-
cally include a calibration tone, and the input level is
adjusted for individual recordings to a specified intensity
level. Many different speech audiometric tests have been
developed, and most currently in use are available in
recorded form. Monitored live-voice presentation enables
greater flexibility, but recorded speech materials enhance
consistency across test conditions and avoid performance
differences related to talker speech and vocal eccentricities.

In general, speech audiometry is conducted with the
examiner in one room and the listener in another. With this
arrangement, the examiner is able to observe the listener
and maintain easy communication through microphones in
both rooms, but the speech stimuli can be presented under
carefully controlled conditions.

Speech Recognition Threshold

Speech recognition threshold (SRT) testing typically
entails presentation of spondees (two-syllable, compound
words), spoken with equal stress on each syllable (e.g.,
baseball, toothbrush, airplane). The use of these words for
audiometric purposes has been investigated extensively,
especially with respect to similarity in audibility (19).



Audiologists now generally select stimulus words from a
list of commonly accepted spondees, and the words are
presented at varying intensities using protocols similar
to those used for pure tone audiometry. The speech
recognition threshold (SRT) is the lowest intensity level
at which the patient correctly responds to (repeats, writes
down, points to) approximately 50% of the words, with the
goal of determining the threshold of hearing for speech.
The relationship between thresholds for speech and pure
tone was identified in the early part of the twentieth
century (20) and later described in detail (21,22). For
purposes of clinical speech audiometry, speech recogni-
tion thresholds are expected to be within + 6 dB of the
average of the patient’s pure tone air conduction thresh-
olds at 500, 1000, and 2000. However, if the pure tone
air conduction thresholds slope steeply, the speech
recognition threshold is expected to agree with the average
of the two best pure tone thresholds in the range of
500-2000 Hz.

The expected agreement between pure tone thresholds
and speech recognition thresholds enables audiologists to
use the SRT as a cross-check of pure tone air conduction
threshold values. Disagreement between SRTs and pure
tone threshold averages occurs for a variety of reasons. For
example, poor agreement may exist between pure tone
thresholds and SRTs in each ear if the patient misunder-
stands instructions regarding the test procedure for pure
tone audiometry, or if the patient attempts to deceive the
audiologist regarding actual hearing sensitivity.

SRTs can also be used to estimate/predict pure tone air
conduction thresholds in the so-called speech frequency
range of 500-2000 Hz in patients who are difficult to
test with pure tones. Young children, for example, may
reliably repeat or point to pictures of spondees (baseball,
toothbrush) while exhibiting inconsistent responses to
more abstract pure tones. Speech recognition thresholds
have also been used as a basis for predetermining the
presentation level for suprathreshold speech stimuli.

Speech Detection Threshold

Whereas the SRT represents the least intensity at which
50% of the speech stimuli presented to the listener can be
recognized, the Speech Detection Threshold (SDT), some-
times called the Speech Awareness Threshold (SAT), repre-
sents the lowest intensity at which the patient exhibits an
awareness of the presence of speech stimuli. If thresholds
for spondaic words cannot be established, because of lan-
guage impairment or other limitations such as young age
or inability to speak because of injury, the SDT may
represent a useful estimate of the level at which the patient
indicates awareness of the presence of speech. In this type
of speech threshold testing, the patient is not required to
repeat the speech stimulus, which may be just a simple
word or nonsense sound, but, instead, the patient simply
responds with a hand movement or other gesture to indi-
cate that a sound was detected. The SDT is obtained with
protocols similar to those used for speech recognition mea-
surement, and it is expected to be approximately 7-9 dB
less intense than the value that would be obtained for the
SRT (23,24).
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Suprathreshold Speech Audiometry

In suprathreshold speech audiometry, speech stimuli (live-
voice or recorded) are presented at levels well above the
speech threshold in order to assess the listener’s ability to
understand speech. Depending on the purpose of the eva-
luation, the stimuli may be presented in quiet or in the
presence of noise (e.g., speech babble, speech-spectrum
noise), and the stimuli may be single nonsense syllables,
monosyllabic words, nonsense sentences, or sentences. For
some purposes, the stimuli are intentionally degraded by
filtering or mixing them with noise, and depending on the
purpose of suprathreshold evaluation, stimuli may be pre-
sented to one ear only (monaurally) or to both ears (binau-
rally). When stimuli are presented binaurally (both ears
simultaneously), they may be identical (diotic) or different
(dichotic). Stimuli may be presented at a specified level
greater than speech recognition threshold or at varying
intensity levels to establish a performance-intensity func-
tion. In suprathreshold testing, patient performance is
often characterized in terms of percent correct, and stan-
dardized norms are used to interpret results.

Purposes for assessment of speech understanding
include assessing auditory communication impairment,
evaluating effectiveness of a hearing aid fitting, facilitating
a comparison between hearing aids, and detecting possible
VIIIth nerve or central auditory processing disorder.
Suprathreshold stimuli may also be used to determine
most comfortable and uncomfortable listening levels for
purposes related to hearing aid fitting.

ELECTROPHYSIOLOGIC AUDIOMETRY

Auditory Evoked Potentials—Introduction

The electrophysiological response of the auditory system is
often used by audiologists to evaluate auditory function.
The techniques are derived from electroencephalography
(EEG), which is the measurement of ongoing neural activ-
ity and has long been used to monitor brain function. The
EEG can be recorded with surface electrodes attached to
the scalp and connected to instrumentation that amplifies
and records neural activity. Embedded in ongoing EEG
activity is the brain’s specific response to sensory stimula-
tion. Auditory nervous system responses can be intention-
ally evoked with an auditory stimulus (such as an acoustic
click) presented via an earphone (or other transducer)
coupled to the ear. Neural responses that are time-linked
to the stimulus can be recorded and differentiated from
background EEG activity and other electrical noise sources
(e.g., muscle artifact, 60 Hz electrical line noise).

Auditory Evoked Potentials—Clinical Applications

Auditory evoked response recording is an important tool
for estimation of auditory sensitivity, particularly when
conventional audiometry cannot be used. Evoked audi-
tory potentials are also used routinely to assess the
integrity of the auditory system (e.g., in tumor detection,
auditory processing assessment, intra-operative monitoring),
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but the following discussion will focus on threshold
estimation/prediction.

Auditory evoked responses are used in place of conven-
tional audiometry primarily in (1) infant hearing screening
and assessment, (2) auditory evaluation of noncooperative
children and adults, and (3) threshold estimation for people
whose neurological status precludes use of conventional
techniques. Although evoked potentials are not true mea-
sures of hearing, evoked potentials can be used in conjunc-
tion with other tests and information to estimate or predict
hearing sensitivity. The capacity to make such estimates
has important implications for early identification and
rehabilitation of hearing impairment in newborns and
young children, provision of auditory rehabilitation to
people who have neurological problems, and even evalua-
tion of nonorganic hearing impairment.

Historical Perspective

Early work indicated that ongoing EEG activity can be
modified by sensory input (25). In order for a response
specific to sensory stimulation to be observed, however, it
was necessary to develop techniques to extract the sensory
response from the ongoing EEG voltages. One important
extraction technique that was developed involved algebraic
summation (often called averaging) of responses that are
linked in time to the sensory stimulus (26). When a bio-
electric potential that is time-locked to a stimulus is
recorded repeatedly and added to itself, the amplitude of
the observed response will gradually increase with each
stimulus repetition. In contrast, as EEG voltages during
the same recording period are random, EEG voltages,
when repeatedly summed, will gradually diminish or aver-
age out. Signal averaging was a critical advancement
toward the clinical use of auditory evoked potentials. Other
developments followed, and clinical applications of audi-
tory potentials have now been investigated extensively.
Measurement and assessment of evoked potentials are
currently standard components of audiological practice.

Instrumentation

Many systems for recording auditory evoked potentials are
now commercially available and are used widely. Compo-
nents of the recording equipment typically include a sti-
mulus generator capable of generating a variety of stimuli
(e.g., clicks, tone bursts, tones), an attenuator, transducers
for stimulus presentation (e.g., insert earphones, standard
earphones, bone oscillator), surface electrodes, a differen-
tial amplifier, amplifier, filters, analog-to-digital converter,
a signal averaging computer, data storage, display monitor,
and printer. A simplified schematic diagram of a typical
instrument is shown in Fig. 8.

In preparation for a typical single-channel recording,
three electrodes are placed on the scalp. The electrodes
often are called noninverting, inverting, and ground, but
other terminology may be used (e.g., positive/negative or
active/passive). A typical electrode montage is shown in
Fig. 8, but electrode placements may vary depending on
the potentials being recorded and the judgment of the
clinician. Unwanted electrical or physiologic noise that
may distort or obscure features of the response is reduced
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Figure 8. Simple block diagram of an auditory evoked response
audiometry system.

by the use of differential amplifiers with high common
mode rejection ratios and filters. It is important to note
that electrode placement, stimulus polarity, stimulus pre-
sentation rate, number of signal presentations, signal
repetition rate, filter characteristics, stimulus character-
istics, and sampling rate during analog-to-digital conver-
sion all affect the recording, and so must be controlled by
the clinician.

Classification of Evoked Auditory Potentials

After the onset of an auditory stimulus, neural activity in
the form of a sequence of waveforms can be recorded. The
amount of time between the onset of the stimulus and the
occurrence of a designated peak or trough in the waveform
is called the latency. The latency of some auditory evoked
potentials can be as short as a few thousandths of a second,
and other latencies can be 400 ms or longer. Auditory
evoked potentials are often classified on the basis of their
latencies. For example, a system of classification can divide
the auditory evoked potentials into “early” [< 15 ms (e.g.,
electrocochleogram and auditory brainstem response)l,
“middle” [15-80 ms (e.g., Pa, Nb, and Pb)], and “late”
[> 80 ms (e.g., P300)] categories. Various classification
systems based on latencies have been described, and other
forms of classification systems based on the neural sites
presumed to be generating the potentials (e.g., brainstem,
cortex) are also sometimes used.

It is important to note that recording most bioelectric
potentials requires only passive cooperation from the
patient, but for some electrical potentials originating in
the cortex of the brain, patients must provide active,
cognitive participation. In addition, certain potentials
are affected by level of consciousness. These factors, com-
bined with the purpose of the evaluation, are important in
the selection of the waveforms to be recorded.

Auditory Threshold Estimation/Prediction with AEPs

Auditory threshold estimations/predictions have been
made on the basis of early, middle, and late potentials,
but the evoked potentials most widely used for this purpose
are those recorded within the first 10-15 ms after stimulus
onset, particularly the so-called auditory brainstem
response (ABR). An ABR evoked by a click consists of 5—
7 peaks that normally appear in this time frame (27-29).
Typical responses are shown in Fig. 9. The figure depicts
three complete ABRs, and each represents the algebraic
average of 2048 responses to a train of acoustic transient
stimuli. The ABR is said to be time-locked such that each of
the prominent peaks occurs in the normal listener at
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Figure 9. Normal auditory brainstem response; three complete
responses.

predictable time periods after stimulation. Reliability
is a hallmark of the ABR, and helps assure the audiologist
that a valid estimation of conduction time through
auditory brainstem structures has been made. A brief,
gated, square-wave signal (click) stimulus is often used
to generate the response, and stimulus intensity is reduced
until the amplitude of the most robust peak (Wave V) is
indistinguishable from the baseline voltage.

The response amplitude and latency (which lengthens
as stimulus intensity decreases) are used to estimate
behavioral auditory thresholds. In some equipment
arrangements, computer software is used to statistically
analyze the potentials for threshold determination pur-
poses. ABR thresholds obtained with click stimuli correlate
highly with behavioral thresholds at 2000-4000 Hz when
hearing sensitivity ranges from normal to the severe range
hearing impairment. Click stimuli are commonly used in
clinical situations because their transient characteristics
can excite many neurons synchronously, and thus a large
amplitude response is evoked. However, variability limits
the usefulness of click-evoked thresholds for prediction/
estimation of auditory sensitivity of any particular patient
(30), and the frequency specificity desired for audiometric
purposes may not be obtained. As a result, gated tone
bursts of differing frequencies are often used to estimate
hearing sensitivity across the frequency range. These
tonal stimuli can be embedded in bursts of noise to sharpen
the frequency sensitivity and specificity of the test
procedure.

In recent years, another evoked potential technique
similar to the ABR has been developed to improve fre-
quency specificity in threshold estimation while maintain-
ing good neural synchronization. This technique, the
auditory steady-state response (ASSR), uses rapidly
(amplitude or frequency) modulated pure tone carrier sti-
muli (see Fig. 10). Evidence suggests that the ASSR is
particularly useful when hearing sensitivity is severely
impaired because high intensity stimuli can be used

0 Modulation cycles 10

Figure 10. Auditory steady-state response.
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(31). Research on the ASSR is ongoing, and this technique
currently is considered to be a complement to click and
tonal ABR in threshold estimation/prediction.

ACOUSTIC IMMITTANCE MEASUREMENT

Introduction

One procedure that helps audiologists interpret the results
of conventional audiometry and other audiological tests is a
measure of the ease with which energy can flow through
the ear. Heaviside (1850-1925) coined the term impedance,
as applied to electrical circuitry, and these principles were
later applied in the United States during 1920s to acous-
tical systems (32). Mechanical impedance-measuring
devices were initially designed for laboratory use, but
electroacoustic measuring instruments were introduced
for clinical use in the late 1950s (33). As acoustic impedance
is difficult and expensive to measure accurately, measur-
ing instruments using units of acoustic admittance are now
widely used. The term used to describe measures incorpor-
ating the principles of both acoustic impedance and its
reciprocal (acoustic admittance) is acoustic immittance.
Modern instrumentation permits an estimate of ear canal
and middle ear acoustic immittance (including resistive
and reactive components).

Instrumentation

Commonly available immittance measuring devices (see
Fig. 11) employ a probe-tone delivered to the tympanic
membrane through the external ear canal. Sinusoids of
differing frequencies are presented through a tube encased
in a soft probe fitted snugly in the ear canal. The probe also
contains a microphone and tubing connected to an air
pump so that air pressure in the external ear canal can
be varied from — 400 to + 400 mmH50.

Immittance devices also typically have a signal genera-
tor and transducers that can be used to deliver high
intensity tones at various frequencies for the purpose of
acoustic reflex testing. The American National Standards
Institute (ANSI) has published a standard (S3.39-1987) for
immittance instruments (34).

Immittance Measurement Procedures

As mentioned earlier in this chapter, the middle ear trans-
duces acoustic energy into mechanical form. The transfer
function of the middle ear can be estimated by measuring
acoustic immittance at the plane of the tympanic mem-
brane. These measures are often considered (in conjunction
with the results of other audiological tests) in determining
the site of lesion of an auditory disorder.

Static Acoustic Immittance

The acoustic immittance of the middle ear system is
usually estimated by subtracting the acoustic immittance
of the ear canal. This value is termed the compensated
static acoustic immittance and is measured in acoustic
mbhos (reciprocal of acoustic ohms). The peak compensated
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Figure 11. Block diagram of an acoustic immittance measuring device.

static acoustic immittance is obtained by adjusting the air
pressure in the external ear canal so that a peak in the
tympanogram exists. The magnitude of this peak, relative
to the uncompensated immittance value, is clinically
useful, because it can be compared with norms (e.g., 0.3
to 1.6 mmho) to determine the presence of middle ear
pathology. It is important to note that at ear canal pres-
sures of + 200 daPa or more, the sound pressure level
(SPL) in the ear canal is directly related to the volume
of air in the external ear canal, because the contribution of
the middle ear system is insignificant at that pressure. A
measure of the external ear canal volume is a valuable
measure that can be used to detect tympanic membrane
perforations otherwise difficult to detect visually. That is, a
large ear canal volume (i.e., a value considerably greater
than 1.5 mL) indicates a measurement of both the external
ear canal and the middle ear as a result of a perforation in
the tympanic membrane.

Dynamic Acoustic Immittance (Tympanometry)

The sound pressure of the probe-tone directed at the ear-
drum is maintained at a constant level and the volume
velocity is measured by the instrumentation while positive
and negative air pressure changes are induced in the
external ear canal.

Admittance (mmhos)

-400 0 +500
Ear canal pressure (daPa)

Figure 12. Tympanogram of a normal ear.

The procedure is called tympanometry and the resulting
changes in immittance are recorded graphically as a tym-
panogram. A typical tracing is seen in Fig. 12.

Admittance is at its maximum when the pressures on
both sides of the tympanic membrane are equal. Sound
transmission decreases when pressure in the ear canal is
greater or less than the pressure at which maximum
admittance occurs. As a result, in a normal ear, the shape
of the tympanogram has a characteristic peaked shape (see
Fig. 13) with the peak of admittance occurring at an air
pressure of 0 decapascals (daPa).

Tympanograms are sometimes classified according to
shape (Fig. 13) (35).

The Type A tympanogram shown in Fig. 13, so-called
because of it’s resemblance to the letter “A”, is seen in
normal ears. When middle ear effusion is present, the fluid
contributes to a decrease in admittance, regardless of the
changes of pressure in the external ear canal. As a result, a
characteristically flat or slightly rounded Type B tympano-
gram is typical. When the Eustachian tube malfunctions,
the pressure in the middle ear can become negative relative
to the air pressure in the external auditory canal. As energy
flow through the ear is maximal when the pressure differ-
ential across the tympanic membrane is zero, tympanome-
try reveals maximum admittance when the pressure being
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Figure 13. Tympanogram types (see text for descriptions).




varied in the external ear canal matches the negative
pressure in the middle ear. At that pressure, the peak
admittance will be normal but will occur at an abnormal
negative pressure value. This tympanogram type is termed
a Type C. It is important to note that variations exist of the
type A tympanogram associated with specific pathophysiol-
ogy affecting the middle ear. For example, if the middle ear
is unusually stiffened by ear disease, the height of the peak
may be reduced (Type Ay). Similarly, if middle ear pathology
such as a break in the ossicular chain occurs, the energy flow
may be enhanced, which is reflected in the Type A4 tympa-
nogram depicted in Fig. 13.

Multifrequency Tympanometry

Under certain circumstances, particularly during middle
ear testing of newborns and in certain stages of effusion in
the middle ear, responses to the 226 Hz probe-tone typi-
cally used in tympanometry may fail to reveal immittance
changes caused by disorders of the middle ear. In these
circumstances, tympanometry with probe-tone frequen-
cies above 226 Hz may be very useful in the detection of
middle ear dysfunction. With probe-tone frequencies
above 226 Hz, tympanometric shapes are more complex.
More specifically, multifrequency tympanometric tracings
normally progress through an expected sequence of
shapes as probe frequency increases (36), and deviations
from the expected progression are associated with certain
pathologies.

Acoustic Reflex Measurement

In humans, a sufficiently intense sound causes a reflexive
contraction of the middle ear muscles in both ears, acous-
tically stiffening the middle ear systems in each ear, called
the acoustic reflex and is a useful tool in the audiometric
test battery. When the reflex occurs, energy flow through
both middle ears is reduced, and the resulting change in
immittance can be detected in the probe ear by an
immittance measuring device. Intense tones can be intro-
duced to the probe ear (ipsilateral stimulation) or by ear-
phone to the ear opposite the probe ear (contralateral
stimulation).

One acoustic reflex measure is the minimum sound
intensity necessary to elicit the reflex. The minimum sound
pressure level necessary to elicit the reflex is called the
acoustic reflex threshold. Acoustic reflex thresholds that
are from 70 to 100 dBHL are generally considered to be in
the normal range when pure tone stimuli are used. In
general, the acoustic reflex thresholds in response to broad-
band noise stimuli tend to be lower than those for pure
tones. Reduced or elevated thresholds, as well as unusual
acoustic reflex patterns, are used by audiologists to localize
the site of lesion and as one method of predicting auditory
sensitivity.

OTOACOUSTIC EMISSIONS

When sound is introduced to the ear, the ear not only is
stimulated by sound, it can also generate sounds that can
be detected in the ear canal. The generated sounds, so-
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called otoacoustic emissions, have become the basis for the
development of another tool that audiologists can use to
assess the auditory system. In the following section, otoa-
coustic emissions will be described, and their relationship
to conventional audiometry will be discussed.

Otoacoustic Emissions—Historical Perspective

Until relatively recently, the cochlea was viewed as a
structure that converted mechanical energy from the mid-
dle ear into neural impulses that could be transmitted to
and used by the auditory nervous system. This conceptual
role of the cochlea was supported by the work on human
cadavers of Georg von Bekesy during the early and middle
1900s, and summarized in 1960 (37). In Nobel Prize-
winning research, von Bekesy developed theories to
account for the auditory system’s remarkable frequency
sensitivity, and his views were widely accepted. However, a
different view of the cochlea was proposed by one of von
Bekesy’s contemporaries, Thomas Gold, who suggested
that processing in the cochlea includes an active process,
a mechanical resonator (38). This view, although useful in
explaining cochlear frequency selectivity, was not widely
embraced at the time it was proposed.

In later years, evidence in support of Gold’s idea of
active processing in the cochlea accumulated. Particularly
significant were direct observations of outer hair cell moti-
lity (39). In addition, observed differences in inner hair cell
and outer hair cell innervation such as direct efferent
innervation of outer but not inner hair cells (40) suggested
functional differences in the two cell types. Most relevant
to the present discussion were reports of the sounds that
were recorded in the ear canal (41) and attributed to a
mechanical process occurring in the cochlea, which are now
known as otoacoustic emissions.

Otoacoustic Emissions—Description

Initially, otoacoustic emissions (OAEs) were thought to
originate from a single mechanism, and emissions were
classified on the basis of the stimulus conditions under
which they were observed. For example, spontaneous otoa-
coustic emissions (SOAEs) are sounds that occur sponta-
neously without stimulation of the hearing mechanism.
Two categories of otoacoustic emissions that are most
widely used clinically by audiologists are (1) transient
otoacoustic emissions (TOAEs), which are elicited by a
brief stimulus such as an acoustic click or a tone burst,
and (2) distortion product otoacoustic emissions (DPOAES),
which are elicited by two tones (called primaries) that are
similar, but not identical, in frequency. A third category of
otoacoustic emissions that may prove helpful to audiolo-
gists in the future is the stimulus frequency otoacoustic
emission (SFOAE), which is elicited with a pure tone.
Currently, SFOAEs are used by researchers studying
cochlear function, but they are not used widely in clinical
settings.

Recent research indicates that, contrary to initial think-
ing, otoacoustic emissions are generated by at least two
mechanisms, and a separate classification system has been
proposed to reflect improved understanding of the physical
basis of the emissions. Specifically, it is believed that the
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mechanisms that give rise to evoked otoacoustic emissions
include (1) a nonlinear distortion source mechanism and
(2) a reflection source that involves energy reflected from
irregularities within the cochlea such as variations in the
number of outer hair cell motor proteins or spatial varia-
tions in the number and geometry of hair cell distribution
(42). Emissions currently recorded in the ear canal for
clinical purposes are thought to be mixtures of sounds
generated by these two mechanisms.

Instrumentation

Improved understanding of the mechanisms that generate
otoacoustic emissions may lead to new instrumentation
that can “unmix” evoked emissions. Currently, commer-
cially available clinical equipment records “mixed” emis-
sions and includes a probe placed in the external ear canal
that both delivers stimuli (i.e., pairs of primary tonal
stimuli across a broad range of frequencies, clicks or
tone-bursts) and records resulting acoustic signals in the
ear canal. The microphone in the probe equipment is used
in (I) the verification of probe fit, (2) monitoring probe
status (e.g., for cerumen occlusion), (3) measuring noise
levels, (4) verifying stimulus characteristics, and (5) detect-
ing emissions. Otoacoustic measurement recording entails
use of probe tips of various sizes to seal the probe in the
external ear canal and hardware/software that control
stimulus parameters and protocols for stimulus presenta-
tion. The computer equipment performs averaging of
responses time-locked to stimulus presentation, noise mea-
surement, artifact rejection, data storage, and so on, and
can provide stored normative data and generate printable
reports. An example of a typical DPOAE data display is
shown in Fig. 14.

It is important to note that outer or middle ear pathol-
ogy can interfere with transmission of emissions from the
cochlea to the ear canal, and thus the external ear canal
and middle ear status are important factors in data inter-
pretation. Also, although otoacoustic emissions ordinarily
are not difficult to record and interpret, uncooperative
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Figure 14. DPAOE responses from 1000 to 6,000 Hz from the left
ear of a normal listener. X = DPOAE response amplitudes;
squares = physiologic noise floor; bold curves = 95% confidence
limits for normal ears.

patient behavior and high noise levels can hamper or even
preclude measurement of accurate responses.

Otoacoustic Emissions—Clinical Applications

Measurement of otoacoustic emissions is used routinely as
a test battery component of audiometric evaluations in
children and adults, and it is particularly useful for mon-
itoring cochlear function (e.g., in cases of noise exposure
and during exposure to ototoxic medication) as well as
differentiating cochlear from neural pathology. Currently,
otoacoustic emission evaluation is also useful, either alone
or in combination with evoked potential recording, in new-
born hearing screening. In addition, OAE assessment is
sometimes used in preschool and school-age hearing
screening, as well as with patients who may be unwilling
to cooperate during audiometry.

Otoacoustic Emissions and Audiometric Threshold
Prediction/Estimation

Audiologists do not use otoacoustic emissions as a measure
of “hearing” because OAEs constitute an index of cell
activity in the inner ear, not “hearing.” Research suggests,
however, that otoacoustic emissions may become an impor-
tant indicator for predicting/estimating auditory thresh-
olds when conventional audiometry cannot be conducted
(42).

Many sources of variability exist that affect DPOAE use
in audiometric threshold prediction/estimation, including
variability with respect to etiology of the hearing loss, age,
gender, and uncertainty regarding locations of DPOAE
generation and their relationship to audiometric test fre-
quencies. Individual DPOAE amplitude variation, intra-
and inter-subject variations occurring at different frequen-
cies and at different stimulus levels, and the mixing of
emissions from at least two different regions of the cochlea
(as described above) can reduce frequency selectivity and
specificity in DPOAE measurement.

It has been suggested that developing methods to
“unmix” the emissions associated with different generators
(e.g., through the use of suppressor tones to reduce or
eliminate one source component or with the use of Fourier
analysis to analyze the emissions) may reduce variability
and improve specificity in threshold prediction/estimation
and determination of etiology (41). It is likely that future
commercial otoacoustic measurement instruments will
enable the user to differentiate distortion source emissions
from reflection source emissions and that this improvement
will lead to more widespread use of otoacoustic emissions in
audiometric threshold estimation and prediction.
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