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1

Executive Summary

People serving in the military will, at some point, be exposed to high-
intensity noise of various types. Some may develop hearing loss,
especially for high-frequency sounds, or tinnitus (“ringing in the ears”),

or both, as a result of their noise exposure. Hearing loss or tinnitus incurred
or aggravated during military service may qualify veterans for services and
financial compensation from the Department of Veterans Affairs (VA). Since
World War II, the human and financial costs associated with hearing loss
among military veterans have repeatedly drawn attention to noise, hearing
loss, and the need for hearing conservation in military settings. In recent
years, tinnitus has emerged as a significant concern as well.

VA reported that the 2.5 million veterans receiving disability compen-
sation at the end of fiscal year 2003 had approximately 6.8 million separate
disabilities related to their military service.1 Disabilities of the auditory
system, including tinnitus and hearing loss, were the third most common
type, accounting for nearly 10 percent of the total number of disabilities
among these veterans. For the roughly 158,000 veterans who began receiv-
ing compensation in 2003, auditory disabilities were the second most com-
mon type of disability. These veterans had approximately 75,300 disabili-
ties of the auditory system out of a total of some 485,000 disabilities. At the

1Veterans may have hearing loss and other disabilities that have been determined to have
been incurred during or aggravated by military service but that do not qualify for disability
compensation payments (a “zero percent” service-connected disability). Veterans with service-
connected hearing loss who do not qualify for any disability compensation payments are not
included in the VA data on numbers of disabilities or numbers of veterans with disabilities. All
veterans with service-connected tinnitus qualify for compensation payments.
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end of 2004, the monthly compensation payments to veterans with hearing
loss as their major form of disability represented an annualized cost of some
$660 million. The corresponding compensation payments to veterans with
tinnitus as their major disability were close to $190 million on an annual-
ized basis.

Determining whether hearing loss or tinnitus, evident at the time a
claim is filed by a veteran, is attributable to prior military service can pose
challenges for VA. After the fact, hearing loss or tinnitus incurred as a result
of military service cannot be distinguished with certainty from subsequent
noise-induced hearing loss or tinnitus resulting from work in a noisy indus-
try or from participation in a variety of noisy recreational activities, such as
hunting. Furthermore, high-frequency hearing losses are seen not only with
noise exposure, but also at older ages (presbycusis), although the specific
patterns of loss are generally distinguishable until 60–70 years of age (see
Chapter 2). Tinnitus may also develop in response to factors other than
noise exposure (e.g., head injury, brain tumors, middle ear diseases, certain
medications) and can occur with or without hearing loss. If documentation
of hearing thresholds or tinnitus during military service is not available,
even a detailed case history from the veteran may leave considerable uncer-
tainty about the association between a current hearing loss or tinnitus and
prior military service.

Concerns about the noise hazards associated with military service and
questions about the relationship between noise exposure and hearing loss or
tinnitus led Congress to direct VA to contract with the National Academies
for a study of these issues.2 The committee convened by the Institute of
Medicine of the National Academies to conduct this study was charged with
reviewing the following for the period from World War II to the present:
(1) the available data on hearing loss that could be expected among members
of the armed forces; (2) sources of hazardous noise exposure during military
service; (3) the levels of noise exposure necessary to cause hearing loss or
tinnitus; (4) the course of hearing loss following noise exposure, including
whether onset can be delayed; (5) risk factors for noise-induced hearing loss
and tinnitus; and (6) compliance by the military services with requirements
for audiometric testing and the adequacy of the services’ hearing conserva-
tion programs to protect the hearing of service members.

APPROACH TO THE STUDY

The committee’s considerations included noise-induced hearing loss,
which most commonly results from repeated exposures to hazardous noise

2The study was called for in Section 104 of the Veterans Benefits Act of 2002 (P.L. 107-
330).
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for a period of several years, and the phenomenon of acoustic trauma,
which is the sudden loss of hearing following a single exposure to very
hazardous noise. Hearing loss was assessed primarily on the basis of data
on hearing thresholds measured in humans by pure-tone audiometry. Noise-
induced hearing loss is often characterized by a “notch” in the audiogram,
reflecting worse hearing at frequencies between 3000 and 6000 Hz than at
lower and higher frequencies. The specific pattern of changes in pure-tone
thresholds can vary depending on the type of noise exposure. The commit-
tee focused most of its attention on permanent changes in those thresholds.
In adults, hearing loss is typically considered to be present when pure-tone
thresholds are worse than 25 dB HL at any frequency usually tested.3

The study also included consideration of noise-induced tinnitus. Tinnitus
is the perception of sound (e.g., ringing, buzzing, whistling) that cannot be
attributed to an external sound source and is perceivable only by the person
who is experiencing it. This subjective phenomenon is distinct from perceived
sound that can be generated by events in the head or neck and that may be
perceptible by an observer. The presence of tinnitus is determined primarily
by self-report, but perceptual attributes, such as its pitch and loudness, can be
established reliably under controlled conditions (psychoacoustic testing). The
mechanisms underlying tinnitus are not fully understood. Some people with
tinnitus experience serious problems associated with emotional well-being,
sleep, hearing, and concentration. No current treatment will eliminate tinni-
tus, but some treatments may reduce its adverse impact. Promising treat-
ments may include counseling, counseling combined with sound therapies,
medications, and electrical and magnetic stimulation.

The committee reviewed material from peer-reviewed journals, books,
reports prepared by or for the military services, and documents and data
provided by the military services at the committee’s request. The com-
mittee’s information gathering also included testimony and presentations
from veterans and representatives of the military services. Published peer-
reviewed reports generally carried the most weight. Ideally, the committee
would like to have drawn on data from reports of longitudinal, population-
based studies of noise-induced hearing loss and tinnitus in humans in mili-
tary settings. There are few such studies, and therefore, the committee was
compelled to turn to other sources of evidence to address its charge.

The committee’s findings and conclusions concerning each element of
its charge are summarized here. (See Box ES-1 for a complete listing of
findings.) Also summarized are needs the committee identified for opera-

3A standardized value representing the average thresholds measured in a large group of
young normal-hearing adults at a given frequency is said to be 0 dB “hearing level” or 0 dB
HL. Hearing thresholds are commonly measured at the following frequencies: 250, 500,
1000, 2000, 3000, 4000, 6000, and 8000 Hz.
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tional changes and further research. These proposals for operational changes
and research are aimed at improving hearing protection, preventing hearing
loss and noise-induced tinnitus during military service, and gaining a better
understanding of noise hazards, noise-induced hearing loss, and tinnitus,
especially among military personnel.

SOURCES OF NOISE DURING MILITARY SERVICE

Many sources of potentially damaging noise have long existed in military
settings. For the period addressed by this report—World War II to the present—
some of these sources include weapons systems (e.g., handguns, rifles, artillery
pieces, rockets), wheeled and tracked vehicles, fixed- and rotary-wing aircraft,
ships, and communications devices (Chapter 3). Service members may encoun-
ter these noise sources through training, standard military operations, and
combat. Exposure to combat-related noise may be unpredictable in onset and
duration. Service members may also be exposed to hazardous noise through
activities that are not unique to the military environment, including various
engineering, industrial, construction, or maintenance tasks.

Throughout the period since World War II, the military services have
collected data on noise levels associated with various kinds of equipment
and activities, but a complete catalog of noise sources and the noise levels
they produce is not feasible. The committee compiled an illustrative listing
of documents reporting on sound levels in military settings (see Chapter 3
and Appendix F).

HAZARDOUS NOISE LEVELS

The specific noise levels that cause noise-induced hearing loss vary with the
duration of the exposure, the type of noise, and the frequency content of the
noise, as well as the susceptibility of the exposed individual (Chapters 1 and 2).
Time-weighted average noise exposures of approximately 85 dBA for 8 hours
per day for a 40-hour work week, or the equivalent, are considered to be
hazardous, but a person must be so exposed for a number of years before
developing noise-induced hearing loss. On the other hand, impulse noise with
peak levels exceeding approximately 140 dB SPL may be hazardous even for a
single exposure. With regard to noise-induced tinnitus, specific parameters of
hazardous noise exposure have not been defined, but noise levels associated
with hearing loss are also likely to be associated with tinnitus (Chapter 4).

HEARING LOSS AND TINNITUS AMONG MILITARY PERSONNEL

In the more than 60 years since the U.S. entrance into World War II, over
25 million people have served in the U.S. armed forces. Their experiences, in
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five different services and at least five major conflicts, as well as peacetime
eras, have exposed many to loud noise. The total number who experienced
noise-induced hearing loss or tinnitus by the time their military service ended
may be substantial, but the available data provide no basis for a valid esti-
mate of the number (Chapters 3 and 4). The abundant clinical evidence that
noise exposure can result in hearing loss or tinnitus is not sufficient to deter-
mine in a particular group of people the extent to which such conditions have
actually occurred or to establish that exposure to noise during military ser-
vice was the cause of observed hearing losses or tinnitus.

Over the decades since World War II, noise exposures are likely to have
varied widely, even within similar occupational specialties and eras. Data
and analyses to document and quantify noise exposures of military person-
nel during this period, as well as to document and quantify their hearing
thresholds and permanent changes in those thresholds over the course of
military service, are rarely available. The committee found only a limited
number of studies of hearing loss on which to base its findings, and those
studies were primarily for the period since 1970. Among these were cross-
sectional studies showing patterns of hearing loss consistent with noise
exposure, but no longitudinal studies that could provide reliable data on
changes in individuals’ hearing thresholds over the course of military ser-
vice (Chapters 1 and 3). The available studies were not designed to be
representative of a service as a whole and only rarely of a particular military
occupational group. Furthermore, the variability of individual responses to
noise exposure precludes using the average hearing thresholds reported in
many studies to estimate the hearing loss of individuals.

No epidemiological studies of tinnitus among U.S. military personnel
were identified, and the services’ hearing conservation programs do not
include surveillance for tinnitus. Limited tinnitus surveillance was intro-
duced in 2003 with post-deployment health assessment questionnaires.

Together, these factors made it impossible to generalize findings from
the available studies to broader populations of military service members or
veterans. In particular, it was not possible to estimate the proportion of a
given military population that developed noise-induced hearing loss or tin-
nitus during military service, the amount of hearing loss incurred, or the
relative risk of noise-induced hearing loss or tinnitus for a given individual,
based on his or her branch of military service, occupational speciality, or
service era.

ONSET AND COURSE OF HEARING LOSS

There is little evidence available to address whether noise-induced hear-
ing loss or tinnitus progresses after noise exposure ends or whether noise-
induced hearing loss can develop several months or years after the noise
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exposure has ended (Chapters 2 and 4). No longitudinal studies have exam-
ined patterns of hearing loss in noise-exposed humans or laboratory ani-
mals who did not develop hearing loss at the time of noise exposure. The
committee’s understanding of the mechanisms and processes involved in
the recovery from noise exposure suggests, however, that a prolonged delay
in the onset of noise-induced hearing loss is unlikely.

When hearing loss is known to have occurred as a result of a noise
exposure, it has generally been thought that hearing loss for pure tones does
not worsen following the cessation of a given noise exposure. However,
there are no longitudinal data from humans who developed noise-induced
hearing loss in early adulthood and were followed into their 60s, 70s, or
80s. Data from a few longitudinal studies of older adults, which differed in
the way prior noise exposure was documented, have not produced conclu-
sive results.

RISK FACTORS FOR NOISE-INDUCED
HEARING LOSS AND TINNITUS

It is well established that individuals vary in their responses to noise
exposure, but the factors that account for this variability are still poorly
understood. Evidence from studies in humans was not sufficient to determine
whether noise exposure combined with specific endogenous or exogenous
factors was associated with additional risk for noise-induced hearing loss or
tinnitus (Chapters 2 and 4). Studies of several endogenous factors—older age,
gender, race, eye color, and prior hearing loss—have shown little association
with noise-induced hearing loss. Conclusive results have not emerged from
investigations of the effects of noise exposure in combination with the follow-
ing exogenous risk factors: aminoglycoside antibiotics, cisplatin, diuretics,
salicylates, solvents, carbon disulfide, carbon monoxide, cigarette smoking,
whole-body vibration, body temperature, exercise, or electromagnetic fields.
Some of these medications and chemicals are recognized ototoxins that may
induce hearing loss unrelated to noise exposure.

The committee identified only one study in humans that had investi-
gated the association between tinnitus and combined exposures to noise
and other factors. Tinnitus risk factors, independent of noise exposure,
include hearing loss, head injury, middle ear disease, and certain medica-
tions (e.g., salicylates, aminoglycoside antibiotics).

MILITARY HEARING CONSERVATION PROGRAMS

Data analyzed by the committee led to the conclusion that military
hearing conservation programs, dating from the late 1970s, were not ad-
equate to protect the hearing of service members. The committee concluded
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that hearing conservation activities from World War II through the 1970s
would have been even less adequate to protect the hearing of service mem-
bers than the programs in place since the late 1970s, because only early
hearing protection devices of limited effectiveness were available and man-
datory hearing conservation measures were in place only in the Air Force
(Chapter 5).

Given that engineering measures to reduce noise levels and administra-
tive measures to reduce noise exposures may not be compatible with re-
quirements for military operations, use of hearing protection devices is
often the primary defense against noise-induced hearing loss for military
personnel. The effectiveness of these devices depends, in large measure, on
how well and how often they are used. Data on the use of hearing protec-
tion by military personnel are limited, but a handful of reports over the past
30 years suggests that in some settings, only about half of those who should
have been using hearing protection devices were doing so.

The services’ hearing conservation programs require annual audiomet-
ric testing for personnel enrolled in the program. The percentage of service
members tested each year who have a significant shift in hearing thresholds
currently ranges from about 10 percent to 18 percent, which is two to five
times higher than rates considered appropriate in industrial hearing conser-
vation programs. Testing will not prevent noise-induced hearing loss, but it
may serve to limit the loss if the detection of temporary hearing losses or
small permanent losses results in increased use of hearing protection or the
reassignment of individuals to lower noise environments. Available data
showed, however, that some personnel may not be receiving the required
tests, and discussions with personnel from the hearing conservation pro-
grams suggest that some test results may not be reaching the central hearing
conservation registry system.

DOCUMENTATION OF AUDIOMETRIC TESTING
DURING MILITARY SERVICE

A review of service medical records for veterans who left military
service during the period from World War II to 2002 suggests that docu-
mented audiometric testing at entrance into and separation from service
has not been adequate, throughout the period, to evaluate changes in
hearing associated with military service for the majority of service mem-
bers (Chapter 6). As argued repeatedly in this report, it is critical to obtain
an audiogram at entry into and exit from military service to clearly estab-
lish whether noise-induced hearing loss developed during military service.
The service medical records audited revealed that about 30 percent of
personnel who left the Navy and Marine Corps during the period from
the early 1980s to 2002 had both an entry and separation audiogram
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within ±60 days of entry or separation, whereas the percentages were
even lower, typically less than 12 percent, for personnel who had served
in either the Army or the Air Force. As expected, the percentage of service
medical records containing audiograms of any type was lowest for the
period before 1950, except for the Air Force, an early leader in requiring
the collection of audiograms.

OPERATIONAL NEEDS SUGGESTED BY THE REPORT

The current irreversibility of noise-induced hearing loss and tinnitus
means that preventing these problems, or limiting their progression, is espe-
cially important. From the review of information on noise exposure in mili-
tary settings, hearing loss and tinnitus experienced by some service members,
and the hearing conservation activities of the military services, the committee
identified several steps that may enhance hearing protection for service mem-
bers and improve the effectiveness of the services’ hearing conservation pro-
grams. Although this report was prepared for the Department of Veterans
Affairs, it is the Department of Defense and the individual military services
that can take these important steps to minimize the adverse effects of noise
exposure on military personnel and better document hearing loss or tinnitus
when either occurs during military service. The committee strongly recom-
mends that the following practices be implemented:

1. Work to achieve more extensive and consistent use of hearing pro-
tection by military personnel.

2. Include questions about the presence and severity of tinnitus in
each ear on all audiometric records obtained from enlistment through the
end of military service. (In the remaining suggestions, audiograms and
audiometric records are assumed to include responses to questions about
the presence and severity of tinnitus.)

3. Enforce requirements for audiograms prior to noise exposure for
all new military service members at all basic training sites.

4. Enforce, and establish where they do not presently exist, require-
ments for audiograms at the completion of military service to ensure that
any hearing loss or tinnitus arising during military service is adequately
documented. The Department of Defense and the Department of Veterans
Affairs should explore whether resources are available within the VA sys-
tem to aid the military services in conducting audiometric tests and tinnitus
assessments for personnel completing their military service.

5. Given the likely occurrence of maximum noise-induced hearing
loss at 6000 Hz, include the measurement of hearing thresholds at 8000 Hz
in all audiograms to allow for detection of the noise-notch pattern of hear-
ing loss associated with noise exposure.
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6. Enforce hearing conservation requirements for annual monitoring
audiograms, as well as for follow-up audiograms if a significant threshold
shift is detected in annual monitoring audiograms.

7. Continue to develop the Defense Occupational and Environmental
Health Readiness System (DOEHRS) to improve its reporting capabilities
to match and exceed those available with the services’ previous systems.
Further development of this system should include modification of the
hearing conservation component (DOEHRS-HC) to track reports of tinni-
tus. It should also include implementation of the industrial hygiene compo-
nent (DOEHRS-IH) to provide information on exposures to hazardous
noise and other chemical, physical, biological, and ergonomic hazards.

8. Develop mechanisms to provide VA personnel access to records
from DOEHRS-HC for review of disability claims for hearing loss or tinni-
tus that are not otherwise supported by audiometric records in the service
medical record.

RESEARCH NEEDS SUGGESTED BY THE REPORT

The committee also saw areas where further research would be valu-
able for improving understanding of broad scientific questions concerning
the relationship between noise exposure and hearing loss and tinnitus.
Research could also address more targeted questions concerning noise ex-
posure, hearing loss, tinnitus, and hearing conservation measures related to
military service.

Two broad scientific areas were of interest to the committee:

1. Further investigate, both in laboratory animals and humans, ex-
posures to fluctuating noise, impulse/impact noise, and combinations of
noise, as well as intermittent exposures to steady-state noise, to determine
the acoustic parameters associated with noise-induced hearing loss and
tinnitus.

2. Further investigate the mechanisms, natural history, epidemiology,
measurement, and treatment of noise-induced hearing loss and tinnitus.

Several avenues of research specifically related to military settings and
military personnel could be considered. Many are offered as a means to
fill the void for prospective, longitudinal, epidemiological data on noise-
induced hearing loss and tinnitus in military personnel.

1. Obtain valid estimates of the incidence, prevalence, and severity of
noise-induced hearing loss and tinnitus among military personnel, includ-
ing gender-specific estimates. If the reporting ability and completeness of
existing databases, such as DOEHRS-HC, improve, greater use might be



10 NOISE AND MILITARY SERVICE

made of their data for analyses for personnel enrolled in hearing conserva-
tion programs.

2. Establish cohorts of military veterans with various documented
noise exposures, immediately on discharge, and survey them periodically
for ototoxic exposures, subsequent nonmilitary noise exposures, and hear-
ing function, as well as presence and severity of tinnitus, in order to deter-
mine whether there is a delay in the effects of military noise exposure. These
cohorts will need to be followed through the remainder of members’ life-
times, but this longitudinal study will reveal elements of the natural history
of noise-induced hearing loss and tinnitus that otherwise will not be deter-
mined. The Millennium Cohort Study, which is designed to evaluate the
long-term health of people who have served in the military, might provide a
mechanism for conducting a longitudinal investigation of hearing health.

3. Conduct randomized trials of interventions within each military
branch to determine with greater certainty which approaches to hearing
conservation—including efforts to increase the use and effectiveness of hear-
ing protection devices, compliance with requirements for audiometric test-
ing, and the use of otoprotective medications—lead to lower incidence of
noise-induced hearing loss and tinnitus.

4. On a sample basis, determine noise levels for modern military ac-
tivities and also determine, with standard industrial hygiene methods, the
noise dose experienced by individual military personnel where dosimetry
has not been done.

5. Conduct real-world studies in military settings, including field and
garrison conditions, to assess the noise attenuation and utilization rates of
hearing protection devices, including the recently introduced earplugs that
provide level-dependent sound attenuation.
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BOX ES-1
Compilation of Report Findings

Chapter 2: Noise-Induced Hearing Loss

• The evidence from laboratory studies in humans and animals is sufficient to
conclude that the most pronounced effects of a given noise exposure on pure-tone
thresholds are measurable immediately following the exposure, with the length of
recovery, whether partial or complete, related to the level, duration, and type of
noise exposure. Most recovery to stable hearing thresholds occurs within 30 days.

• There is not sufficient evidence from longitudinal studies in laboratory ani-
mals or humans to determine whether permanent noise-induced hearing loss can
develop much later in one’s lifetime, long after the cessation of that noise expo-
sure. Although the definitive studies to address this issue have not been per-
formed, based on the anatomical and physiological data available on the recovery
process following noise exposure, it is unlikely that such delayed effects occur.

• Nonacoustic factors may interact with the effects of noise to increase the
measured noise-induced hearing loss. For many exogenous factors, evidence in
animal models reveals that the effects of drugs or chemical agents may combine
in an additive or synergistic manner with the effects of noise to increase noise-
induced hearing loss. In particular, aminoglycosides, cisplatin, and solvents (tolu-
ene and styrene) interact in laboratory animals with noise presented simultane-
ously or sequentially to increase the amount of noise-induced hearing loss.
However, there is not sufficient evidence to confirm this finding in humans. In
particular, the evidence is not conclusive in humans with regard to additive or
synergistic effects of noise and the following exogenous factors on hearing: ami-
noglycosides, cisplatin, diuretics, salicylates, solvents, carbon disulfide, carbon
monoxide, cigarette smoking, whole-body vibration, body temperature, exercise,
and electromagnetic fields.

• Several endogenous factors have been examined, including (old) age, gen-
der, race, eye color, and prior hearing loss, but there is not sufficient evidence in
humans to conclude that any of these factors predicts susceptibility to noise-
induced hearing loss.

• The evidence from cross-sectional studies of noise-induced hearing loss in
humans is sufficient to conclude that daily time-weighted average noise exposures
greater than approximately 85 dBA for 8 hours for periods of many years pose a
hazard to human hearing and that the hazard increases as the time-weighted
average exposure exceeds this value.

• The evidence is not sufficient to determine the probability of acquiring a
noise-induced hearing loss, or to estimate the magnitude of the noise-induced
hearing loss, that a specific individual is likely to experience from a given noise
exposure.

Chapter 3: Noise and Noise-Induced Hearing Loss in the Military

• The evidence is sufficient to conclude that hazardous noise levels are and
have been present in many military settings.

• Extensive collections of data on sound pressure levels produced by equip-
ment and activities in military settings are available from World War II to the
present. Many estimates of noise exposures (doses) from specific activities also
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are available from more restricted time periods. However, because of the chang-
ing nature of assignments in the military, the unpredictable aspects of military
training and combat, the intermittent nature of many military noise exposures, and
the sporadic use of hearing protection while in the military, these data do not
provide a sufficient basis for estimating cumulative noise exposures over the
course of military service for individuals or for subgroups (e.g., occupational spe-
cialties, branches, or eras).

• The evidence is sufficient to conclude that certain military personnel from
World War II to the present have exhibited hearing thresholds while in the military
that are typical of noise-induced hearing loss.

• The evidence is not sufficient to reach conclusions regarding the number or
proportion of service members, overall or in specific occupational groups or eras
since World War II, who have experienced noise-induced hearing loss while in the
military.

• The evidence is not sufficient to determine the probability of acquiring noise-
induced hearing loss associated with service in the military, or in specific branches
of the military, for a given individual. The probability of acquiring noise-induced
hearing loss can only be determined precisely with well-controlled, longitudinal
epidemiological studies.

• The evidence is sufficient to conclude that, in the absence of audiograms
obtained at the beginning and end of military service, it is difficult or impossible to
determine with certainty how much of a specific individual’s hearing loss was ac-
quired during military service.

Chapter 4: Tinnitus

• The evidence is sufficient to conclude that noise doses associated with
hearing loss are likely to be associated with tinnitus.

• The evidence was not sufficient to reach conclusions regarding the specific
number or proportion of service members, overall or in specific branches or occu-
pational groups, who report that tinnitus began or was exacerbated by noise expo-
sure during military service.

• There is limited or suggestive evidence that exposure to impulse noise is
associated with a greater likelihood of having tinnitus compared with exposure to
steady-state noise.

• The evidence is sufficient to conclude that hearing loss (hearing thresholds
greater than 25 dB HL at one or more audiometric frequencies between 250 and
8000 Hz) is associated with a higher prevalence of tinnitus.

• The evidence is not sufficient to determine precisely the magnitude of the
risk of tinnitus associated with hearing loss.

Chapter 5: Responding to Noise Risks: Hearing Conservation
Programs in the Military

• Compliance with requirements for use of hearing protection devices is cru-
cial for an effective hearing conservation program. There is limited or suggestive
evidence to conclude that use of hearing protection devices and the level of real-
world hearing protection these devices provide have been and remain not ade-
quate in military hearing conservation programs. However, the studies conducted
in U.S. military personnel are generally consistent with studies from other settings
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that provide additional evidence that the use and real-world protection of hearing
protection devices are not adequate.

• Results of annual audiograms are available for approximately half of mili-
tary service members in hearing conservation programs reporting compliance with
testing requirements during the period 1988–2003. Incomplete reporting, lack of
compliance with requirements for annual audiograms, or both, severely limit the
usefulness of the centralized database and the conclusions that can be drawn
from it regarding hearing conservation program effectiveness.

• The evidence reviewed by the committee—including information on the ef-
fectiveness of available hearing protection devices and indicators regarding use of
hearing protection, the completeness of audiometric monitoring, and compliance
with requirements for entrance and separation audiograms—was sufficient to con-
clude that hearing conservation programs in the military are currently not ade-
quate to protect the hearing of military service members, and have not been
adequate for the period since World War II. This has important human health,
personnel readiness, and financial implications.

Chapter 6: Reports of Audiometric Testing in Service Medical Records
of Military Veterans

• Review of a sample of service medical records of military veterans indi-
cates that compliance with requirements for audiometric testing at entrance into
service has been limited, even in the most recent eras, and did not exceed 70
percent in any branch or era when using a ±60-day window for analysis.

• Review of a sample of service medical records of military veterans indi-
cates that audiometric testing at separation from service has been limited, even in
the most recent eras, and did not exceed 54 percent in any branch or era when
using a ±60-day window for analysis.

• Review of a sample of service medical records of military veterans indi-
cates that audiometric testing at both entrance into and separation from service
has been extremely limited, even in the most recent eras, and did not exceed 34
percent in any branch or era when using a ±60-day window for analysis.
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1

Overview of the Problem
and Introduction

People serving in the military, especially those in areas of combat, will
at some point be exposed to high-intensity noise of various types.
Two possible consequences of such exposures are the development of

a hearing loss, most prominent for high-frequency sounds, and tinnitus,
typically referred to as “a ringing in the ears.” Depending on a variety of
factors, these effects may be either temporary or permanent consequences
of such an exposure.

If documentation of the existence of hearing loss or tinnitus at dis-
charge from the military is missing, it is nearly impossible to determine
whether hearing loss or tinnitus detected by audiometric testing later in life
is the result of noise exposure during prior military service. Both noise and
aging, for example, result in similar high-frequency hearing loss, although
the specific patterns of hearing loss resulting from each are generally distin-
guishable until 60–70 years of age (see Chapter 2). This adds to the chal-
lenge of determining the cause of the hearing loss when the only existing
documentation consists of hearing thresholds measured late in life and
many years after military service. In addition, it is quite likely that an
individual might have experienced other hazardous noise exposures subse-
quent to discharge from military service that could result in significant
noise-induced hearing loss or tinnitus. After the fact, for example, there are
no means currently available to distinguish the hearing loss resulting from
several years of military service from the noise-induced hearing loss result-
ing from subsequent work in a noisy industry or from participation in a
wide variety of recreational activities, such as hunting (e.g., Clark, 1991).
This serves to underscore the importance of measuring hearing thresholds
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at enlistment and at discharge, with annual measurements in between for
those most at risk for noise-induced hearing loss and tinnitus.

These uncertainties regarding noise-induced hearing loss and tinnitus
have placed the Department of Veterans Affairs (VA) in a quandary. Fre-
quently, VA personnel are called on to determine whether the hearing loss
measured in a 70- or 80-year-old veteran is due to this individual’s prior
military service. Furthermore, this assessment frequently must be done in
the absence of documentation of the measurement of hearing thresholds at
or around the time of military service (see Chapter 6). Even with a detailed
case history from the veteran, it is next to impossible to draw a conclusion,
with any degree of certainty, regarding the association of hearing loss in an
older person with prior military service unless audiometric data acquired at
entrance into and separation from military service are available.

VA reported that the 2.5 million veterans receiving disability compen-
sation at the end of fiscal year 2003 had approximately 6.8 million separate
disabilities related to their military service (Veterans Benefits Administra-
tion, 2004).1 Disabilities of the auditory system, including tinnitus and
hearing loss, were the third most common type, accounting for nearly 10
percent of the total number of disabilities among these veterans. For the
157,935 veterans who began receiving compensation in 2003, auditory
disabilities were the second most common type of disability. These veterans
had 75,316 disabilities of the auditory system out of a total of some 485,000
disabilities of all types. At the end of 2004, the monthly compensation
payments to veterans with hearing loss as their major form of disability
represented an annualized cost of some $660 million (Department of Veter-
ans Affairs, 2005a). The corresponding compensation payments to veterans
with tinnitus as their major disability were close to $190 million on an
annualized basis (Department of Veterans Affairs, 2005b). Such staggering
human and financial costs have served as the rationale for many reports
examining hearing loss among military service members over the past sev-
eral decades (e.g., Johnson, 1957; Yarington, 1968; Walden et al., 1971;
Edwards and Price, 1989; Donahue and Ohlin, 1993; Rench et al., 2001).

CHARGE TO THE COMMITTEE

The charge to this committee arose from Public Law 107-330, which
required VA to contract with the National Academies to review and evalu-

1Veterans may have hearing loss and other disabilities that have been determined to have
been incurred during or aggravated by military service but that do not qualify for disability
compensation payments (a “zero percent” service-connected disability). Veterans with service-
connected hearing loss who do not qualify for any disability compensation payments are not
included in the VA data on numbers of disabilities or numbers of veterans with disabilities. All
veterans determined to have service-connected tinnitus qualify for compensation payments.
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ate the available scientific evidence regarding the presence of noise-induced
hearing loss and tinnitus in U.S. military personnel from World War II
through 2002, when the legislation was enacted. Section 104 of this legisla-
tion is provided in Appendix A.

The National Academies assigned this work to the Medical Follow-up
Agency of the Institute of Medicine (IOM). IOM staff worked with the VA
to establish the following Statement of Task for the committee:

An expert committee will provide recommendations to the Depart-
ment of Veterans Affairs (VA) on the assessment of noise-induced hearing
loss and tinnitus associated with military service in the Armed Forces. The
committee will review staff-generated data on compliance with regula-
tions regarding audiometric testing in the services at specific periods of
time since World War II, review and assess available data on hearing loss
in former service members, identify sources of potentially damaging noise
during active duty, determine levels of noise exposure necessary to cause
hearing loss or tinnitus, determine if the effects of noise exposure can be
of delayed onset, identify risk factors for noise-induced hearing loss, and
identify when hearing conservation measures were adequate to protect the
hearing of service members. This study was mandated by Congress in
Section 104 of Public Law 107-330. The committee will conduct its busi-
ness through meetings over the course of the 24-month study and will
issue a final report at the end of the study period.

Staff of the Medical Follow-up Agency will identify veterans from
each of the armed services (Army, Navy, Air Force, Marine Corps, and
Coast Guard) and from each of the time periods from World War II to the
present. A sample of the service medical records of these individuals will
be obtained, examined for regulatory compliance regarding audiometric
surveillance (including reference, periodic, and termination audiograms),
abstracted, recorded, and tabulated.

The charge does not include consideration of effects of noise other than
upon the auditory system, including hearing loss and tinnitus, nor of the
issues surrounding assisted hearing through hearing aids or prosthetic de-
vices. The study committee was selected to include members with expertise
in audiology, bioacoustics, military preventive medicine, occupational medi-
cine, industrial hygiene and hearing conservation programs, epidemiology,
and otology.

It should be noted that Public Law 107-330 makes frequent reference
to “acoustic trauma” in its charge to the committee (see Appendix A). At
the committee’s initial meeting in May 2004, discussion with congressional
staff members clarified that the intent of the legislation was not the study of
“acoustic trauma,” which is a narrowly defined type of damage resulting
from short-term, high-intensity noise exposure, but a study of the more
broadly defined “noise-induced hearing loss,” of which acoustic trauma is a
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subtype. It was also determined that the committee’s charge did not include
assessment of the disability or handicap resulting from noise-induced hear-
ing loss or the means of assigning compensation to specific amounts or
degrees of disability. The preceding Statement of Task incorporated these
clarifications of the committee’s charge.

The committee met five times from May 2004 through March 2005
and held numerous telephone conference calls through August 2005. Dur-
ing these meetings and conference calls, the committee reviewed and dis-
cussed the existing research literature on the topics central to its charge
and received information during oral presentations made by representa-
tives from various organizations, including several veterans and repre-
sentatives of veterans’ organizations, branches of the military, and consult-
ants. In addition to these face-to-face meetings and telephone conference
calls, the committee communicated frequently among themselves and with
IOM staff via e-mail. This report represents the product of that informa-
tion gathering and discussion. It has been divided into seven chapters. The
primary purpose of this chapter, in addition to outlining the issues and the
chronology of events subsequent to the passage of Public Law 107-330 as
noted above, is to provide general background concerning the primary
topics discussed in the ensuing chapters.

ACOUSTICS AND NOISE

Sound is produced by the propagation of pressure waves through a
medium and originates from vibrating objects or from the rapid discharge
or dissipation of energy, as in an explosive event. The pressure waves
trigger responses in the auditory system of the listener. Noise generally
refers to disagreeable or unwanted sound.

The magnitude or amplitude of a sound, including noise, can be mea-
sured in terms of sound pressure, in units of pascals, or sound intensity, in
units of watts/m2. More commonly, however, the level of the sound is ex-
pressed in terms of decibels (dB), which represent a logarithm of the ratio of
two sound pressures or the two corresponding sound intensities. Specifically,
the reference quantity in the denominator of the ratio is either a sound
pressure of 20 micropascals or a sound intensity of 10-12 watts/m2. The
reference sound pressure level (SPL) for computation of decibels related to
acoustic measurements was selected so that 0 dB SPL corresponds approxi-
mately to the lowest mid-frequency sound pressure that can be heard by the
average normal-hearing young adult under ideal free-field listening condi-
tions. At the other end of the scale, the maximum sound level that can be
tolerated by most listeners is 120 dB SPL, with values exceeding 140 dB SPL,
even for a brief instant, potentially resulting in permanent damage to the ear.
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For application in the areas of the effects of noise on hearing, the sound
levels are usually measured after being passed through a standardized filter-
ing network, known as A-weighting, that attenuates the amplitude of the
sound at frequencies below 500 Hz and above 10,000 Hz to roughly corre-
spond to the perceived loudness of sound (see Appendix C). Sound levels
measured with this filtering network are designated dBA.

For very brief impulse sounds, there are two common ways to express
the level in dB. One is simply to use the fast-acting “peak” setting of a
sound-level meter that is capable of measuring the true peaks of the sound
wave. Such measures are often denoted as dBP. Another approach is to
adjust the peak amplitude of the waveform for a steady-state sound (usually
a 1000-Hz pure tone) so that it matches the peak amplitude of the wave-
form for the impulse. The level of the matching steady-state sound can then
be measured with a sound level meter and, when doing so, the impulse is
said to have the same “peak equivalent dB SPL” (pe dB SPL).

In addition to the overall level of the noise in dB, there are many other
ways to characterize the relevant acoustic parameters of a noise. For the
most part, however, these descriptions focus on characterizing the noise in
either the time domain or the frequency domain. The frequency content of
two noises, each with an overall level of 100 dBA, for example, can have a
significant bearing on the resulting hearing loss measured (if any). Gener-
ally, all else being equal, sounds in the frequency range 2000–5000 Hz tend
to be more damaging to human hearing than sounds with energy at lower
or higher frequencies. With regard to the time domain, all else being equal,
brief sounds are less damaging than longer sounds. For example, sounds
with durations of less than a few milliseconds, frequently referred to in the
present context as impulse noise, must exceed peak levels of 140 dBA to be
considered hazardous, whereas a 15-minute steady-state sound is consid-
ered hazardous when its level exceeds 100 dBA (e.g., DoD, 2004). In the
latter case, “hazardous” to hearing does not mean that hearing loss will
occur following a single such exposure. With steady-state noise, the hazard
occurs following repeated daily exposures for several years. This is the
more common form of noise-induced hearing loss (NIHL), rather than that
associated with a single extreme noise exposure, which is more appropri-
ately referred to as “acoustic trauma.”

Research over the past 60 to 70 years has shown that each of these
acoustic parameters of noise—its sound pressure level, duration, type (im-
pulse versus steady-state), and frequency content—can influence the hear-
ing loss that is measured following the exposure to noise. The major influ-
ences of noise level and daily duration of exposure are captured in a single
simplified metric, the noise dose. The noise dose represents the integration
of noise level (more accurately, the underlying physical quantities) over the
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entire time of exposure. For a given exposure, the dose is of critical impor-
tance when evaluating the potential hazard to hearing of a particular noise.

The primary importance of the noise dose was recognized many years
ago by the scientific community and has been incorporated into national
and international standards designed to estimate the noise-induced hearing
loss resulting from noise exposure (ISO-1999 [ISO, 1990]; ANSI S3.44
[ANSI, 1996]). Most often, the noise dose is specified in terms of the 8-hour
equivalent continuous noise level in dBA and is derived from the time-
weighted average (TWA) of the underlying physical quantities (e.g., sound
pressure). When establishing a specific noise dose, a device known as a
noise dosimeter is used. Parameters built into the noise dosimeter that can
impact the measured noise dose include a dosimeter-specific threshold level,
below which sound levels will not be measured, a criterion level, and an
exchange rate. The latter two parameters are prescribed by various noise
standards. Currently, a criterion level of 85 dBA and an exchange rate of
either 3 dB or 5 dB are among the most widely implemented values. The
exchange rate describes the trading relation between sound level and expo-
sure duration that yields equivalent hazard for successive halvings of the
exposure duration. To illustrate the tradeoff between sound level and dura-
tion of exposure that is built into noise dosimetry, assuming a criterion level
of 85 dBA and a 3-dB exchange rate, an 8-hour continuous exposure to
steady-state noise at 85 dBA would have the same noise dose as 88 dBA for
4 hours, 91 dBA for 2 hours, or 94 dBA for 1 hour.

For the specification of noise levels or dose to be relevant, the measures
of noise dose must be made at the location of the individual being exposed
and under actual or representative conditions. Ideally, it is the noise dose
measured at the individual’s ear at the time of exposure that is desired.
Knowing, for example, that a jet engine produces a sound level of 140 dBA
in the sound field at 1-meter distance is not particularly informative for an
individual working daily (8 hours) about 30 meters from the engine (and
while wearing a helmet or hearing protection). Assuming free-field condi-
tions (and a point source), inverse-square-law behavior indicates that the
increase in distance from the sound source will reduce the sound level to
about 110 dBA at 32 meters. Furthermore, if a helmet or other hearing
protection device is worn at the time of exposure, the noise level at the ear
could be reduced by an additional 20–25 dB to safe levels.

It is known, however, that equivalent noise doses do not always yield
equivalent noise-induced hearing loss. For example, consider three sequen-
tial noise exposures: one to a steady-state low-frequency noise, another to a
steady-state high-frequency noise, and a third exposure to a series of im-
pulses. Although the noise dose remains constant regardless of the sequence
of these three noise exposures, the resulting hearing loss varies significantly
with the order of their presentation (Mills, 1992; Ward, 1991).
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THE MEASUREMENT OF HEARING AND TINNITUS

When studying the effects of noise on the auditory system, the two
most common auditory complaints manifested in humans are hearing loss
and tinnitus. In humans, hearing loss is typically measured by behaviorally
determining the minimum sound pressure level that can be heard about 50
percent of the time, defined as the hearing “threshold,” at each of several
frequencies using pure tones ranging from 250 to 8000 Hz in octave steps.
Pure tones at frequencies of 1500, 3000, and 6000 Hz are also frequently
included, especially when sharp declines in high-frequency hearing are ob-
served or anticipated. If an individual listener has a hearing threshold at a
particular frequency that agrees perfectly with standardized values repre-
senting the average thresholds measured in a large group of young, normal-
hearing adults for this same frequency, then the hearing threshold is said to
be 0 dB “hearing level” or 0 dB HL. Hearing thresholds at each frequency
from 250 to 8000 Hz do not need to be precisely equal to 0 dB HL,
however, to be considered “normal.” Rather, there is a range, generally
accepted to be -10 to 25 dB HL at each frequency, that is considered to be
representative of “normal” hearing in adults. The reliability of the clinical
measurement of behavioral hearing thresholds in humans is such that a
difference in thresholds must exceed 5 dB to be considered clinically signifi-
cant (whether the threshold comparisons are across frequency at the same
time or across time at the same frequency). As hearing thresholds increase
beyond the maximum level of the normal range (> 25 dB HL), the degree of
hearing loss in adults can be described as mild, moderate, moderately se-
vere, severe, or profound. Table 1-1 shows threshold levels corresponding
to each of these categories of hearing loss.

As described in more detail in Chapter 2, a hallmark of noise-induced
hearing loss is the appearance of a hearing loss for high-frequency sounds,
with the worse hearing thresholds typically occurring at frequencies of 3000–
6000 Hz. Frequently, hearing is normal or near normal at lower frequencies
(< 1000 Hz) and also returns toward the normal range at 8000 Hz. The result

TABLE 1-1 Categories of Hearing Loss and
Corresponding Pure-Tone Thresholds for Adults

Category of Hearing Loss Pure-Tone Threshold

Normal    < 25 dB HL
Mild 26–40 dB HL
Moderate 41–55 dB HL
Moderately severe 56–70 dB HL
Severe 71–90 dB HL
Profound    > 90 dB HL
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is a pattern of hearing loss across frequency referred to as a “noise notch”
(see Chapter 2). It is usually the noise-notch pattern of hearing loss across
frequencies, together with supporting evidence from a detailed case history,
that lead to the diagnosis of noise-induced hearing loss. Because noise-induced
hearing loss is confined primarily to frequencies at or above 2000 Hz, the
effects on auditory perception can be subtle. In addition to producing diffi-
culty hearing high-frequency pure tones, the hearing loss may frequently have
a negative impact on the perception of other high-frequency sounds, includ-
ing several consonant sounds of speech and many environmental sounds.
These difficulties may not be readily apparent in quiet listening conditions,
but become prominent when there are competing sounds in the background,
such as noise or other people talking. As the condition grows more severe, it
can interfere with the ability to function socially and professionally (see
NRC, 2005). Currently, damage to the ear as a result of noise exposure is not
reversible in humans. The most common treatment is amplification of sound
through the use of hearing aids.

Tinnitus is the other common complaint of those exposed to hazardous
noise (see Chapter 4). Noise-induced tinnitus is a subjective, self-reported
phenomenon that, unlike hearing loss, cannot be verified objectively, al-
though certain perceptual attributes (e.g., loudness and pitch) can be estab-
lished reliably under controlled conditions (psychoacoustic testing) (see
Chapter 4). In addition, the mechanisms underlying tinnitus are less well
understood than those underlying noise-induced hearing loss. Self-report
questionnaires reveal a wide range of severity that is not directly correlated
with the severity of any associated noise-induced hearing loss. Some indi-
viduals find the effects of tinnitus to be more debilitating than the effects of
hearing loss. Although no current form of treatment can eliminate tinnitus,
various treatment approaches are being used to reduce the adverse impact
of tinnitus and potentially find a cure.

STUDYING THE EFFECTS OF NOISE ON
HEARING AND TINNITUS

The modern era of research on the effects of noise on hearing began in
the 1940s (e.g., Davis et al., 1949). Most of this research falls into one of
three categories: (1) prospective studies of temporary hearing loss in hu-
mans; (2) retrospective analyses of permanent hearing loss in humans; and
(3) laboratory animal studies of both temporary and permanent effects of
noise on the auditory system. Research on tinnitus has used similar ap-
proaches, but the subjective nature of tinnitus has posed additional chal-
lenges as investigators have worked to develop and validate animal models
of tinnitus.
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Studies of Temporary Threshold Shift

Prospective studies of temporary hearing loss in humans have followed
similar protocols. First, preexposure hearing thresholds are measured for
pure tones at one or more frequencies. Next, the listener is exposed for
minutes or hours to a sound of some type and level. Finally, the post-
exposure hearing threshold is measured immediately following cessation of
the exposure. Depending on the specific acoustic parameters for the noise
exposure, the postexposure hearing thresholds may or may not be greater
than the corresponding preexposure hearing thresholds. If the thresholds
have worsened from preexposure to postexposure, this is designated as a
temporary threshold shift (TTS). Its transient nature is confirmed through
repeated postexposure measurements at different recovery times that reveal
an eventual return to the preexposure hearing thresholds.

Some key advantages of this approach to the study of the effects of
noise on hearing include the use of human subjects rather than laboratory
animals, precise control of the acoustical parameters of the noise exposure,
and careful measurement of hearing thresholds under optimal listening
conditions. The primary shortcoming of this approach has been in general-
izing the results of short-term experiments on TTS to the permanent hear-
ing loss resulting from years of repeated exposures or exposure to high
noise levels. That is, TTS may not be predictive of eventual permanent
changes in hearing thresholds. There have been some suggestions that the
mechanisms underlying the temporary and permanent changes in hearing
following noise exposure may be different (Nordmann et al., 2000). In
addition, ethical considerations restrict the range of exposure conditions
that can be examined while still ensuring that the hearing loss is only
temporary.

Studies of Permanent Threshold Shift

The laboratory studies of TTS in humans have been complemented by
retrospective field studies of permanent threshold shifts (PTSs) in humans.
The basic approach here has been to study the hearing loss measured in
workers employed in industries with well-defined noise exposures for peri-
ods of many years. Of course, use of a valid and reliable means of measur-
ing hearing thresholds is critical. Furthermore, these studies have almost
always been cross-sectional rather than longitudinal.

The advantages inherent to retrospective field studies of PTS include
the use of human subjects and more direct study of the permanent effects of
noise on hearing than drawing inferences from the study of temporary
effects. Disadvantages include the cross-sectional nature of the data, result-
ing in possible cohort bias, and limitations in the ability to generalize from
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the data because the study populations are often highly selected. With
regard to cohort bias, the assumption in the cross-sectional approach is that
the separate groups or cohorts differ only in terms of the independent
variable under investigation. For field studies of PTS, the independent variable
of interest is often the length of noise exposure. In this case, there may be
other confounding factors associated with differences in experiences across
generations, rather than with length of noise exposure. The hearing loss in
a group of 40-year employees born in 1920, for example, might differ from
the hearing loss in a group of 20-year employees born in 1940 for reasons
other than their age and length of employment in a noisy industry.

Another important weakness of these studies is the lack of control over
the noise exposure, which can vary from individual to individual or loca-
tion to location, as well as the lack of control over noise exposures occur-
ring outside of the workplace. In addition, a central issue in all such studies
involves the interaction of the effects of noise and aging on hearing. Studies
of noise-induced PTS, for example, usually “correct” the actual hearing
thresholds measured by an amount corresponding to the hearing loss that is
assumed to occur in individuals of the same age who were not exposed to
noise. One such correction is simple decibel additivity in which the average
age-associated hearing loss is subtracted from that measured in the indi-
vidual, with the resulting amount being considered the “noise-induced per-
manent threshold shift,” or NIPTS. For example, if a 60-year-old man has
worked in a specific noise environment for 40 years and has a hearing loss
of 70 dB HL at a particular frequency, and the typical hearing loss at this
same frequency is 40 dB HL for a 60-year-old man who has not worked in
noise, then the NIPTS is presumed to be 30 dB according to this simple dB-
additivity rule. The implications of this rule are discussed in greater detail in
Chapter 2, but it is apparent that both the amount of hearing loss assumed
for a comparable age- and gender-matched non-noise-exposed cohort, as
well as the manner in which the age-related and noise-related hearing loss
combine, are critical to the derivation of the NIPTS and our understand-
ing of it.

Laboratory Animal Studies

Animal studies of TTS and PTS, as well as other aspects of the effects of
noise on hearing, offer an approach that eliminates several of the disadvan-
tages inherent in human studies noted above. Specifically, noise exposures
can be under strict control and both TTS and PTS can be measured in the
same animals at various times during the animals’ life spans. Furthermore,
a variety of other measures beyond behavioral measurement of hearing
thresholds, including a number of physiological and anatomical measure-
ments, can also be obtained from the animals following completion of a
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particular noise exposure. The primary disadvantage to this approach, how-
ever, lies in the difficulty in generalizing the findings to humans, especially
with regard to hazardous noise doses. Frequently, only qualitative com-
parisons can be made across species. The species most commonly used in
laboratory studies of noise-induced hearing loss have been the guinea pig,
chinchilla, gerbil, and cat.

In summary, each of the three fundamental approaches to the study of
the effects of noise on hearing that have been used over the past 60–70
years has inherent advantages and disadvantages. The scientific commun-
ity’s understanding of the effects of noise on hearing has been enhanced
through integration of findings making use of all of these approaches.

APPROACHES TO HEARING CONSERVATION

Three approaches can be taken to reduce the occurrence of noise-
induced hearing loss and tinnitus, whether from industrial or military expo-
sures to noise. First, through engineering, the equipment or devices produc-
ing the noise can be redesigned to reduce the sound levels generated at the
source. Although there have been successful efforts to do so in many
branches of the military (e.g., Yankaskas and Shaw, 1999), there are limita-
tions to the effectiveness of this approach to hearing conservation. Many
military operations, especially those on the battlefield or in the training for
the battlefield, are inherently noisy. A second approach is to identify those
individuals who are susceptible to noise-induced hearing loss or tinnitus
prior to exposure to high-intensity sound and isolate or protect those with
greater vulnerability to the damaging effects of noise. Identification of indi-
vidual differences in susceptibility to noise-induced hearing loss, however,
has proven to be an elusive goal (see Chapter 2). A third approach is to
design and implement a hearing conservation program, which can also
contribute to protection against tinnitus. Such programs educate noise-
exposed populations about the hazards of high-intensity noise, measure the
hearing thresholds of personnel on a regular basis, and instruct individuals
in the use of personal hearing protection devices. In this approach, the goal
is to attenuate the noise to safe levels at the ears of at-risk individuals.
Hearing conservation programs focus on the prevention of damage to hear-
ing and do not typically include work with hearing aids or other devices to
assist individuals with hearing impairments. The implementation of hearing
conservation programs has been the most viable approach in the majority
of industrial and military settings and is frequently the method of choice,
but the effectiveness of the programs varies. In the military, the types of
hearing protection devices available include earplugs, earmuffs, and hel-
mets. The attenuation characteristics of these devices, as well as the pros
and cons of each type, are reviewed in Chapter 5.
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The use of hearing protection devices as the primary means of hearing
conservation, however, has some limitations, especially in the military con-
text. For example, there are many unexpected exposures to high-intensity
sounds in the military, especially under combat conditions or training for
such conditions (see Chapter 3). Depending on the specific circumstances of
the exposure (see Chapter 2), it is possible for a single such exposure to result
in significant hearing loss and tinnitus (e.g., Mrena et al., 2004). Further-
more, the most commonly used hearing protection devices have been conven-
tional passive devices that provide the same amount of attenuation regardless
of sound level. As a result, the device designed to protect the wearer’s hearing
from high-level noise also makes it difficult to hear lower level sounds, such
as the voice of a commander, a fellow soldier, or an approaching enemy. The
recent widespread introduction (in 2004) into the military of level-dependent
hearing protection devices designed to provide increasing attenuation for
higher level impulse sounds, leaving low- and moderate-level sounds unaf-
fected, is a potentially important development.

Research is also being done to explore pharmacological approaches to
reducing susceptibility to noise-induced hearing loss. For example, studies
with laboratory animals have found beneficial effects from the administra-
tion of antioxidants (e.g., Henderson et al., 1999; Kopke et al., 2005;
McFadden et al., 2005). A clinical trial is testing an antioxidant compound
in Marine Corps recruits (Boswell, 2004), but results had not been reported
at the time the committee completed its work. Studies in animals and hu-
mans have also investigated protective effects of supplemental oral magne-
sium (e.g., Attias et al., 1994; Scheibe et al., 2000; Attias et al., 2004).

Various means have been used to evaluate the effectiveness of hearing
conservation programs. These approaches to evaluation are described in
Chapter 5. One metric with widespread use in the military is the measure-
ment of significant threshold shift (STS). Although the precise definition of
STS has changed in the military over time and across branches of the
military (see Chapters 3 and 5), the basic approach has been to try to
identify individuals as soon as they show any signs of possible noise-induced
hearing loss. It is important to note, however, that STS is not a measure of
hearing loss in dB HL. Rather, it is a relative shift in threshold between the
current hearing threshold and a previously established reference threshold
for that same individual. If 10 dB is used to define an STS, for example,
then this could represent a change in hearing from 0 to 10 dB HL (both still
within “normal” hearing) between the two measurements or from 20 to 30
dB HL (from “normal” hearing to “mild” hearing loss).

Regular measurement of hearing is critical to evaluating programs. The
participants in hearing conservation programs of the military are currently
required to have hearing thresholds measured annually. Obviously, if this is
not taking place, then an STS-based approach to hearing conservation will
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not be appropriate. As a result, one measure of program effectiveness can
simply be the percentage of individuals in the program who receive the
required annual measurement of hearing thresholds. Another measure of
program effectiveness is the incidence of STS among those individuals in the
hearing conservation program. Ideally, STS-based approaches include steps
to verify that observed STS values are not the result of TTS, usually through
follow-up measures of hearing thresholds obtained after prescribed periods
of quiet. STS cases that remain unchanged at follow-up, or those STS cases
that do not receive follow-up, are considered to be permanent threshold
shifts. The incidence of PTS cases, therefore, is another possible metric of
hearing conservation program effectiveness. Military hearing conservation
programs currently mandate follow-up testing, but it is not always com-
pleted. These metrics are examined in greater detail in Chapters 3 and 5.

EVALUATING THE STRENGTH OF EVIDENCE

To address the questions posed to the committee by the statement of
task, efforts were made to identify a relevant body of evidence through
searches of the indexed medical literature and catalogues of reports pre-
pared by or for the military services. Studies and reports were also identi-
fied from the reference lists of other documents, and some documents were
provided by the military services at the committee’s request.

Published peer-reviewed reports generally carried the most weight in
drawing conclusions because the methods and findings of those reports
could be assessed. Reports that had not undergone peer review and some
unpublished data were also considered by the committee and evaluated in
the context of the available body of published literature.

Ideally, in addressing the charge to the committee, the committee would
have preferred to draw on data from reports of longitudinal, population-
based studies of noise-induced hearing loss or tinnitus in humans in military
settings. Clearly, such studies would offer the greatest strength of evidence
to support the committee’s findings and recommendations. Unfortunately,
there are few such studies. Therefore, the committee was compelled to turn
to other sources of evidence to address its charge.

The sources of evidence considered by the committee included epide-
miological, laboratory, and clinical studies directly addressing the question
at hand. Epidemiological studies generally carry the most weight in evaluat-
ing evidence for or against an association between an exposure (noise) and
the resulting health outcome (hearing loss or tinnitus) in humans. These
studies measure health-related exposures and outcomes in a defined set of
human subjects and use that information to make inferences about the
nature and strength of associations between such exposures and outcomes
in the population from which the study sample was drawn. Epidemiological
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studies can be categorized as experimental (clinical trial) or observational
and as controlled (analytic) or uncontrolled (descriptive).

The primary outcome of interest in epidemiological studies is usually
the incidence or prevalence of the health condition under investigation. The
incidence of a particular condition refers to the number of newly occurring
cases of that condition that develop over a specific period of time in a
particular population and is expressed as either a risk (a probability) or a
rate. A condition’s prevalence is the proportion of individuals in a sample
who have that condition at a single point in time or during an interval of
time. Risk, in the epidemiological sense, is defined as the probability of
developing a particular health condition. The term “relative risk” refers to
the ratio of the incidence of the condition in a population exposed to some
potential hazard of interest, such as occupational noise, to the correspond-
ing incidence in a similar but nonexposed group. Cross-sectional studies do
not directly measure the risk associated with an exposure for two important
reasons: (1) these studies do not automatically define whether the exposure
or the condition came first; and (2) cross-sectional samples usually contain
old as well as new cases (i.e., incident and prevalent cases), further obscur-
ing the temporal sequence of exposure and condition.

Among the various epidemiological designs, experimental studies gen-
erally have the advantage of random assignment to exposures and, there-
fore, have the potential to be the most influential in assessing the strength
and direction of an association, although they are subject to a potential
selection bias. Experimental studies of noise exposure and hearing loss or
tinnitus in humans must be designed to prevent permanent harm. As a
result, such studies can be conducted to study only those exposures result-
ing in temporary hearing loss or tinnitus.

Most of the epidemiological studies considered by the committee were
observational. There were few prospective observational studies relevant to
the committee’s charge. Most were cross-sectional rather than longitudinal.
Observational studies that compare exposed subjects and unexposed controls
are more definitive than uncontrolled studies, but uncontrolled studies are
also important for showing the presence of an outcome in an exposed popu-
lation. Most of the epidemiological studies considered by the committee were
studies without control groups. Furthermore, the biggest drawback with
cross-sectional epidemiological studies is that the outcome of interest (e.g., a
hearing threshold > 25 dB HL) is measured only once—at the time of the
study or some other specified point—making it impossible to demonstrate
that the outcome occurred after the exposure of interest (e.g., noise), a tem-
poral relationship necessary to establish a causal link between the two.

Among epidemiological research designs, case reports and case series
are generally weakest. They are inadequate by themselves to establish an
association, but they can be valuable in drawing the attention of the scien-
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tific community to the problem and in generating testable hypotheses. The
committee did not rely on case reports in reaching its conclusions.

The vast majority of data available on noise-induced hearing loss and
tinnitus in military personnel is not epidemiological. The data came from a
variety of clinical, descriptive, cross-sectional studies of variously defined
groups of military personnel. The data were reported in ways that gave
little or no indication of the prevalence or incidence of either hearing loss or
tinnitus. Instead, the dependent measures were generally hearing thresholds
at various pure-tone frequencies, which were reported as average thresh-
olds for groups defined by age or length of service in the military. In the
absence of control groups in most of these studies, the committee turned to
standardized compilations of “control data” on hearing thresholds for
groups of screened or unscreened individuals of various ages for compari-
son purposes. These data and the limitations associated with this approach
are described in more detail in Chapter 3.

Some of the questions posed in the charge to the committee could be
addressed by existing data on noise-induced hearing loss, much of which is
based on laboratory studies of humans and animals. As noted, the labora-
tory studies in humans are necessarily restricted to the investigation of
temporary effects, either TTS or temporary tinnitus. Central to this experi-
mental approach is the assumption that the TTS observed at 2 minutes
postexposure has a defined relationship with the PTS that occurs in humans
following 10–20 years of exposure to industrial noise (CHABA, 1968). To the
extent that this association is valid, laboratory studies of TTS in humans can
provide insights into exposure parameters affecting PTS. In nearly all cases
of laboratory studies in humans, the dependent variable has been some
measure of hearing threshold. These studies cannot provide precise estimates
of the risk of experiencing hearing loss or tinnitus from noise exposure.

As noted previously, studies of noise-induced hearing loss in laboratory
animals make it possible to examine the associations among TTS, PTS, and
underlying cochlear damage in the same set of subjects and under strict
laboratory control of the exposure. Such data represent a powerful tool for
understanding the mechanisms underlying noise-induced hearing loss in a
variety of mammalian species, including variables impacting the develop-
ment of and recovery from noise-induced hearing loss, as well as establish-
ing the relationships among TTS, PTS, and underlying pathology. The
dependent measures in these laboratory studies typically include some mea-
sure of hearing thresholds, measured behaviorally or physiologically, and
measures of anatomical damage. Where the results from laboratory animal
studies are consistent with findings from human studies, they add assurance
that the human results are biologically reasonable.

Some aspects of the committee’s charge were best addressed with data
from well-designed and carefully executed human epidemiological studies.
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When such data were not available, the committee turned to alternate data
with the resulting caveats to its findings noted. Other aspects of the com-
mittee’s charge were best addressed with data from well-designed and care-
fully executed laboratory studies with humans and animals. Both forms of
evidence are considered valid, depending on the issue or questions being
addressed, and have been weighed by the committee in evaluating the
strength of evidence supporting its findings.

With the foregoing in mind, the committee adopted the following
scale for the strength of evidence. As will be seen, the strength of evidence
in this scale is tied to the presence and number of “strong studies” sup-
porting a particular committee finding. In general, observational epide-
miological studies cannot by themselves establish causal associations.
Strong epidemiological studies in support of a statistical association be-
tween an exposure and a condition, whether causal or not, could include
well-designed cross-sectional studies where the likelihood of chance find-
ings has been minimized, known confounding factors have been consid-
ered in the analysis, and known or potential biases have been eliminated.
However, in support of a causal association, “strong studies” are gener-
ally well-designed, prospective observational human population studies
or randomized controlled trials in which chance, bias, and confounding
are similarly treated. With respect to laboratory studies, “strong studies”
are well-designed and carefully executed and interpreted human or animal
studies in which chance, bias, and confounding have also been treated in
a similar way.

Sufficient evidence of a causal relationship: Consistent evidence from
many strong longitudinal studies.

Sufficient evidence (of an association): Evidence from several strong
longitudinal or cross-sectional studies.

Limited or suggestive evidence (of an association): No evidence from
strong studies, but some evidence from other studies of sufficient quality.

Not sufficient evidence to determine whether an association exists: Few
or no studies of sufficient quality.

Sufficient evidence that no association exists: Several strong studies
that find no association.

However, when applying the foregoing scale for strength of evidence,
the context of the specific question being addressed must be kept in mind.
For example, if the specific question posed or the issue addressed pertains
to the effect of noise on humans and the only evidence available is from
studies of laboratory animals, this evidence is considered not to be suffi-
cient regardless of the number of “strong” studies available from labora-
tory animals.
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THE COMMITTEE’S REPORT

The remainder of the report summarizes the evidence regarding the
questions put to the committee concerning military service and noise-
induced hearing loss and tinnitus and presents the committee’s findings.
Chapter 2 reviews the mechanisms of noise-induced hearing loss and evi-
dence regarding the impact of various risk factors. Chapter 3 reviews noise
and noise hazards associated with military service. Chapter 4 focuses on
tinnitus, especially its association with noise exposure and hearing loss.
Chapter 5 turns to the nature and effectiveness of hearing conservation
programs in the armed services. Chapter 6 presents the results of an audit of
the service medical records of military personnel sampled from various
periods of service from World War II to 2002. Finally, Chapter 7 provides
a summary that draws on the information presented in preceding chapters
to address the specific questions and issues posed in the Statement of Task
and in Public Law 107-330.
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2

Noise-Induced Hearing Loss

The purpose of this chapter is to provide background material on
noise-induced hearing loss to facilitate understanding of the evi-
dence on noise-induced hearing loss in military personnel presented

in Chapter 3. The chapter begins with a general discussion of the structure
and function of the auditory system, with particular emphasis on the pe-
riphery, and the impact of noise on the peripheral auditory system. The
effects of noise on hearing thresholds are reviewed next, followed by a
review of the time course for the development of hearing loss from noise
exposure. Next, exogenous and endogenous risk factors that may alter an
individual’s susceptibility to noise-induced hearing loss are reviewed. This
is followed by a discussion of national and international standards that
have been developed to estimate the amount of noise-induced hearing loss
to be expected from a given noise exposure and to separate the effects of
noise from age-related changes in hearing.

MECHANISMS AND MODELS OF NOISE-INDUCED
HEARING LOSS

Structure and Function of the Hearing Apparatus

In humans and other mammals, the auditory system consists of the
external, middle, and inner ears (Figure 2-1), as well as the central auditory
pathways in the brain. Sound waves enter the external ear through the
pinna, travel through the external ear canal, and strike the eardrum. The
external ear boosts high-frequency (2000–5000 Hz in humans) sound en-
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ergy by about 20 dB before it strikes the eardrum (Shaw, 1974). The
eardrum vibrates when sound waves strike it, setting the middle-ear bones
(malleus, incus, stapes) (Figure 2-1) in the air-filled middle-ear cavity in
motion. The base of the stapes is fitted into the oval window of the hearing
portion of the fluid-filled inner ear, the cochlea. Movement of the stapes
sets up pressure waves in the fluids inside the cochlea, which contains the
organ of Corti, the sensory organ for hearing, spiraling from base to apex.
The primary sensory receptors for hearing, the inner hair cells, are found
within the organ of Corti as are the outer hair cells, which primarily facili-
tate the sensory response of the inner hair cells. The pressure waves within
the cochlea vibrate the basilar membrane and the attached organ of Corti
(Figure 2-2). Specific sound frequencies vibrate specific places along the
length of the cochlea, with high-frequency sound causing maximum vibra-
tion in the base of the cochlea and low-frequency sound causing maximum
vibration in the apex. In addition, as the intensity of sound increases, the

FIGURE 2-1 Semi-schematic drawing of the human ear. Sound waves enter the
pinna, travel through the external ear canal, and strike the eardrum, setting it in
motion. Motion of the eardrum sets the middle ear bones (malleus [M], incus [I],
and stapes [S]) in motion and ultimately generates pressure waves in the fluids of
the inner ear. Sensory cells in the hearing portion of the inner ear (i.e., cochlea) are
then stimulated. When the fibers of the cochlear nerve are stimulated by the sen-
sory cells, auditory information is transmitted to the brain.
SOURCE: Modified from Brödel (1946).
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amplitude of basilar membrane vibration also increases, although in a non-
linear, compressive manner over much of its operating range.

The mechanical activity of the basilar membrane leads to mechanical
stimulation of the inner and outer hair cells. From the surface of each hair
cell, thin hair-like processes (stereocilia) project into the overlying gelati-
nous tectorial membrane (Figure 2-2). Movement of the basilar membrane
and organ of Corti relative to the tectorial membrane deflects the stereocilia
and opens ion channels in the hair cells. Channel opening depolarizes the
hair cells so they release a neurotransmitter from their bases. This conver-

FIGURE 2-2 Cross-section of one turn of the spiral-shaped cochlea. The organ of
Corti (outlined by the black dashed line) is attached to the flexible basilar mem-
brane and is surrounded by large fluid spaces (i.e., scala vestibuli, endolymphatic
space, scala tympani). The organ of Corti contains sensory cells (i.e., inner and
outer hair cells) that respond to pressure waves in the fluid spaces by releasing
neurotransmitter from their bases. The nerve fibers that terminate on the hair cell
bases are extensions of the auditory neurons. The nerve fibers conduct auditory
information to the brain when the hair cells release neurotransmitter. TM = tectorial
membrane.
SOURCE: Modified from Davis and Associates (1953).
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sion of mechanical energy from basilar membrane vibration to neuro-
electrical energy by the sensory cells in the organ of Corti is a process
involving high levels of metabolic activity. The nerve fibers connected to the
hair cells, primarily the inner hair cells, are excited by the neurotransmitter
and transfer the auditory information to the brain.

Effects of Noise on Hearing

The magnitude of hearing loss that results from excessive exposure to
noise depends on factors associated with the exposure (e.g., sound pressure
level [SPL], duration, type of noise, and frequency), as well as the character-
istics of the individual being exposed (e.g., susceptibility to noise damage,
age, prior history of hearing/ear damage). In the next section, we examine
the influence of the type of noise in greater detail.

Impulse/Impact Noise

High-level, short-duration noise can arbitrarily be categorized as im-
pulse noise, which is the product of explosive devices (e.g., gunfire), or
impact noise, which is generated by the forceful meeting of two hard sur-
faces (e.g., a hammer to a nail, impact wrenches). The typical measures of
impulse noise are the initial peak level and the duration of the first over-
pressure. This is the A-duration and is less than 1 millisecond (msec) for
handguns and several msec for large cannons. For impact noise, the two
principal descriptors are the highest peak in a series of successive peaks
(reverberations) and the so-called B-duration, the duration from the highest
peak level to a point in time when the reverberations have decayed either
10 or 20 dB. B-durations range from 50 to 300+ msec. The distinction
between impulse and impact noise becomes blurred in many real-life situa-
tions because impulse noise can reflect off the ground, or other surfaces, and
the reflections add to the initial impulse noise, creating a large, more compli-
cated waveform that is best described using the B-duration (Hamernik and
Hsueh, 1991).

Impulse noise creates several special hazards to the auditory system.
First, the high peak levels associated with gunfire (140–190 dB pe SPL)1

may damage the cochlea by causing rapid mechanical failure and injury
(Henderson and Hamernik, 1986). A series of rapidly occurring impulses

1As noted in Chapter 1, various metrics have been used in the literature to quantify the
sound levels associated with impulse and impact noise, including dBP and dB pe SPL. Sound
levels for steady-state noise, on the other hand, are more commonly expressed as dBA. Since
simple conversions among these various metrics are not possible, the committee chose to
report sound levels using the specific metric employed in the studies reviewed.
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can be partially attenuated by the acoustic reflex, a reflexive contraction
of the middle-ear muscles, while isolated impulses reach the cochlea be-
fore the activation of the acoustic reflex. Thus, intense explosions may
result in large cochlear lesions and significant hearing losses. This damage
is termed “acoustic trauma,” and hearing at most frequencies may be
affected (e.g., Ward and Glorig, 1961). Additional symptoms include a
sense of fullness in the ears, speech sounding muffled, and a ringing in the
ears (i.e., tinnitus) (Kraus, 1959; Ward and Glorig, 1961). Although some
recovery of hearing takes place after an acoustic trauma episode, the
individual is often left with a severe, permanent hearing loss (Ward and
Glorig, 1961; Van Campen et al., 1999). Exposure to impulse noise can
result in acoustic trauma from a limited number of exposures, including a
single exposure, but can also result in conventional noise-induced hearing
loss from extended periods of exposure to impulse noise over many weeks,
months, or years.

The relationship between noise-induced hearing loss and the peak am-
plitude of an impulse or impact noise is complicated. Systematic research
with the chinchilla has shown that at the lower range of exposure to im-
pulse noise (< 140 dB pe SPL) or impact noise (< 115 dB pe SPL), the
chinchilla develops a hearing loss that is proportional to the total energy of
the exposure (peak level × number of impulses). However, above these peak
sound pressure levels, the auditory system is damaged primarily by the large
displacements caused by high peak levels. The dividing line between the
“energy” and “peak-level” behavior is referred to as the “critical level.” It
should be noted that the critical levels of about 140 dB SPL for impulse
noise and 115 dB SPL for impact noise are general approximations for the
chinchilla. The actual critical level is dependent on the specific waveform of
the impulse and impact noise (Henderson and Hamernik, 1986). Based on
across-species comparisons from chinchillas to humans, the critical levels
for humans are likely to be approximately 10 dB higher than those ob-
served in chinchillas. However, because of the high risk of hearing loss from
high-level impulses and the variability in subsequent noise-induced hearing
loss, a more conservative criterion of 140 dB SPL has been adopted for
humans.

Below the critical level, hearing loss grows by the rate of approximately
1–3 dB of hearing loss for each dB of increase in peak level. However,
above the critical level, hearing loss grows 3–7 dB for each dB increase in
the level of the impulse or impact noise. This accelerated growth of hearing
loss with increase in peak sound pressure level above the critical level is one
of the factors that make high-level impulse and impact noise particularly
dangerous (Henderson and Hamernik, 1986).

Impulse and impact noise also present a heightened risk when either
occurs with other steady-state background noise (approximately 85–95
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dBA). Experimental studies with laboratory animals have shown that expo-
sure to combinations of relatively benign impact and steady-state noise can
lead to multiplicative interactions with hearing loss and cochlear damage,
with the effects of the combined exposure being greater than the simple
additive effects of impulse or continuous noise (Hamernik et al., 1981). Lei
et al. (1994) have developed a metric, based on the distribution of noise
levels during exposure, that captures the extra hazard to hearing associated
with such combined exposures in laboratory animals.

Intermittent and Continuous Exposures to Steady-State Noise

Exposure to less intense noise (i.e., < 90 dBA) for short durations (i.e.,
≤ 24 hrs) may result in a mild (< 30 dB) temporary hearing loss (Mills et al.,
1970; Melnick, 1976). A noise-induced temporary hearing loss, or tempo-
rary threshold shift (TTS), is characterized by an increase in the hearing
thresholds at some frequencies immediately following exposure, depending
on the frequencies comprising the noise and its intensity. The threshold
shift generally disappears within 24–48 hours after the exposure terminates
(Mills et al., 1970; Melnick, 1976). Typically, exposure to more intense
noise (> 90 dBA) or moderate noise for longer durations (> 24 hours)
results in a larger amount of TTS (i.e., > 40 dB). In these cases, postexposure
improvement of thresholds may continue for 30 days or longer, but in
general, thresholds will not return to preexposure values. The individual
likely will be left with a residual permanent threshold shift (PTS) (Taylor et
al., 1965; Mills and Talo, 1972; Mills, 1973; Henderson et al., 1974a;
Henderson and Hamernik, 1982).

Hearing loss that results from exposure to sound with energy spread
across a wide range of frequencies, such as many broad-band noises and
impulses common to most industrial and military settings, is typically char-
acterized by a gradual increase in threshold as frequency increases. Typi-
cally, the hearing loss abruptly reaches a maximum between 3000 and
6000 Hz, followed by a return toward normal hearing at still higher fre-
quencies. This particular pattern of hearing loss, as illustrated in Figure 2-3,
is typically referred to as the “noise-notch” audiogram. It is a clinical
hallmark often used to distinguish noise-related high-frequency hearing loss
from that associated with other etiologies, such as ototoxic medications or
aging. Several mechanisms have been offered to explain the extra vulner-
ability of the higher frequencies to the damaging effects of a broad-band
noise, including better transmission of the higher frequencies through the
outer and middle ears to the inner ear (e.g., Saunders and Tilney, 1982;
Rodriguez and Gerhardt, 1991) and specific vascular (e.g., Axelsson and
Vertes, 1982) or metabolic (e.g., Thalmann, 1976) vulnerabilities of this
region of the cochlea. However, none of these mechanisms can fully explain



NOISE-INDUCED HEARING LOSS 39

all of the features of the increased vulnerability of the 3000–6000 Hz region
of the cochlea to noise damage.

Although the group data from Cooper and Owen (1976) in Figure 2-3
reveal a clear decrease in hearing from 1000 Hz to 4000 Hz followed by a
return toward better hearing at still higher frequencies (8000 Hz), a pattern
that typifies a noise notch, this is not always readily apparent for individual
data. Discerning a noise notch in the pattern of hearing loss may be espe-
cially challenging in older adults for whom age-related hearing loss is super-
imposed on a preexisting noise notch (see pp. 62–63). As a result, there

FIGURE 2-3 Illustration of a typical noise-notch audiogram. Average audiogram
(n = 450 ears) from Cooper and Owen (1976) shown here. Error bars at 250 and
8000 Hz represent ±1 standard deviation and were the only standard deviations
reported by the authors of this study for the average pure-tone thresholds at indi-
vidual frequencies. The dashed line connecting thresholds at 1000 and 8000 Hz
provides a visual representation of the Notch Index (NI) metric.
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have been attempts to define the presence or absence of a noise notch more
objectively than by simply relying on visual inspection of the pattern of
hearing loss in the high frequencies, the latter approach not being particu-
larly reliable (e.g., McBride and Williams, 2001a,b). One such approach to
objectively define the presence or absence of a noise notch was advocated
initially by Coles et al. (2000) and further refined by Dobie and Rabinowitz
(2002). A graphic demonstration is provided by drawing a line to connect
the hearing thresholds at 1000 and 8000 Hz, as illustrated by the dashed
line in Figure 2-3. Having thresholds between 1000 and 8000 Hz (espe-
cially those at 2000, 3000, and 4000 Hz) that fall at or below the dashed
line is thought to indicate the presence of a high-frequency notch in the
hearing loss. Dobie and Rabinowitz (2002) describe a corresponding met-
ric, referred to as the notch index (NI), that is simply the mean of the
hearing thresholds at 1000 and 8000 Hz subtracted from the mean of the
hearing thresholds at 2000, 3000, and 4000 Hz. Values of NI greater than
0 dB are thought to indicate the presence of a notch, whereas those less than
0 dB do not. For the hearing thresholds displayed in Figure 2-3, the notch
index is 12 dB and is consistent with poorer hearing thresholds at 2000–
4000 Hz than at 1000 and 8000 Hz. Other approaches to objective deter-
mination of the presence or absence of a noise notch have been described
previously (e.g., Gates et al., 2000). The simplicity of the notch index and
similar metrics is appealing, although additional research is needed to es-
tablish its reliability, as well as sensitivity and specificity in the identifica-
tion of noise-induced hearing loss in the general population.

In summary, there are four key acoustic parameters of a given noise
exposure that determine the type and amount of the resulting hearing loss.
These are the sound pressure level of the noise, the duration and temporal
pattern of the exposure (hours/day, impulses/day, number of years), the
type of noise (steady-state, impulse/impact, blast), and the spectral content
of the noise. Knowledge of values for each of these four parameters is
necessary, but not sufficient, to fully assess the hazard of a given exposure
to hearing. Although there can be some variation in the audiometric pattern
of hearing loss for pure-tone thresholds following exposure to noise, the
hallmark of noise-induced hearing loss is a characteristic noise notch in the
audiogram that typically occurs between 3000 and 6000 Hz.

Effects of Noise on the Structure of the Hearing Apparatus

Acoustic trauma can occur following exposure to very intense noise,
typically blasts > 150 dBA. Humans experiencing blasts at very high sound
levels (~ 180 dB SPL) may suffer damage to the middle ear, including
hemorrhage in or perforation of the eardrum and fracture of the malleus
(Davis et al., 1949; Hirsch, 1968; Ward, 1973; Henderson et al., 1974b;
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Roberto et al., 1989). If the eardrum does not rupture during such an
intense exposure, the organ of Corti is likely to rupture off the basilar
membrane (Ward, 1973; Henderson et al., 1974a,b; Roberto et al., 1989).
When a portion of the organ of Corti ruptures, it does not reattach to the
basilar membrane. Rather, it eventually degenerates. As noted, the hearing
loss associated with acoustic trauma often is severe and spans a wide range
of frequencies, much broader than that represented by the high-frequency,
noise-notch pattern of hearing loss associated with other types of noise
exposures.

Because sound levels in areas free from reflective surfaces, known as
free fields, decay 6 dB per doubling of distance from the sound source, a key
factor in such exposures may be the proximity of the individual to the blast.
For example, consider two individuals, A and B, such that A is located
1 meter from a blast and the sound level recorded at that location was 160
dBA. Individual B, on the other hand, is located 32 meters from this same
blast. Assuming that the blast can be modeled as a point source in a free
field, the sound level at the location occupied by B will be 130 dBA. Whereas
A may experience acoustic trauma from such a blast, including the develop-
ment of a severe hearing loss affecting a wide range of frequencies, this will
be much less likely for B, who might, through repeated such exposures over
time, develop the more common noise-notch pattern of hearing loss. Impor-
tantly, individuals A and B may each subsequently report having heard a
loud blast in a case history, but the hazard to hearing will be much greater
for individual A, who is closer to the blast. Observations from Operation
Iraqi Freedom suggest that even when personnel are close enough to suffer
a blast injury that results in medical evacuation, four out of ten such indi-
viduals escape without permanent hearing loss, although many do experi-
ence acoustic trauma resulting in a severe or profound hearing loss (Chan-
dler, 2005).

Individuals with mild or moderate permanent noise-induced hearing
losses typically have some structural damage in their cochleas. The damage
may initially involve scattered loss of sensory cells, primarily outer hair
cells, in the organ of Corti (undamaged sensory cells shown in Figures 2-2
and 2-4, part A). Permanent noise-induced hearing loss may also result in
damage to or destruction of other important structures in the cochlea,
including fibrocytes in the spiral ligament and limbus and cells of the stria
vascularis (Liberman and Mulroy, 1982; Hirose and Liberman, 2003) (Fig-
ure 2-2). In humans and other mammals, outer hair cells are usually the
first type of sensory cell to be damaged or destroyed by excessive noise
(Bredberg, 1968; McGill and Schuknecht, 1976) (Figure 2-4, part B). With
larger permanent hearing losses, the degeneration involves both outer and
inner hair cells (Bredberg, 1968; Liberman and Mulroy, 1982; Bohne and
Harding, 2000) (Figure 2-4, part C). With severe permanent hearing losses,
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a variable amount of the organ of Corti (i.e., both sensory and supporting
cells) is missing. In these cases, an undifferentiated layer of squamous
epithelium covers the basilar membrane where the organ of Corti degener-
ated, and the nerve fibers that originally innervated the missing sensory
cells also disappear (Johnsson and Hawkins, 1976; McGill and Schuknecht,
1976; Bohne and Harding, 2000) (Figure 2-4, part D).

The time course of cell degeneration and scar formation in the cochlea
following a damaging noise exposure can be determined from animal stud-
ies only. A number of studies have shown that outer hair cells often begin to
degenerate during an exposure. Additional outer hair cells, as well as inner
hair cells and various supporting cells, may degenerate for days to a few
weeks following termination of the exposure. While the various cells are
degenerating, scars are forming in the organ of Corti. Phalangeal scars,
formed from supporting-cell processes, replace missing hair cells, and squa-
mous epithelial scars, formed from supporting cells on the basilar mem-
brane, replace degenerated portions of the organ of Corti. Nearly all scar
formation is completed by 1 month postexposure (e.g., Stockwell et al.,
1969; Bohne, 1976; Fredelius, 1988; Wang et al., 2002).

Although there are some exceptions, especially for high-intensity, low-
frequency sounds (e.g., Jerger et al., 1966; Burdick et al., 1978; Mills et al.,
1983), good consistency has been observed in human and animal studies
between the frequency content of the exposure stimulus and the location in
the cochlea experiencing the greatest damage or injury (e.g., Johnsson and
Hawkins, 1976; Moody et al., 1976). For narrow-band stimuli, the maxi-
mum cochlear insult is often one-half to one octave higher in frequency
than the exposure stimulus (Ward, 1973). For broad-band noises and im-
pulses, much more commonly encountered in military and industrial set-
tings, the damage is greatest in the high-frequency (i.e., basal) portion of the
cochlea (e.g., Gravendeel and Plomp, 1959; Ward, 1973; Ylikoski and
Ylikoski, 1994). Furthermore, these differences in location of the greatest
cochlear damage are accurately reflected in the pattern of hearing loss. For
example, the noise-notch pattern of hearing loss (Figure 2-3) is associated
with underlying damage to the sensory cells in the basal portion of the
cochlea; that is, the portion of the cochlea tuned to those frequencies. In
addition, as suggested by the sequence of illustrations shown in Figure 2-4,
there is also a positive correlation between the amount of damage at a
particular location in the cochlea and the severity of the hearing loss mea-
sured for a frequency associated with that location, although this correla-
tion is believed to be weaker for low-frequency sounds (e.g., Bredberg,
1968). The pattern of hearing loss measured following noise exposure pro-
vides valuable information about the extent and severity of the underlying
damage, especially in the middle and high frequencies following exposures
to broad-band sounds.
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In summary, although the specific site of lesion varies with the type
of noise to which one is exposed (steady-state, impulse/impact, blast), the
sensory receptors within the cochlea are the most common site of perma-
nent destruction from noise exposure. Behavioral pure-tone thresholds,
although not perfect indicators of the underlying cochlear pathology, repre-
sent the best available and most widely used measure of the underlying
damage in humans.

TIME RELATION BETWEEN EXPOSURE TO NOISE AND THE
DEVELOPMENT OF HEARING LOSS AND COCHLEAR DAMAGE

Consider exposure to an intense sound for a specified duration, with
the measurement of hearing thresholds performed at periodic intervals dur-
ing the exposure and at several times following the exposure. Thresholds
measured in brief intervals during the exposure represent the growth or
development of hearing loss, whereas those measured after the exposure is
terminated represent the recovery at specific postexposure time intervals.
For humans, the research conducted on the growth and recovery of hearing
loss associated with noise exposure has primarily used changes in behav-
ioral measures of hearing threshold, either TTS or PTS. Thus, conclusions
about cochlear damage resulting from noise exposure in humans are limited
by the imperfect association between behavioral measures of hearing thresh-
old and underlying cochlear damage noted previously (e.g., Bredberg, 1968).

This less than perfect correlation has also been noted in the specific
context of the study of recovery from noise exposure. For example, Davis
et al. (1950) repeatedly exposed humans to a series of intense sounds with
the exposures spaced so that there was complete recovery of TTS from one
exposure before beginning the next exposure. In only 3 of more than over
60 intensity-duration exposure combinations, the individuals’ hearing
thresholds failed to fully recover to baseline levels established before the
series of exposures; that is, some PTS occurred in only 3 of 60 cases
(5 percent). On this basis, it was assumed that if an individual completely
recovered from a TTS, the inner ear had not sustained permanent structural
damage. However, because the inner ears of these individuals were not
examined microscopically, the occurrence of permanent structural damage
could not be ruled out. Subsequently, laboratory animal studies in the
1960s and 1970s using cats and chinchillas, two common animal models of
human hearing, showed that animals who had completely recovered from
TTS of at least 50 dB always sustained some permanent cochlear damage
(e.g., Miller et al., 1963; Carder and Miller, 1972). Although it is likely that
the same phenomenon is true for humans, there is insufficient evidence to
support this generalization.

With regard to the effects of the duration of the exposure, when the
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duration is defined in terms of hours of continuous exposure to intense
noise, hearing thresholds in humans begin to deteriorate after about 1–4
hours of exposure to moderately intense noise (i.e., ~85 dBA) and reach a
maximum threshold shift of 10–18 dB after 8–12 hours (Mills et al., 1970;
Melnick, 1976; Mills et al., 1979). With exposure to more intense noise
(i.e., 92–120 dBA), hearing thresholds begin to deteriorate less than 30
minutes after the start of the exposure in both humans (Davis et al., 1950;
Mills et al., 1970; Mills et al., 1979) and other mammals (Miller et al.,
1963; Carder and Miller, 1972; Mills, 1973). With regard to recovery
following such continuous exposures to noise, generally, threshold shifts
that are less than 20 dB fully recover by 48 hours after termination of the
exposure (Mills et al., 1970; Carder and Miller, 1972; Melnick, 1976).
Threshold shifts of about 30 dB may require 3–6 days for the temporary
component of the threshold shift to disappear. With larger maximum thresh-
olds shifts (e.g., > 40 dB), recovery may be complete or incomplete. In
animals, threshold shifts that require a week or more for recovery have
been shown to be associated with permanent cochlear damage, primarily
the loss of outer hair cells (Eldredge et al., 1973a; Eldredge et al., 1973b).

We speculate that delayed recovery of thresholds in humans also signi-
fies the occurrence of cochlear damage. Mills (1976) exposed four chinchil-
las to a 4-kHz octave-band noise at 80 dB SPL for 90 days and measured
thresholds and threshold shifts behaviorally before, during, and for 150
days after the exposure. Threshold shifts grew to an asymptote of 50 dB by
24 hours of exposure. After termination of the exposure, thresholds recov-
ered to a 30-dB shift over 8 days, reached a plateau, and then recovered
another 10 dB between 60 and 150 days.

It is important to note, however, that with the exception of a very
short-term “bounce” in the recovery process that occurs typically within
the first 2 minutes following cessation of the sound exposure (Hirsh and
Ward, 1954), thresholds measured following these exposures are all consis-
tent with a process of recovery. That is, thresholds always improve or
remain stable as postexposure time increases.

Limited data on PTS in humans appear to be consistent with these data
from laboratory animals on recovery following noise exposure. Segal et al.
(1988), for example, using a classification scheme based on the severity of
hearing loss (mild, moderate, or severe), reported that approximately 91
percent of the 1,514 hearing losses observed following acoustic trauma in
military personnel remained in the same severity classification for follow-
up periods of 4 months to 4 years, 7 percent improved, and 2 percent
worsened by one category. Similar findings (4 percent classified as having
worse hearing at follow-up) were reported by Melinek et al. (1976) for a
smaller sample of 626 ears from military personnel with acoustic trauma.
In both studies, additional noise exposure between the initial and final
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measurement of hearing thresholds was possible because these individuals
remained in the military for the period between these measurements. Given
the reliability of clinical threshold measurements and the use of a severity
classification scheme based on those measurements, these data provide
evidence in humans of the stability of the postexposure hearing thresholds
over an extended period of time.

Laboratory studies of TTS and PTS in humans and laboratory animals
that have focused on recovery of hearing thresholds have typically been
terminated soon after the thresholds have fully recovered (TTS) or appear
to have stabilized for a period of days or weeks (PTS). Although at least
some studies have followed participants of various ages with hearing loss
for up to 15 years (e.g., Macrae, 1991), no life-span studies of humans have
followed the same subjects longitudinally for their remaining lifetime after
a noise exposure that produced a significant TTS or PTS early in life. In
laboratory animals, Mills et al. (1997) exposed one ear of six 18-month-old
(“middle-aged”) gerbils to high-intensity sound that produced PTS of 10–
15 dB at 6 weeks postexposure. The animals were no longer exposed to
noise and thresholds were assessed again at age 36 months, which is near
the end of the gerbil’s life. During the period from 18 to 36 months of age,
hearing losses of 0–50 dB can occur in gerbils that are non-noise exposed at
a young age and reared entirely in a quiet environment. At age 36 months,
hearing thresholds in the “noise-exposed and aged” ears had increased
further by about 3 dB (or, a total shift of 13–18 dB compared with the
preexposure baseline). Thresholds in the “non-noise exposed and aged”
ears (of the same animals), on the other hand, had increased by about 10–
20 dB over this same time period. In other words, at an age of 36 months,
hearing thresholds in the ears subject to both noise exposure and aging
were nearly equivalent to the hearing levels in the control ears subject only
to aging (and substantially lower than the thresholds predicted using ISO/
ANSI rules for the combined effects of noise and aging; see below). Clearly,
the noise exposed animals in this study did not have unusual changes in
hearing levels that were manifested long after the noise exposure was termi-
nated. Other than this study, however, there are no other data from studies
of laboratory animals in which hearing thresholds were measured through-
out the animals’ life spans after recovery appeared to be complete. Thus,
few data are available from laboratory animals or humans with which one
can address the issue of “delayed effects” in later life of a noise exposure
experienced much earlier in life.

It is noteworthy, however, that the modeling of noise-induced hearing
loss and age-related hearing loss in ISO-1999 suggests that noise-induced
hearing loss is almost asymptotic beginning at about 10–20 years of expo-
sure and continuing through 40 years of exposure, especially for the milder
amounts of hearing loss (ISO, 1990). (Also see Figure 2-5 in the subsequent
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discussion of estimating noise-induced hearing loss.) Thus, if continued
exposure to noise for an additional two decades (from 20 to 40 years of
exposure) results in little additional noise-related hearing loss following an
initial 10–20 years of exposure, it hard to imagine that removal from the noise
after 10–20 years of exposure would result in further declines in hearing.

Finally, for the study of PTS in humans, “duration” may also be defined by
years of daily exposure (typically, 5 days/week) to intense sounds of various
types. Here, cross-sectional data from humans indicate that PTS increases with
years of exposure, typically growing most rapidly during the first 10–15 years
of exposure at 4000 Hz and the first 10–20 years at 2000 Hz (e.g., Nixon and
Glorig, 1961; Gallo and Glorig, 1964; Taylor et al., 1965).

FINDING: The evidence from laboratory studies in humans and
animals is sufficient to conclude that the most pronounced effects of a given
noise exposure on pure-tone thresholds are measurable immediately fol-
lowing the exposure, with the length of recovery, whether partial or com-
plete, related to the level, duration, and type of noise exposure. Most recov-
ery to stable hearing thresholds occurs within 30 days.

FINDING: There is not sufficient evidence from longitudinal studies
in laboratory animals or humans to determine whether permanent noise-
induced hearing loss can develop much later in one’s lifetime, long after the
cessation of that noise exposure. Although the definitive studies to address
this issue have not been performed, based on the anatomical and physi-
ological data available on the recovery process following noise exposure, it
is unlikely that such delayed effects occur.

RISK FACTORS FOR NOISE-INDUCED HEARING LOSS:
INDIVIDUAL DIFFERENCES AND NONACOUSTIC FACTORS

Thus far, the focus in the preceding pages has been placed on the effects
of noise on the hearing of the “typical” or “average” person. For at least
175 years, however, it has been known that one of the hallmarks of noise-
induced hearing loss is the wide range of individual differences in hearing
loss that can result from seemingly identical noise exposures (Temkin, 1933;
Ward, 1965, 1968, 1995). Various factors, some inherent to the individual
(endogenous) and some external to the individual (exogenous), have been
examined by researchers to assess their role in susceptibility to noise-induced
hearing loss (e.g., Humes, 1984; Boettcher et al., 1987; Boettcher et al.,
1992; Henderson et al. 1993; Ward, 1995). In some cases, such as expo-
sures to solvents or use of aminoglycoside antibiotics, the exogenous fac-
tors not only interact with noise exposure but also produce hearing loss
themselves. Here these factors are examined with regard to whether they
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interact with noise exposure to increase the hearing loss beyond that result-
ing from exposure to either agent alone. The details of earlier reviews will
not be repeated here. Rather, the emphasis in this section is placed on their
conclusions and recent findings (since 1990) that serve to supplement these
earlier reviews.

Although an effort was made to focus on recent human studies, for
some factors, the only studies have been in laboratory animals. In many of
the animal studies, the exposures were exploratory and often not relevant
to the occupational setting. In addition, in the human studies, details of the
exposures to noise and other agents were not always available, especially
for an individual subject. Dose-response information was rarely available.
Finally, the studies reviewed included a wide range of methods to assess
hearing loss. With these caveats in mind, we proceed to a review of evidence
on the effects of certain exogenous and endogenous factors on the amount
of noise-induced hearing loss measured following noise exposure.

Exogenous Factors

As noted in reviews by Humes (1984), Boettcher et al. (1987), and
Boettcher et al. (1992), interactions of the effects of noise exposure and
various drugs and chemical agents have received considerable attention.
When noise, diuretics, or aminoglycosides (common antibiotics, such as
gentamicin) are used in combination, for example, synergistic interactions
occur such that the hearing loss from the combination of agents is greater
than the hearing loss from either agent alone. This result was supported by
Aran et al. (1992), who found, using guinea pigs, that exposure to sound at
moderate to high levels increased the ototoxic effects of the drugs. Gratton
et al. (1990) studied the interaction of a drug commonly used in chemo-
therapy, cisplatin, with concurrent noise exposure. Using chinchillas, ad-
ministration of cisplatin during noise exposure resulted in greater hearing
loss and hair cell loss than occurred for either agent alone, but the interac-
tion was dependent on the noise level. For sodium salicylate, a compound
related to aspirin, conclusions regarding the interaction with effects of noise
exposure have been somewhat equivocal, with most studies suggesting that
the addition of salicylates does not make the ear more susceptible to the
damaging effects of noise (e.g., Spongr et al., 1992, in chinchillas).

Although hearing loss in the industrial or military environment is most
often attributed to noise exposure, there is increasing attention to whether
co-exposure to chemical agents present in these environments may potenti-
ate noise-induced hearing loss. Carbon disulfide, for example, is a chemical
common in the clothing industry and is often neurotoxic; an interaction
between noise exposure and exposure to carbon disulfide has been ob-
served in some human studies (Franks and Morata, 1996).
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Vapors from organic solvents, such as toluene, are often found in occu-
pational environments involved in printing and painting, as well as in ship-
yards where paint spraying is common. Effects of toluene have been shown
in laboratory animal studies to combine in an additive or synergistic man-
ner with noise (e.g., Cary et al., 1997; Fechter, 2004; see also Table D-1 in
Appendix D). Styrene, which is widely used in manufacturing and in the
chemical and petroleum industries, is another organic solvent whose effects
have been shown in animal studies to combine synergistically with noise
(Morata and Campo, 2001). Overall, results from animal studies generally
suggest that although exposure to noise and solvents individually may be at
safe levels, simultaneous or successive exposures to both may increase sus-
ceptibility to noise-induced hearing loss. However, inconsistencies in results
of animal studies have been observed, and the extent of the interaction is
highly species-specific. Some of the inconsistencies may relate to differences
in the sites of damage of the ototoxins and their mode of transmission. For
example, the damaging effects of noise affect primarily the inner ear and
occur via acoustic transmission, whereas chemical exposures may reach the
inner ear and the central nervous system by being inhaled or absorbed
through the skin and circulated through the bloodstream.

Results of laboratory studies with animals showing increased risk for
noise-induced hearing loss with exposure to solvents led to efforts to con-
firm these results in humans, given the widespread occupational exposures
to these chemicals in noisy environments. Many observational and epide-
miological studies of noise-induced hearing loss have been conducted in
humans exposed to solvents (e.g., Morata et al., 1993; reviews in Morata et
al., 1994; Morata and LeMasters 1995; Morata, 1998, 2003). Some studies
show an increased prevalence of hearing loss in workers exposed to noise
and solvents relative to workers exposed to either agent alone (e.g., Morata
et al., 1993). An increased risk of hearing loss was also observed for aircraft
maintenance personnel exposed to jet fuel and noise on an Air Force base
(Kaufman et al., 2005). However, taken together, results of human studies
are equivocal, and the design of these occupational studies is often con-
founded by a lack of control groups and poor quantification of the expo-
sures. Typically, the hearing of a group of unexposed workers is compared
to the hearing of groups of workers exposed to noise only, to solvent only,
and to both noise and solvent. However, the noise or solvent exposure
within the “noise and solvent” group may not be equivalent to the expo-
sures within the noise-only or solvent-only groups. Moreover, noise and
chemical exposure records for individual study participants often are not
available. Therefore, exposures must be estimated from area surveys rather
than from dosimetry or biological monitoring. Nonoccupational noise ex-
posures are also difficult to estimate and control for in analyses. In addi-
tion, workers of different ages or with different durations of employment
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may be subject to uncontrolled cohort differences in their histories of noise
or solvent exposure and in other factors that could affect hearing. Given
these design limitations, there is insufficient evidence in humans to reach
conclusions regarding the interactive effects of solvents and noise on noise-
induced hearing loss.

Exposure to chemical asphyxiants, such as hydrogen cyanide and car-
bon monoxide, is common in some workplaces, and the interaction of these
asphyxiants with noise exposure has also received attention recently. Cya-
nides are used in electroplating and metal leaching. Carbon monoxide is
among the most common workplace air pollutants, especially for individuals
working around gas-combustion engines, such as mechanics and other
engine workers. Recent reviews of research in animal models indicate that
low to moderate levels of carbon monoxide and hydrogen cyanide potentiate
noise-induced hearing loss, especially at high noise levels (Cary et al., 1997;
Fechter et al., 2000; also see Table D-2 in Appendix D). This potentiating
effect, moreover, has been observed whether the exposures to each agent
were simultaneous or successive. A recent review by Fechter (2004) notes
that solvents (toluene, ethyl benzene, styrene) are likely to result in an
additive effect to noise whereas asphyxiants (carbon monoxide, hydrogen
cyanide) appear to result in synergistic effects to noise. There are no known
human studies on the interaction of the effects of chemical asphyxiants and
noise on noise-induced hearing loss.

Cigarette smoking may have a negative effect on hearing (e.g., Cruick-
shanks et al., 1998), but it is unclear whether it interacts with noise expo-
sure to increase noise-induced hearing loss (see Table D-3 in Appendix D).
Recent studies have yielded mixed results, with some finding no synergistic
effects between smoking and noise exposure (Starck et al., 1999; Toppila
et al., 2000), one observing a small interaction (Palmer et al., 2004), and
one showing a significant increase in the prevalence rate for noise-induced
hearing loss among factory workers who smoked (Mizoue et al., 2003).
The design limitations described previously for human studies of the inter-
active effects of noise and solvents are also evident in these cross-sectional
studies of the effects of smoking on noise-induced hearing loss.

Finally, whole-body vibration increases temporary hearing loss when
noise is present (see review by Humes, 1984), but only when body tempera-
ture is elevated (Manninen, 1988). An increase in body temperature is
known to increase the effects of noise on hearing (e.g., Drescher, 1976).
Exercise during noise exposure and cardiovascular fitness have been shown
to decrease (Manson et al., 1994), increase, or have no effect on temporary
hearing loss (Wilson and Herbstein, 2003). The effect of exercise on noise-
induced hearing loss may also relate to increases in body temperature
(Pekkarinen, 1995). Many of these studies included relatively small (n < 20)
convenience samples, with no randomized designs or control groups. Re-
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sults from studies of the interactive effects of noise and electromagnetic
fields in magnetic resonance imaging devices have been equivocal, and only
limited results are available (Pekkarinen, 1995).

FINDING: Nonacoustic factors may interact with the effects of noise
to increase the measured noise-induced hearing loss. For many exogenous
factors, evidence in animal models reveals that the effects of drugs or chemi-
cal agents may combine in an additive or synergistic manner with the effects
of noise to increase noise-induced hearing loss. In particular, aminoglycosides,
cisplatin, and solvents (toluene and styrene) interact in laboratory animals
with noise presented simultaneously or sequentially to increase the amount
of noise-induced hearing loss. However, there is not sufficient evidence to
confirm this finding in humans. In particular, the evidence is not conclusive
in humans with regard to additive or synergistic effects of noise and the
following exogenous factors on hearing: aminoglycosides, cisplatin, diuretics,
salicylates, solvents, carbon disulfide, carbon monoxide, cigarette smoking,
whole-body vibration, body temperature, exercise, and electromagnetic
fields.

Endogenous Factors

Previous reviews of endogenous factors affecting noise-induced hearing
loss have been performed (Humes, 1984; Henderson et al., 1993; Ward,
1995). Factors covered in these review papers include age (both young and
old), gender, race, eye color, and prior hearing loss. With regard to age, the
focus here, given the committee’s charge, will be only on the older end of
the age continuum. In each of the reviews, the basic thesis is that there have
been inconsistent trends reported in the literature for each of these endog-
enous factors, but in general, the research points to a lack of effect of each
of these factors on noise-induced hearing loss. It is certainly not the case
that one could adjust a general prediction of noise-induced hearing loss for
the “average person” to be more appropriate for a given individual with
knowledge of any of these endogenous factors.

With regard to gender differences in susceptibility to noise-induced
hearing loss, audiometric surveys of employees in noisy industries have
shown that women, on average, have better hearing than men, even when
gender-specific age corrections have been applied (e.g., Berger et al., 1978).
It is not clear, however, that the source of these differences can be attrib-
uted to gender alone (Ward et al., 2000).

Most of the more recent publications that have appeared since the
latest of these general reviews by Ward (1995) have been concerned with
the effects of old age on susceptibility to noise-induced hearing loss. These
recent publications are reviewed first, followed by several citations with
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regard to the effects of race and prior hearing loss on noise-induced hearing
loss.

The general conclusion from several recent studies (Sun et al., 1994;
Erway et al., 1996; Mills et al., 1997; McFadden and Campo, 1998;
Ohlemiller et al., 2000; Boettcher, 2002; Fraenkel et al., 2003), all of which
were conducted with laboratory animals, is that aging per se does not
enhance susceptibility to noise-induced hearing loss or cochlear damage.
However, there is a suggestion that genetic factors that lead to hearing loss,
including a predisposition to age-related hearing loss, may render an indi-
vidual more susceptible to noise-induced hearing loss (Erway et al., 1996;
Ohlemiller et al., 2000). This is also consistent with recent work by Holme
and Steel (2004), who have identified a gene in mice, Cdh23, that is linked
to increased susceptibility to noise-induced hearing loss. Other studies in
mice indicate that a genetic basis for resistance to noise-induced hearing
loss may exist as well (Yoshida et al., 2000).

The basic approach pursued in most of the foregoing studies on aging
and susceptibility was to examine the effects of specific noise exposures on
two or more groups of subjects differing in age. As noted, in general, older
adult animals were neither more nor less susceptible than younger adults to
the effects of noise on hearing. A related, but separate, question regarding
interactions of noise and aging is whether prior noise-induced hearing loss
impacts the subsequent progression of age-related hearing loss. Two recent
studies with older humans (Gates et al., 2000; Rosenhall, 2003) suggest
that evidence of prior noise exposure results in a more rapid deterioration
of hearing with aging, at least for some frequencies (e.g., 2000 Hz). On the
other hand, two other recent studies (Cruickshanks et al., 2003; Lee et al.,
2005), also with humans, failed to find evidence supporting differences in
the amount of age-related hearing loss or the progression of age-related
hearing loss based on a history of prior noise exposure. (Table D-4 in
Appendix D summarizes the key features of these four studies.) The reasons
for these differences in findings are unclear, and this is an area that deserves
further attention and research.

Race is another endogenous factor that has received some attention re-
cently by researchers studying noise-induced hearing loss. Henselman et al.
(1995), for example, conducted a retrospective study among soldiers in the
U.S. Army and noted that, for similar noise exposures and length of service
exceeding 10 years, black soldiers demonstrated less age-corrected noise-
induced hearing loss than white soldiers. It is unclear, however, whether this
is a valid indication of racial differences in noise susceptibility. The study
used the same (primarily white) unscreened database to generate the age
corrections to the audiograms. African Americans have been observed to
have less age-related hearing loss than whites (Royster et al., 1978). Thus, the
reduced noise-induced hearing loss reported for African Americans in this
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study could be due to the subtraction of an inappropriately high age-related
threshold derived from data for white subjects to generate the age-corrected
noise-induced hearing loss for African Americans.

Ishii and Talbott (1998) conducted another retrospective study of noise-
induced hearing loss in industry and found that white workers in a metal
fabricating plant had significantly higher high-frequency (3000–8000 Hz)
hearing levels than nonwhites (86 percent African American, 14 percent
Hispanic) working in the same plant. The differences in hearing levels in the
high frequencies, however, are similar to the race differences in age-related
hearing loss noted previously. This suggests that appropriate race-specific
age correction of these hearing levels, rather than the use of the same age
correction for all racial/ethnic groups, would have resulted in little differ-
ence between racial/ethnic groups in the actual noise-induced hearing loss.

Although the effects of prior hearing loss, including previous noise-
induced hearing loss, on the susceptibility to subsequent noise-induced hear-
ing loss have not received much attention in recent research, several earlier
studies in laboratory animals and humans have addressed this topic (e.g.,
Glorig et al., 1961; Resnick et al., 1962; Ward, 1968, 1973; Mills, 1973;
Man et al., 1975; Howell, 1978; Botte and Variot, 1979; Humes, 1984;
Humes and Jesteadt, 1991). The subjects in two of these earlier studies were
military personnel (Resnick et al., 1962; Man et al., 1975). In most of the
studies cited, the existing hearing loss resulted from prior noise exposure.
When expressed in terms of relative threshold shift (TTS or PTS), the
observed amount of postexposure threshold shift always decreased as the
amount of prior hearing loss increased, giving the impression that individu-
als with prior hearing loss are less susceptible to noise-induced hearing loss.
When examined in terms of the hearing threshold to which the individuals
have been shifted (so-called “shifted threshold” in dB HL or dB SPL),
however, it is apparent that individuals with and without prior hearing loss
are equally susceptible to noise-induced hearing loss (Mills, 1973; Humes,
1980; Humes and Koval, 1981; Humes and Jesteadt, 1991).

Consider a noise exposure that is known to produce, on average, a
noise-induced hearing loss of 20 dB HL at 4000 Hz. An individual who
enters this noise exposure with a hearing threshold of 0 dB HL at 4000 Hz
will demonstrate a threshold shift of 20 dB, whereas another individual
who enters this noise exposure with a hearing threshold of 40 dB HL at
4000 Hz will show a threshold shift of 0 dB. On the other hand, if a given
noise exposure is known to produce a noise-induced hearing loss of 40 dB
HL at 4000 Hz, individuals with preexposure thresholds of 0 and 20 dB HL
at 4000 Hz will demonstrate, on average, threshold shifts of 40 and 20 dB,
respectively. Thus, the relative threshold shift in individuals with preexist-
ing noise-induced hearing loss is always less than that observed in individu-
als with normal hearing prior to exposure, but the shifted thresholds (in dB
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HL or dB SPL) are frequently similar, depending on the particular combina-
tion of thresholds and exposure conditions involved. Basically, the nonlin-
ear additivity rules used to combine hearing thresholds from age-related
hearing loss and noise-induced hearing loss, reviewed in detail below, also
apply to the addition of previous and current noise-induced hearing loss.
The basic conclusion from review of the research in this area is that indi-
viduals with previous noise-induced hearing loss are neither more nor less
susceptible to subsequent noise-induced hearing loss than individuals with-
out such pre-existing hearing loss.

FINDING: Several endogenous factors have been examined, includ-
ing (old) age, gender, race, eye color, and prior hearing loss, but there is not
sufficient evidence in humans to conclude that any of these factors predicts
susceptibility to noise-induced hearing loss.

ESTIMATING NOISE-INDUCED HEARING LOSS

Large-scale, systematic investigations of the temporary and permanent
effects of noise on hearing, in both human and laboratory animal subjects,
began in the 1940s and early 1950s at several research laboratories, largely
because of the extreme sound levels to which military personnel were ex-
posed during World War II. Soon, a need developed for the scientific com-
munity to coordinate, evaluate, and guide the research in this area, and the
National Academy of Sciences, with support of various branches of the
military, created the Committee on Hearing and Bioacoustics (CHABA;
subsequently appending “and Biomechanics” to its name while leaving the
acronym, CHABA, intact). Over the ensuing decades, CHABA and subsid-
iary working groups generated several critical reviews and summaries of the
state of our knowledge with regard to noise-induced hearing loss (e.g.,
Kryter et al., 1966; CHABA, 1968; NRC, 1992, 1993). These reports
frequently led to additional research that, in turn, led to updated reports.
Through this iterative process, much came to be known about the effects of
noise on hearing.

There was particular interest in being able to estimate the average
permanent hearing loss, as well as its distribution, expected from years of
exposure to various noise types and levels. The greatest progress was made
in the understanding of noise-induced hearing loss resulting from years of
continuous or intermittent daily exposures to steady-state noise. The work
in this area resulted in the adoption of an international standard (ISO-1999
[ISO, 1990]) and an American standard (ANSI S3.44 [ANSI, 1996]) de-
signed to estimate the median noise-induced hearing loss for a given expo-
sure, along with some measures of the statistical distribution of the result-
ing noise-induced hearing loss (e.g., 10th and 90th percentiles). Although
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both standards state that they can be applied to a wide variety of noise
exposure conditions, including intermittent and time-varying exposures to
steady-state noise and exposures to impulse noise, the formulas included in
each standard were derived primarily from data on noise-induced hearing
loss among industrial workers with 10–40 years of exposure to broad-
band, steady-state noise for 8 hours per day (5 days/week). In addition,
both standards restrict their application to equivalent continuous sound
levels of 75–100 dBA for a normal 8-hour working day. As a result, the
ISO/ANSI predictions are considered to be most valid for similar exposure
conditions. The standards, therefore, are less likely to provide valid esti-
mates of permanent hearing loss in humans for other types of noise (e.g.,
impulse), noise exposures (e.g., daily exposures that differ significantly
from 8 hours), or exposure durations (less than 10 or more than 40 years).
These limitations of the standards should be kept in mind when they are
applied to estimate noise-induced hearing loss, including their use to esti-
mate noise-induced hearing loss in the military.

These national and international standards represent the synthesis of
the best available data on industrial noise-induced hearing loss. The avail-
able data, however, are not without limitations. For example, sample sizes
were often small, the studies were cross-sectional rather than longitudinal
and subject to cohort effects, and specification of the noise exposure was by
group or area of the industry, rather than for each individual.

Figure 2-5 provides an illustration of the age-corrected “noise-induced
permanent threshold shift,” NIPTS, estimated with ISO-1999 (1990).2 The
top panel demonstrates the development of NIPTS at one frequency, 4000
Hz, with increasing years of exposure to 8-hour equivalent continuous
noise levels of 85, 90, 95, or 100 dBA. These estimates reveal two key
features of NIPTS: (1) that NIPTS increases with noise level and, for an
8-hour equivalent continuous noise level of 85 dBA (or less), is negligible at
4000 Hz, the frequency showing the greatest amount of NIPTS; and
(2) that NIPTS grows most rapidly during the first 10–15 years, with only
slight increases beyond that. It is important to emphasize here, however,
that this is the hearing loss associated with noise exposure only (NIPTS).
Also, the values displayed are the predicted median values from ISO-1999.
The same standard provides for the generation of other percentiles or
quartiles. In general, the interquartile ranges (the difference between

2Although the relative NIPTS in dB is calculated in ISO-1999, the committee chose to plot
this both as NIPTS in dB and noise-only hearing loss in dB HL in Figures 2-5 and 2-6 for
consistency with the other figures in this report. Since it is assumed in both figures that the
age-related component is 0 dB HL throughout, X dB NIPTS is also X dB HL of “pure” noise-
induced hearing loss. Such “pure” noise-induced hearing loss, in the absence of concomitant
age-related hearing loss, can only occur hypothetically and within such a model framework.
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FIGURE 2-5 Depiction of the development of the noise-induced permanent thresh-
old shift (NIPTS) in dB, or the noise-only noise-induced hearing loss in dB HL, at
4000 Hz (top) and at several frequencies (bottom) with increasing years of noise
exposure as estimated by ISO-1999 (1990). The 8-hour equivalent continuous noise
level is the parameter in the top panel, whereas the noise exposure is fixed at the
highest level (100 dBA) included in the standards in the bottom panel, with length
of exposure as the parameter. In both panels, age-related hearing loss is fixed at 0
dB HL throughout to illustrate that portion of the hearing loss associated with
noise exposure only. This enables the hypothetical NIPTS in dB (left ordinate) to be
plotted as hearing loss in dB HL (right ordinate).
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thresholds at the 25th to 75th percentiles) around the median values in
Figure 2-5 are typically 10–20 dB. Of course, while the individual is being
exposed to such noise for 40 years, the individual also ages, and aging by
itself can result in elevated hearing thresholds. This issue is addressed in
more detail below. Here it is important to note that because aging effects
are not included, it is unlikely that these would be the actual thresholds
measured, especially for more than 10–20 years of noise exposure (assum-
ing that the exposure begins in early adulthood).

The bottom panel of Figure 2-5 shows ISO-1999 (1990) predictions for
NIPTS for an 8-hour equivalent continuous noise level of 100 dBA, and for
progressively longer durations of exposure up to the maximum of 40 years.
Here, however, NIPTS in dB (left ordinate), as well as the equivalent hear-
ing thresholds in dB HL (right ordinate), for the noise-only portion of the
hearing loss have been illustrated in conventional clinical format for fre-
quencies from 500 through 6000 Hz to demonstrate the typical pattern of
hearing loss at specific ages. Note the emergence of a noise-notch pattern
over time, with the maximum hearing loss occurring at 4000 Hz. It is
noteworthy that, consistent with the data depicted in the top panel, hearing
loss at 4000 Hz increases most with durations of exposure up to 10 years,
but that this is not the case at 2000 Hz, where increases in hearing loss
continue after the first 10 years of exposure. Nonetheless, the noise-notch
pattern of hearing loss is maintained and the average hearing loss associ-
ated with noise exposure only is about 40 dB HL in the high frequencies
after 40 years of exposure to the highest noise level included in the ISO/
ANSI standards.

One of the key issues covered in the ISO/ANSI standards is the way
each addresses the combined effects of noise-induced and age-related hear-
ing loss. Consider, for example, a man who either begins his job in industry
or enlists in the military at 20 years of age. Thirty years later, this same
individual retires. Estimates of the resulting noise-induced hearing loss us-
ing either standard would take into consideration this individual’s 30 years
of noise exposure. However, while this individual was exposed to noise, he
also aged and was 50 years old when the daily noise exposure ended. It is
well known that hearing loss also increases with age and that the average
50-year-old man will have worse hearing, especially in the high frequencies,
than the average 20-year-old man. Thus, both the 30 years of noise expo-
sure and advancing age can have an effect on high-frequency hearing, and it
is the combined effects of both factors (as well as others) that will contrib-
ute to the hearing loss measured in this 50-year-old man.

How should the separate effects of noise and aging on hearing be
disentangled? Continuing with this hypothetical example, let’s assume that
the noise exposure alone is expected to produce a permanent hearing loss
corresponding to a hearing level of 25 dB HL at 4000 Hz after 10 years of
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exposure, with no further changes for another 20 years until retirement at
age 50. Let us also assume that the median hearing level for a 50-year-old
man in the United States is 20 dB HL at 4000 Hz. What hearing level would
one expect to measure in a 50-year-old man who has worked in this noise
for 30 years? One model that has been considered is simple decibel additiv-
ity of the hearing levels associated with aging and noise exposure, or 25 dB
HL (NIPTS) + 20 dB HL (aging) = 45 dB HL. Another model suggests
simple additivity of the corresponding sound powers, expressed as 10 log10
[10(25/10) + 10(20/10) ] or 26 dB HL. Based on empirical fits to the existing
data, the ISO and ANSI standards both adopted the same compressive
nonlinear model that yields values between these two extremes. The model
used in the standards also is similar to a more general nonlinear compres-
sive model that has proven successful when adding or combining elevated
thresholds of various types (Humes et al., 1987; Humes and Jesteadt, 1989),
including those arising from noise exposures (Humes and Jesteadt, 1991).

The specific form of the model used in the ISO and ANSI standards is
as follows:

HTLAN = HTLA + HTLN – [(HTLA × HTLN) / 120],

where HTLAN is the hearing threshold level from the combined effects of
age (A) and noise (N), HTLA is the hearing threshold level associated with
age alone, and HTLN is the hearing threshold level associated with the
noise exposure alone. In the hypothetical example considered previously,
according to this model, the 50-year-old man would be expected to have a
hearing threshold at 4000 Hz of about 41 dB HL after 30 years of noise
exposure [i.e., 20 + 25 = 45; (20 × 25) / 120 = 4.2; 45 – 4.2 = 40.8 dB HL].
In this case, the result is much closer to the prediction made according to
simple decibel additivity (45 dB HL) than with power additivity (26 dB
HL), but this is less true as the amount of hearing loss expected from each
factor increases. For example, assume that both noise and age result in
expected hearing threshold levels of 50 dB HL at 4000 Hz, then the ISO/
ANSI additivity model predicts a threshold of about 79 dB HL, which is
21 dB less than simple decibel additivity (100 dB HL). In many situations,
the ISO/ANSI additivity model is applied in the reverse direction. That is,
the thresholds for a group or individual following X years of continuous
exposure to noise at an 8-hour equivalent continuous level of Y dBA, as
well as the age and gender of the group or individual are known, and the
task is to determine how much of the hearing loss is associated with the
noise exposure and how much is associated with age-related changes.

Regardless of the way such models are used, many assumptions are
involved. One key assumption has to do with the time course of the devel-
opment of hearing loss associated with each factor. For example, consider



NOISE-INDUCED HEARING LOSS 59

two men, A and B, both 20 years old when they began work in the same
noisy industrial or military environment. Individual A happens to be sus-
ceptible to the damaging effects of noise and develops a 40-dB hearing loss
within the first few years of employment in this noisy environment, then
experiences no additional decline in hearing over the next several decades
(not susceptible to age effects). Individual B, on the other hand, is not
susceptible to the damaging effects of noise and shows typical or average
age-related hearing loss throughout adulthood. Let us assume further that,
at age 70, the median hearing loss at this same frequency for males is 40 dB.
So, at age 70, both A and B have a 40-dB hearing loss. Given the foregoing,
the ISO/ANSI additivity model would attribute all of the hearing loss for
each 70-year-old male to aging, an accurate estimate for individual B. Yet,
for individual A, who had noise-induced hearing loss most of his adult life,
attributing the hearing loss entirely to age would be inappropriate.

The foregoing examples demonstrate a key point regarding models
designed to estimate noise-induced hearing loss and allocate the hearing
loss to either noise-related or age-related components: These models were
built from and are designed for group data, not individual data. Given the
same 40-dB HL hearing loss of individuals A and B at age 70 in the forego-
ing example, it is virtually impossible without other data to determine
whether the scenario represented by A or that represented by B is the actual
underlying scenario for a given individual. This serves to underscore the
critical importance of periodic measurement of hearing thresholds for those
exposed to high levels of noise. Given the wide range of individual differ-
ences in susceptibility, the possible effects of exogenous factors, and our
inability to predict these effects from other measures, regular measurement
of hearing thresholds is the only way to determine if a change in hearing has
occurred in an individual during the period of a particular noise exposure.
In the absence of such information, estimates of noise-induced hearing loss
must be confined to statistical descriptions of population values (i.e., medi-
ans, percentiles) expected from the specific noise exposure, but there is no
way to determine where among the population a particular individual would
be found (e.g., “average,” “most susceptible 10 percent,” etc.).

ISO-1999 and ANSI S3.44 both allocate a portion of the observed
hearing loss to age-related hearing loss and a portion to noise-induced
hearing loss. We have noted several concerns with regard to the noise-
induced component in the preceding paragraphs. Concerns have also been
expressed, however, regarding the validity of the component representing
age-related hearing loss. Specifically, the validity of the screened database
(database A) on age-related hearing loss has been called into question, due,
in part, to its derivation from data that are now several decades old and
may be subject to cohort bias (Wiley et al., 2001). This serves to underscore
the critical importance of annual measurement of hearing thresholds for
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individuals not exposed to noise, who can serve as a control group for the
noise-exposed workers to document the effects of aging.

Thus far in our discussion of the estimation of noise-induced hearing
loss from models such as ISO-1999 and ANSI S3.44, hearing thresholds at
only one particular frequency have been considered. Although both expo-
sures to industrial or military noise and advancing age result in high-
frequency hearing loss, the pattern of hearing loss across frequencies differs
for these two etiologies. As noted previously, it is the noise-notch pattern of
hearing loss, together with detailed case-history information, that is used
clinically to distinguish noise-induced hearing loss from other forms of
high-frequency hearing loss, such as age-related hearing loss. This differ-
ence in pattern of hearing loss for noise and age is illustrated in Figure 2-6.
The top panel in this figure shows the average hearing loss as a function of
age in males when data from several cross-sectional studies of age-related
hearing loss were synthesized (Robinson and Sutton, 1979). These data
form the basis of one of the databases (database A) of age-related hearing
loss included in the ISO-1999 and ANSI S3.44 standards. They represent
composite values from studies that took some care in screening out subjects
with prior exposures to noise or previous hearing loss attributable to other
etiologies (based on self-report)—so-called “highly screened” samples. From
the functions depicted in the top panel of Figure 2-6, it is apparent that
hearing loss is greatest in the highest frequencies initially, and at older ages,
the hearing loss is still worse at the highest frequencies, but lower frequen-
cies are also affected. The ISO and ANSI standards both make provision for
the use of other databases representing age-related hearing loss. Database B
in both standards represents the hearing thresholds for a large unscreened
sample from a U.S. Public Health Service survey completed in 1962 (Glorig
and Roberts, 1965). Although the specific values for hearing thresholds at
each frequency differ between databases A and B, with better hearing thresh-
olds found in database A, greater high-frequency hearing loss at older ages
is common to both databases.

In contrast, the patterns of NIPTS, or noise-only hearing loss in dB HL,
in the lower panel of Figure 2-6 illustrate hypothetical data on the progres-
sion of noise-induced hearing loss patterned after actual data (Robertson
et al., 1978). Of course, the actual amount of noise-induced hearing loss
will depend on a variety of factors, as noted previously, such as the type of
noise, the level of the noise, the noise spectrum, and the duration and
pattern of exposure. The lower panel of Figure 2-6 illustrates the increase in
hearing loss with longer durations (in years) of continuous exposure to
broad-band, steady-state noise at a specific noise level, similar to that de-
picted in Figure 2-5. Unlike the patterns of hearing loss associated with age
in the top panel of Figure 2-6, the hearing loss in the bottom panel of this
figure reaches a maximum at 6000 Hz and then returns toward milder
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FIGURE 2-6 Age-related hearing loss for men (ISO-1999, database A, top panel)
and hypothetical progression of noise-induced hearing loss with increased length of
exposure in years (bottom panel). The bottom panel displays hypothetical NIPTS
in dB, as well as the noise-only hearing loss data plotted in dB HL.
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hearing loss at 8000 Hz. This demonstrates the characteristic noise-notch
pattern of hearing loss in which the notch is located at 6000 Hz. As noted
previously, the notch location varies with the noise exposure and across
individuals experiencing the same noise exposure, but it is generally located
at 3000, 4000, or 6000 Hz. A noise notch located at 6000 Hz was chosen
for illustration purposes in the bottom panel of Figure 2-6 because of the
frequent appearance of notches at this frequency in the data on military
noise-induced hearing loss reviewed subsequently in Chapter 3.

Perhaps, therefore, the pattern of hearing loss across frequency can
assist in determining how much, if any, of an older adult’s hearing loss can
be attributed to prior noise exposure. That is, rather than just considering
the hearing threshold at one frequency for the two 70-year-old individuals,
A and B, in our previous example, one of whom had no prior noise-induced
hearing loss and the other who had sizable noise-induced hearing loss,
perhaps the presence or absence of a noise notch will assist in sorting this
out. To examine the impact of aging on the pattern of hearing loss across
frequency, the additivity model of ISO-1999 and ANSI S3.44 was applied
to the two sets of data in the top and bottom panels of Figure 2-6. The top
panel was assumed to represent a “pure” age-related hearing loss for each
age decade, and the bottom panel was interpreted as four different degrees
of noise notch developed in four young men during the first few years of
noise exposure (rather than the progression of noise-induced hearing loss
over time, as originally indicated). The case represented by the “45-dB
notch” has a threshold at 4000 Hz that is about 40 dB HL and is represen-
tative of individual A in our previous examples. Individual B, on the other
hand, was assumed to have no noise-induced hearing loss, and thresholds
for this individual would be best represented by the age-only curves (“no
notch”) depicted in the top panel of Figure 2-6.

Figure 2-7 illustrates the combined effects of noise (noise notches of
various depths) and age (50-, 60-, 70-, and 80-year-olds) that result from
using the ISO/ANSI additivity model to combine the sets of hearing thresh-
olds from the two panels of Figure 2-6. When examining the predictions for
each age, clear notching is visible in patterns of hearing loss for those
individuals with initial noise-notch patterns at ages 50 and 60 years, but
appears to be absent at ages 70 and 80 years. The other clear trend with age
is the convergence of all the hearing losses by the age of 80 years. Hearing
losses that differed by about 50 dB in the high frequencies for 50-year-olds
differ by about half that much for 80-year-olds. Thus, there is less differ-
ence in pattern of hearing loss by the time these individuals reach their 70s
and 80s, and the severity of the loss no longer differs as much among these
individuals. As a result, two individuals who have similar hearing thresh-
olds when measured at 70 or 80 years of age may have had entirely differ-
ent patterns of hearing loss as young adults and throughout much of their
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adult lives. Once again, this underscores the critical importance of measur-
ing hearing thresholds periodically (preferably annually) for individuals
exposed to noise and, ideally, before and after employment or military
service. With only the hearing thresholds from a much later stage in life, it
is virtually impossible to discern how much, if any, of an individual’s
hearing loss can be attributed to noise exposure or for how long this hear-
ing loss might have been present.

FIGURE 2-7 Illustrations of the combined effects of aging (top panel from Figure
2-6) and noise exposure (bottom panel from Figure 2-6) using the ISO-1999/ANSI
S3.44 model for additivity. Each panel depicts the combined hearing loss for a
separate decade (50-, 60-, 70-, or 80-year-old men).
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With regard to the estimation of noise-induced hearing loss, the follow-
ing represents a summary of the main points of this section of the chapter:

• Without measurement of pure-tone thresholds prior to and follow-
ing a given exposure to noise, it is impossible to document the effects of that
exposure on hearing or to know what portion of the hearing loss in an older
individual is due to earlier noise exposure.

• ISO-1999 and ANSI S3.44 provide estimates of median values and
range of variation in noise-induced hearing loss for a given noise exposure.
Predictions are best for the noise-induced hearing loss that results from
continuous or intermittent exposures to steady-state noise at levels between
75 and 100 dBA for 8 hours per day (for an assumed 5-day work week) for
periods of 10 to 40 years.

• Age-related hearing loss occurs at several of the same frequencies
for which noise-related hearing loss occurs, and the measured thresholds
are presumed to be a combination of these two forms of hearing loss.

• Combined effects of noise and age on hearing thresholds range
from energy summation to decibel summation. The combined effects of
noise and age included in ISO-1999 and ANSI S3.44 lie somewhere be-
tween these two extremes.

FINDING: The evidence from cross-sectional studies of noise-
induced hearing loss in humans is sufficient to conclude that daily time-
weighted average noise exposures greater than approximately 85 dBA for
8 hours for periods of many years pose a hazard to human hearing and that
the hazard increases as the time-weighted average exposure exceeds this
value.

FINDING: The evidence is not sufficient to determine the probabil-
ity of acquiring a noise-induced hearing loss, or to estimate the magnitude
of the noise-induced hearing loss, that a specific individual is likely to
experience from a given noise exposure.
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3

Noise and Noise-Induced
Hearing Loss in the Military

The focus of this chapter is on noise and noise-induced hearing loss in
the U.S. military. The committee was asked to identify sources of
potentially damaging noise in the military setting and to review and

assess available evidence on hearing loss incurred by members of the armed
services as a result of noise exposure during military service since World
War II. Concern about noise exposure and hearing loss among military
personnel has been evident throughout this period (e.g., Glorig, 1952;
Carmichael, 1955; CHABA, 1968; Yarington, 1968; Walden et al., 1971;
Yankaskas and Shaw, 1999).

The first part of the chapter briefly reviews the services’ policies and
programs to collect data on noise levels generated by equipment used by
military personnel and the noise doses received by military personnel work-
ing in certain settings. Examples of the kinds of data collected through these
efforts are provided. The remainder of the chapter focuses on the commit-
tee’s assessment of data on hearing thresholds and hearing loss among
military service members since World War II.

NOISE IN THE MILITARY ENVIRONMENT

The sources of noise in the military are as varied as the activities carried
out by the members of the Army, Navy, Air Force, Marine Corps, and
Coast Guard. Obvious sources of potentially hazardous noise are weapons
systems and jet engines, but vehicles, other aircraft, watercraft, communi-
cation systems, and industrial-type activities also serve as sources of poten-
tially damaging noise.
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Collection of Data on Noise Levels and Estimated Noise Exposures

Since World War II, numerous measurements of the sound pressure
levels in proximity to various weapon systems and other military equip-
ment have been collected. In addition, information has been collected on
estimated noise doses for personnel working in steady-state noise. In the
late 1970s, the Department of Defense (DoD) established, as part of an
overall hearing conservation program, a department-wide requirement for
periodic surveys of noise-hazardous environments and, subsequently, re-
quirements for noise dosimetry. Each military service was responsible for
collecting and maintaining information about hazardous noise environ-
ments and noise exposures. Many military sites had been collecting such
information well before the DoD requirements were put in place. This
section briefly reviews DoD-level requirements concerning measurement of
noise levels and noise exposure. It also reviews the services’ data collection
activities and the availability of these data. Noise-exposure limits are dis-
cussed in Chapter 5.

Department of Defense Requirements

In 1978, DoD established a requirement that each of the military ser-
vices conduct sound surveys to identify and periodically monitor noise-
hazardous environments (DoD, 1978). By 1987, the requirements included
provisions for measuring noise exposures for workers exposed to noise
levels of 85 dBA or more (DoD, 1987). Also included were separate speci-
fications for the measurement of impulse noise and performance criteria for
the measurement devices to be used. The current requirements, contained in
DoD Instruction 6055.12, DoD Hearing Conservation Program, specify
that sound pressure levels (SPLs) are to be measured in all potentially
hazardous noise work areas at least once and within 30 days of any change
in operations affecting noise levels (DoD, 2004).

Noise exposure (i.e., dose) is to be measured as time-weighted average
(TWA) noise levels for military personnel working in industrial-type opera-
tions with hazardous noise levels.1 The surveys must be conducted by
trained personnel using sound-level meters or dosimeters meeting or ex-
ceeding relevant standards established by the American National Standards
Institute (ANSI). The DoD instruction does not require measurement of
noise doses associated with military activities, whether actual operations or
training exercises. Noise exposure during such activities can be highly vari-
able, and typical dosimeters are not designed to capture the rapid rise to
briefly sustained peak sound pressure levels in excess of 140 dB that occur

1The DoD instructions also apply to noise-exposed civilian workers.



74 NOISE AND MILITARY SERVICE

with weapons fire and other impulse noise (e.g., Kardous and Willson,
2004).

Requirements for maintaining data from noise surveys and exposure
assessments have changed over time. The initial requirement in 1978 was
that data be maintained for 5 years. By 1987, the period had been extended
to 30 years. In 1996, DoD specified that noise exposure data were to be
maintained “for the duration of employment plus 40 years” (DoD, 1996).

DoD also has established design standards for noise levels of new
materiel designed or purchased for the military services. In the most recent
version of these standards (DoD, 1997), the stated purpose is to lead to
equipment that minimizes noise-induced hearing loss, permits acceptable
speech communication in a noisy environment, minimizes aural detection
by an enemy, minimizes community annoyance, and provides acceptable
habitability of personnel quarters (DoD, 1997). The design standards in-
clude limits for steady-state and impulse noise in occupied areas and noise
from shipboard equipment and aircraft, including rotary-wing aircraft.
However, for both new and older equipment used in “military-unique”
settings,2 DoD regulations give priority to maintaining combat readiness
and allow for tradeoffs between noise reduction and weight, speed, cost, or
other factors crucial to the effectiveness of the equipment (DoD, 2004).

Air Force

The Air Force began requiring noise measurements in 1948 with its
first regulation regarding hazardous noise: AFR 160-3, Precautionary Mea-
sures Against Noise Hazards (Gasaway, 1988). By 1956, regulations re-
quired the use of either direct measurement or published data to plot master
plans of bases to indicate where exposure to hazardous noise might occur.
Data on noise levels of aircraft and other power machinery were published
periodically by the Wright Air Development Center at Wright-Patterson Air
Force Base. One notable compendium contains measurements from within
cockpit areas of hundreds of types and models of aircraft (Gasaway, 2002;
also see Gasaway, 1986).

Dosimetry measurements began at selected airbases in the late 1970s
(Fairman and Johnson, 1979). A 1982 Air Force regulation required evalu-
ation of individual noise exposures for personnel whose exposure exceeded

2The term “military-unique” settings refers to DoD military and civilian operations and
workplaces that are unique to the national defense mission (DoD, 1998). They include com-
bat, combat training, and operation, testing, and maintenance of military equipment and
systems, among which are weapons, aircraft, ships, submarines, missiles, ordnance, and tacti-
cal vehicles. The designation applies to such operations as peacekeeping missions, field ma-
neuvers, naval operations, and military flight.
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the equivalent of an 8-hour time-weighted average of 84 dBA (Department
of the Air Force, 1982). For a group of employees doing similar work with
similar noise exposures (referred to as a “similar exposure group”), it was
and remains permissible to monitor the most highly exposed individual and
to assign the resulting measurement to each group member, essentially a
“worst case” assumption. Current noise evaluation procedures (Depart-
ment of the Air Force, 1994) require dosimetry for a minimum of 3 worker-
days (defined as one worker for 3 days, or three workers for 1 day) to
identify the average daily exposure.

Starting in the late 1980s, various Air Force installations began auto-
mating their recordkeeping for sound pressure levels and dosimetry. In
2005, each installation continues to maintain its own database. The dosim-
etry data are used primarily for local shop or worksite decisions, or occa-
sional installation-level uses. Compilation of such data across the entire Air
Force is possible but is not done for routine analysis (Weisman, 2005).

Navy and Marine Corps

Navy requirements for the collection of noise survey data date back at
least to a 1983 regulation requiring noise measurements and personal do-
simetry with appropriate equipment and calibration (Department of the
Navy, 1983). The Navy is also responsible for noise surveys for Marine
Corps facilities. To date, data on sound pressure levels are routinely col-
lected at Navy and Marine Corps facilities but are not routinely transferred
to a central database.

Noise dosimetry data are routinely collected by local Navy medical
units to perform exposure assessments and to make recommendations for
placement of personnel into the hearing conservation program. Under cur-
rent procedures, such noise exposure data, in the form of time-weighted
average sound levels, must be provided to the exposed individuals, the
command, and the entity providing medical surveillance (Navy Environ-
mental Health Center, 2004b). Starting in 2002, noise dosimetry data col-
lected for a variety of industrial, shipboard, and other naval operations,
including Marine Corps activities, have been added annually to the Navy
Occupational Exposure Database (Crowder, 2005). Some of these data
date back to 1980. The data are not routinely used in the Navy’s overall
hearing conservation program, but they are used on a case-by-case basis to
respond to inquiries (Crowder, 2005).

Army

The Army has both a centralized program to evaluate the sound pres-
sure levels of new weapons systems and equipment and a distributed pro-
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gram for noise measurement and analysis at worksites at all Army installa-
tions. Through the centralized Health Hazard Assessment Program, begun
in 1980, new equipment is tested to assess various potential hazards, in-
cluding noise, chemicals, radiation, and vibration. The measurements of
sound pressure levels are used to estimate likely time-weighted averages
during use of the equipment, but noise dosimetry is not carried out as part
of this program. The test information is used to make recommendations
regarding the need for personal hearing protection as well as possible re-
strictions on training time with the systems (personal communication, F.
Sachs, U.S. Army Center for Health Promotion and Preventive Medicine,
August 18, 2004). The Army also has comprehensive data on sound pres-
sure levels from weapons and equipment beginning from the 1970s and a
more limited set of data going back to the 1960s.

In addition, each Army installation evaluates work environments for
potential noise hazards from steady-state noise in industrial-type opera-
tions. Since 1988, the sound pressure level and noise dosimetry measure-
ments have been collected in the Health Hazard Information Module data-
base of the Army’s Occupational Health Management Information System.
Dosimetry measurements are not routinely attempted for military-unique
activities in the Army, in part because the impulse noise components are not
readily measured by current instrumentation (U.S. Army Center for Health
Promotion and Preventive Medicine, 1999; personal communication, D.
Ohlin, U.S. Army Center for Health Promotion and Preventive Medicine,
2005).

Coast Guard

Coast Guard noise surveys were part of the Coast Guard hearing conser-
vation program by the late 1960s and early 1970s (McConnell, 2004). Sound
pressure level and noise dosimetry measurements made by the Coast Guard
are provided to units in the form of written reports (McConnell, 2005).

Defense Occupational and Environmental Health Readiness
System–Industrial Hygiene

In 2005, as this report was being written, all the services were still using
their own databases on sound pressure levels and noise dosimetry. How-
ever, development of a DoD-wide database for recording, storing, and
retrieving sound pressure level and noise dosimetry data, as well as infor-
mation related to other occupational exposures, is in advanced stages. In-
troduction of the Defense Occupational and Environmental Health Readi-
ness System–Industrial Hygiene (DOEHRS-IH) is planned for fall 2005
(personal communication, K. Wisniewski, U.S. Army Center for Health
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Promotion and Preventive Medicine, February 2005). This database is
intended to provide a longitudinal record of noise and other occupational
exposures for DoD personnel.

Sound Levels and Noise Doses in the Military Environment

Information on noise sources and noise levels in the military environ-
ment is plentiful and detailed but not complete and not easily summarized.
Sound levels vary depending on the distance from the sound source and the
conditions under which the sound is being generated. Important character-
istics of impulse noise include not only the peak sound pressure level, but
the time pattern of the impulses and the frequency spectrum.

Table 3-1 provides examples of some of the measurements made since
the 1950s of average sound levels found in ground vehicles and aircraft and
peak sound pressure levels generated by certain weapons.3 On aircraft
carriers, flight operations create an environment with combinations of air-
craft noise, mechanical noise, and impact noise (Yankaskas and Shaw,
1999). Below the flight deck, sound levels have been measured at 106 dBA
during aircraft launches. Exposure to high sound levels has also been
reported for military personnel in positions such as radio operators
(Robertson et al., 1990) and sonar technicians (Marshall and Carpenter,
1988) in the Navy and cryptolinguists in the Air Force (Ritter and Perkins,
2001). In addition, military personnel may encounter potentially damaging
noise from equipment and activities comparable to those found in indus-
trial settings, such as the operation of heavy equipment (Chandler and
Fletcher, 1983). Data are also available on the acoustic spectra of some
types of noise in the military environment (e.g., Johnson and Nixon, 1974;
Gasaway, 2002), but they are not illustrated in Table 3-1.

The examples of noise levels associated with equipment and weaponry
in the military included in Table 3-1 clearly demonstrate that there are
many sources of high sound pressure levels in the military environment that
exceed criteria for safe exposure. Data on sound pressure levels, however,
are not sufficient by themselves to determine the noise dose received by an
individual. As described above, dosimetry data have also been collected,
but the committee found little published dosimetry data that could be used
to draw conclusions about typical exposures (e.g., Fairman and Johnson,
1979; Jordan and Jones, 1983).

3Appendix F provides an illustrative list of documents, most of which are available in the
published literature or in electronic form from government sources, that report sound levels
generated by a variety of military aircraft, vehicles, equipment, and weapons systems.
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Estimating Cumulative Noise Exposures

Despite the existence of data on sound pressure levels generated by
weapons and equipment, and dosimetry estimates of noise exposure for
certain personnel, arriving at an estimate of the cumulative noise exposure
of any service member or group of service members is nearly impossible. To
an even greater extent than civilian workers, military personnel are not
likely to experience homogeneous noise exposures over the course of their
military service.

The impulsive and intermittent nature of many military noise exposures
(e.g., gunfire, plane launches and landings, tank operation, 6-month shipboard
deployments) adds an element of uncertainty to considerations of exposure and
effect. For example, “high noise levels” for about 3 hours of a 14-hour period
have been described as typical of high-tempo flight operations on an aircraft
carrier (Yankaskas and Shaw, 1999). As discussed in Chapter 2, intermittent
noise exposure may permit recuperation, thus ameliorating to some extent the
hazardous effect of noise exposures. However, military personnel may also
have noise exposures that are prolonged compared to those of civilians. At sea,
for example, sailors are exposed to ambient shipboard noise continuously and
may encounter potentially hazardous noise levels even in their sleeping quar-
ters, giving their auditory systems no opportunity for short-term recovery
(Yankaskas and Shaw, 1999; Yankaskas, 2001, 2004).

Even for personnel assigned to a specific occupational specialty, it is
reasonable to assume that the typical activities for an individual vary over
time and that the activities at any given time vary among personnel at
different military installations. In addition, members of the military fre-
quently change assignments and may be exposed to different degrees of
noise hazard in different work settings. Among a sample of Navy enlisted
personnel who served during the period 1982–2004 and were still serving
after 2001, for example, the average length of service was 80 months, and
time on shore duty averaged 40 months (Shaw and Trost, 2005). Finally, as
described in detail in Chapter 5, wide variations in the effective use of
hearing protection devices among military personnel can dramatically af-
fect an individual’s noise exposure.

In sum, despite the availability of data on sound pressure levels and
some dosimetry data, the complexity of military noise exposures precludes
ready estimates of service members’ cumulative noise doses.

FINDING: The evidence is sufficient to conclude that hazardous
noise levels are and have been present in many military settings.

FINDING: Extensive collections of data on sound pressure levels
produced by equipment and activities in military settings are available from
World War II to the present. Many estimates of noise exposures (doses)
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from specific activities also are available from more restricted time periods.
However, because of the changing nature of assignments in the military, the
unpredictable aspects of military training and combat, the intermittent na-
ture of many military noise exposures, and the sporadic use of hearing
protection while in the military, these data do not provide a sufficient basis
for estimating cumulative noise exposures over the course of military service
for individuals or for subgroups (e.g., occupational specialties, branches, or
eras).

EVIDENCE REGARDING THE EFFECTS OF NOISE ON
HEARING AMONG U.S. MILITARY PERSONNEL

The committee was asked to review the evidence that hearing loss has
been incurred by members of the armed services as a result of noise expo-
sures during military service since World War II. To investigate this subject,
the committee examined information from various sources, including stud-
ies reported in the published literature, reports prepared for the military
services, and data from the military services’ hearing conservation data-
bases, which were provided at the request of the committee. The committee
also undertook additional analyses of some of the data.

The available information proved to offer an incomplete picture of
changes in hearing thresholds over the course of military service and virtu-
ally no direct measures of the noise exposure or noise dose for individuals
or groups. In the remainder of the chapter, the nature of the available data
and their limitations are discussed, followed by a review of the data exam-
ined by the committee and presentation of the committee’s conclusions.

Studying Noise-Induced Hearing Loss Among Military Personnel

Potentially damaging noise exists in the military environment, but as-
sessing its effects on the hearing of military personnel is not straightfor-
ward. Predictive formulas have been adopted as a basis for estimating the
amount of hearing loss to be expected in an industrial population exposed
to specified levels and durations of occupational noise (i.e.,  ISO-1999 [ISO,
1990]; ANSI S3.44 [ANSI, 1996]), but they are based on assumptions of
exposures to noise of up to 8 hours per day, 5 days per week, and for
periods of 10 to 40 years. Frequently, noise exposures in military settings
do not conform to these conditions.

An alternative would be to have longitudinal data obtained using con-
sistent measurement tools to track noise doses and hearing thresholds for
individual military service members, or at least defined subgroups, over the
course of their military service. Other factors that might affect hearing
would also have to be taken into account, including nonoccupational noise
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exposures. Such analyses have not been conducted and are impossible with
the existing data.

In the studies reviewed by the committee, two approaches primarily
have been used to assess risk of noise-induced hearing loss in the military.
They are: (1) measurement of noise doses and estimation of the hearing loss
expected from the measured dosages; and (2) measurement of pure-tone
hearing thresholds in groups of military personnel. In the latter case, the
data may consist of the actual thresholds measured at several frequencies or
the relative shift in thresholds over some period of time.

Noise Doses

Comprehensive data on cumulative noise doses received by individual
service members are not available. Furthermore, as discussed above, the
available dosimetry data are selective and not in a form that would support
reasonable efforts to incorporate them in analyses of noise-induced hearing
loss.

As an alternative, some studies use data on short-term noise doses or
sound levels in given settings. Other indicators, such as military occupa-
tional categories, are also used. If the categories are broad, however, it may
be difficult to know if there are significant variations in actual noise expo-
sures within each group. A range of noise exposures within groups would
tend to blur distinctions among groups.

In addition, differences in age or length of service cannot be assumed to
correspond to differences in the amount of noise exposure. Personnel show-
ing signs of threshold shifts may be moved to jobs with lower noise levels.
Those who remain in military service for longer periods may move into
lower noise assignments. Use of hearing protection can vary over time and
among groups. Many recent analyses have been based on data for person-
nel who are enrolled in the services’ hearing conservation programs and, by
definition, considered to be at risk for damaging noise exposures. However,
their effective noise doses are not necessarily greater than those of other
personnel because of the protective measures that are part of the hearing
conservation program. There is also no information from which to assess
whether noise exposures at a given age or length of service are comparable
in personnel who have served in different eras.

Measurement of Hearing Thresholds

Threshold data from periodic hearing tests have been recorded in ser-
vice members’ individual medical records since the 1950s. Service members’
medical records may also include the results of annual tests conducted in
conjunction with the services’ hearing conservation programs. Access to
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these data is often difficult or impractical, and only limited use has been
made of them for analytic studies.4 Some of the studies reviewed by the
committee used actual databases from the hearing conservation programs,
but others relied on test data collected specifically for the study or for some
other purpose. Most of the reports reviewed were cross-sectional analyses.

The committee focused on reports from the 1970s and later, although a
few earlier studies are noted. The emphasis on the more recent data reflects,
in part, the evolution of audiometric testing standards and equipment be-
tween World War II and 1970. Data collected since the 1970s are consid-
ered more reliable and consistent than earlier data, although changes since
then, such as the shift from self-recording audiometers to microprocessor-
based audiometers, could affect the comparability of measurements. Differ-
ences may also exist among data sources in the range of values recorded
during hearing testing, with the military seldom using levels below 0 dB
HL.

No specific metric has been developed to establish unequivocal evi-
dence for the presence of noise-induced hearing loss. A primary indicator of
the presence of noise-induced hearing loss is the pattern of hearing loss in
the high frequencies, referred as the “noise notch,” in which hearing thresh-
olds at 3000, 4000, or 6000 Hz are worse than those at lower frequencies
or at 8000 Hz. Chapter 2 described work being done to try to define a
“notch index” that may characterize such notches quantitatively, but cur-
rently, a variety of approaches are used to present data in studies of noise-
induced hearing loss.

Frequently, data reviewed by the committee were presented in terms of
group averages, such as mean or median values for thresholds at individual
frequencies or groups of frequencies (e.g., 3000, 4000, and 6000 Hz).
These averages obscure the variation within the group. A few reports pro-
vided data on the distribution of pure-tone thresholds at various frequen-
cies, making it possible to determine the percentage of the group whose
thresholds exceeded specific values. Some reports for Army and Air Force
personnel also included the percentage of personnel whose thresholds
met criteria for hearing-loss classification systems used in medical fitness
profiles.

In many cases, threshold data available to the committee were not
measured pure-tone thresholds, but the percentages of personnel in the
services’ hearing conservation programs who experienced a significant
threshold shift (STS). STS provides an indication of the relative changes in

4The present Institute of Medicine study included a review of audiometric reports con-
tained in the medical records of a sample of veterans. That review focused on procedural
aspects of the testing and reporting, not the audiometric results. The findings from the record
review are discussed in Chapter 6.
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hearing thresholds from baseline measurements following some unspecified
period of time (usually, at least 1 year). Follow-up testing is required to
determine whether the threshold shift is permanent.

An STS indicates only that a change in hearing of at least a certain
magnitude has occurred. It does not capture the amount of change or the
new hearing thresholds. The committee received annual STS data from the
services’ hearing conservation programs and also reviewed published re-
ports on STS in the military. Although the data are potentially useful,
several administrative problems make their validity suspect at present. Those
problems are described below.

Comparisons between groups are also used to explore the effects of
differences in exposures. The committee undertook age-specific compari-
sons of average high-frequency thresholds among specific groups of mili-
tary personnel and those in a reference population. The group data avail-
able to the committee permit only a limited analysis. The committee
identified a small number of other studies that were able to go further and
explore the likelihood of finding hearing loss among military veterans on
the basis of data for individuals and that used statistical methods to account
for other relevant differences among the members of the comparison groups.
One study examined the risk of hearing loss among veterans with and
without service in Vietnam. The other study compared veterans and
nonveterans.

Most of the reports of hearing thresholds in the military reviewed by
the committee, including reports on STS, are based on a single measure-
ment at a specific point in time and are not appropriate for drawing conclu-
sions about longitudinal trends. Comparisons of age groups within studies
or across studies conducted at different times are subject to the cohort
effects of differences over time in the characteristics and exposures of the
members of the groups, as well as differences in data definitions, measure-
ment tools, and other aspects of data collection. In studying noise-induced
hearing loss in the military population during the 60 years since World War
II, a few important considerations include the irregular timing of armed
conflicts and changes in hearing conservation programs, audiometer tech-
nology, and the types of hearing protection available (see Table 3-2).

In summary, there are no data that permit a comprehensive review of
noise-induced hearing loss experienced by military personnel in each of the
armed services during the period since World War II. Most of the data
identified by the committee came from cross-sectional reports of average (a
mix of mean and median) hearing levels among various categories of service
members. The reports typically provided data stratified by age or length of
service. The committee reviewed at least 12 such reports. (See Table D-5 in
Appendix D for summary information on the features of these reports.) No
data on Coast Guard personnel were available to the committee. Only very
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TABLE 3-2 Time Line of Major Conflicts, Milestones in Hearing
Conservation Programs, and Hearing Protection Devices

Hearing Conservation
Year Major Conflicts Milestones Hearing Protection Available

1941 World War II Cotton, fingers, or no
begins protection

1945 World War II Some early hearing protection
ends available: V-51R, early ear-

muffs
1948 Air Force issues first

regulation concerning
hazardous noise

1950 Korean War 1950s: Introduction and in-
begins creasing use of pure-tone

audiometry
1953 Korean War ends
1956 Air Force introduces first

of services’ hearing
conservation programs

1960 Pure-tone audiometry 1960s: V-51R, triple-flange
replaces whisper test earplugs, improved earmuffs
for screening military
applicants

1964 Vietnam War
begins

1970 First Navy comprehensive 1970s: Same earplugs and ear-
hearing conservation muffs, new foam earplugs,
program helmets with noise

Air Force begins automated attenuation introduced
handling and storage of
audiometric monitoring
data (late 1974)

1975 Vietnam War
ends

1978 DoD Instruction establishing
hearing conservation
programs

1980 First comprehensive Army 1980s: Conventional earplugs
hearing conservation and muffs same as 1960s and
program 1970s; some tanker helmets

Army begins data reposi- introduced with active noise
tory for audiometric reduction (ANR) included
data

1983 OSHA Final Noise Standard
1990 Gulf War 1990s: Performance of existing

deployments earplugs and muffs essentially
begin: the same; new use of ear-
Operation phone in foam earplugs for
Desert Shield tank and helicopter communi-

cation under helmet
continued
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limited data were available on women in the services, and many of the
committee’s analyses were based on data for men alone. In some cases,
including the reports from DOEHRS-HC on STS, data for men and women
were not reported separately. Women have been a small proportion of the
military population, but their numbers are increasing. It will be important
to understand how their hearing loss experience compares with that of men
to interpret changes in hearing thresholds over time.

Although the committee’s focus is on data since the 1970s, this is not to
imply that there were no attempts to examine noise-induced hearing loss in
the military by the scientific community prior to this era (e.g., Glorig et al.,
1957; Solomon and Fletcher, 1958). Rather, the 1970s represent the initial
period for which substantial amounts of hearing-threshold data, obtained
with appropriate equipment and procedures, became available from rea-
sonable samples of personnel and from multiple branches of the military.

1991 Gulf War: Widespread use of ANR in
Operation tanker helmets, some in air-
Desert Storm craft flight helmets

Gulf War ends

1999 Introduction of
DOEHRS-HC to
standardize audiometric
data repositories across
services

2000s: Introduction of noise-
2001 War on Terrorism: level-dependent earplugs

Operation En- (Combat Arms Earplug)
during Freedom
(Afghanistan)
begins

2003 War on Terrorism:
Operation Iraqi
Freedom begins

2004 Services adopt OSHA
definition for STS

NOTES: Additional information on developments in hearing protection can be found in
Table 5-2. DoD, Department of Defense; DOEHRS-HC, Defense Occupational and Environ-
mental Health Readiness System-Hearing Conservation; OSHA, Occupational Safety and
Health Administration; STS, significant threshold shift.
SOURCES: Gasaway (1988); Nixon (1998); personal communication, E. Berger, E-A-R/Aearo
Company, March 2005; Department of Veterans Affairs (2005); Ohlin (2005).

TABLE 3-2 continued

Hearing Conservation
Year Major Conflicts Milestones Hearing Protection Available
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The next section presents the data reported since 1970 on the average
hearing thresholds measured in military personnel from various branches of
the military. This is followed by presentation of data on the variations in
hearing thresholds across personnel over this same time period.

EVIDENCE BASED ON AVERAGE HEARING THRESHOLDS

Following a brief presentation of results for the special case of acoustic
trauma, average pure-tone hearing thresholds across frequency are pre-
sented for groups of military personnel. This section concludes with the
presentation of several summaries of average hearing thresholds for several
branches of the military.

Acoustic Trauma

Acoustic trauma presents, perhaps, the clearest cause-and-effect link
between noise exposure and hearing loss. Even in those cases, however, the
amount of change in hearing thresholds as a result of that event cannot be
determined conclusively without information about preexposure thresh-
olds. The committee found no systematic data on the number of events that
occur among U.S. military personnel, and acoustic trauma has not been a
reportable injury for military personnel (AMSA, 1998; Ohlin, 2004a). Re-
ports of hearing loss among 62 percent of personnel with blast injuries who
were treated at Walter Reed Army Medical Center from March 2003
through May 2005 (n = 414) (Chandler, 2005) provide an indication that
acoustic trauma is occurring, and likely occurred in the past, but does not
provide sufficient evidence to estimate its overall incidence. It is likely that
cases of hearing loss resulting from acoustic trauma are included in the
remainder of the data discussed.

Average Thresholds

Examples of Noise-Notch Patterns of Hearing Loss Among
Military Personnel

The earliest data examined in detail were from studies of Army person-
nel in combat arms branches—infantry, armor, and artillery (Walden et al.,
1971; Walden et al.,1975). An initial pilot study in 1971 was followed in
1974 by a more systematic study based on a random sample of Army
enlisted personnel in these three branches at 10 posts. The mean hearing
levels for the three groups were similar, with those for armor personnel
lying between those for the artillery and infantry personnel. Figure 3-1
illustrates the average hearing thresholds as a function of frequency for
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infantry personnel in 1974 (Walden et al., 1975). The pilot study (Walden
et al., 1971) found similar hearing levels among a mixed population of
officers and enlisted personnel from these three branches.

The data plotted in Figure 3-1 are the mean hearing thresholds in the
left ear at each frequency tested, by length-of-service (LOS) categories. In
this study, the left-ear data represent the “worse ear,” a pattern observed in
most of the reports reviewed and one that is common with exposure to
gunfire. The difference between left and right ears, however, was seldom
more than a few decibels.

The audiometric configuration shows the notch at higher frequencies
that serves as a hallmark of noise-induced hearing loss. The hearing thresh-

FIGURE 3-1 Mean hearing thresholds (left ear) for Army enlisted men serving in
1974 in the infantry, by frequency and length-of-service group. Error bars for one
standard deviation toward better hearing are shown at each frequency for the
2-year length-of-service group. Error bars for one standard deviation toward worse
hearing are shown at each frequency for the 20-year length-of-service group.
SOURCE: Walden et al. (1975).
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olds are poorest at 6000 Hz, a pattern seen in the other reports reviewed by
the committee and reported previously for military noise exposures (e.g.,
Gravendeel and Plomp, 1959; Ylikoski and Ylikoski, 1994). There is a
fairly broad maximum for the hearing loss that spans from about 3000 Hz
to 8000 Hz. The pattern can be seen for all lengths of service, with worse
thresholds at nearly all frequencies for those with longer service. The pat-
tern of greater differences in hearing thresholds among groups with shorter
lengths of service, up to 10–15 years, and smaller differences among groups
with longer service, has also been commonly observed in studies of indus-
trial noise-induced hearing loss (see Chapter 2).

Frequency-specific data from the 1970s were also available for certain
personnel in the Navy (Robertson et al., 1978b) and Air Force (Sutherland
and Gasaway, 1978). The Navy data were for enlisted personnel in 16
occupational specialties (referred to in the Navy as ratings), representing
about 20 percent of all rating categories. The Air Force data (median thresh-
olds) were from audiometric testing done for the hearing conservation
program in 1975–1976. The Navy data were reported by length of service,
whereas the Air Force report used age. In both the Navy and Air Force data,
maximum hearing thresholds were at 6000 Hz, with a fairly broad maxi-
mum beginning at 3000 Hz. An upturn at 8000 Hz, a characteristic of the
noise notch, could be seen in the Navy data, but Air Force personnel were
not tested at that frequency. The average hearing thresholds were higher
with greater length of service or at older ages. However, the thresholds for
Air Force personnel were consistently better than those for Army and Navy
personnel in comparable age/LOS groups.

Unfortunately, measures of hearing thresholds obtained from military
personnel after the 1970s no longer included 8000 Hz as a test frequency.
As a result, it is unclear whether a “notch” exists in the average data, given
that the notch typically occurred at 6000 Hz when threshold measurements
included 8000 Hz. This situation is illustrated by the data in Figure 3-2,
which depicts the average hearing thresholds through 6000 Hz from
Bohnker et al. (2002) for 51,643 individuals enrolled in the Navy’s hearing
conservation program in 1995–1999. A noise notch is not apparent in these
average data.

Summary of Average Hearing-Threshold Data for the 1970s, 1980s, and
1990s

For the most part, large-scale studies of hearing loss from multiple
branches of the military using reliable and valid measurement procedures
and conditions were not available until the 1970s. In nearly all of these
studies, data were gathered from military personnel grouped according to
age, length of service, or both. In the few reports that used only length of
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service, age at entry into military service was assumed to be 18 years and
length of service was assumed to be correlated with age. To assess average
hearing thresholds of military personnel in various age groups, it is neces-
sary to compare these results to the average hearing thresholds of similar
age groups from the general population.

Accordingly, the committee examined age-specific comparisons between
the average hearing thresholds for certain groups of military personnel and
those of two reference groups of the same average age. As noted in Chap-
ter 2, there are essentially two types of reference datasets available on age-

FIGURE 3-2 Mean hearing thresholds (left ear) for enlisted men enrolled in the
Navy hearing conservation program, by frequency and age group, 1995–1999.
Error bars for one standard deviation toward better hearing are shown at each
frequency for the age group 17–24 years. Error bars for one standard deviation
toward worse hearing are shown at each frequency for the age group 40–44 years.
Data for age groups of 45–49 years and 50 years or older are not shown in this
figure due to smaller sample sizes compared to those age groups depicted.
SOURCE: Bohnker et al. (2002).



NOISE AND NOISE-INDUCED HEARING LOSS IN THE MILITARY 93

related hearing loss. One is based on an unscreened sample that may in-
clude people who have a history of certain types of otologic disease or noise
exposure. The other type is a screened sample that is designed to exclude
such individuals. For an unscreened reference point, the committee used
data drawn from the results of a U.S. Public Health Service (USPHS) survey
completed in 1962, whose participants were a nationally representative
sample (n = 6,672) of the civilian adult population in the United States at
that time (Glorig and Roberts, 1965).5 The better-ear thresholds from the
1962 USPHS study comprise database B from the ISO-1999 standard, but
most of the studies of military personnel did not report better-ear thresh-
olds. As a result, the reference set of data from the 1962 USPHS study was
used to derive an average amount of hearing loss for both ears for each age
group. The screened sample used was database A from the ISO-1999 stan-
dard (ISO, 1990). For both the screened and unscreened reference data, the
specific measure used for comparison was an average high-frequency thresh-
old, calculated as the arithmetic average of the mean or median (depending
on the source) thresholds at 3000, 4000, and 6000 Hz, for both ears
combined. This average was selected to focus on the frequencies most
closely associated with noise-induced hearing loss.

When determining the effects of industrial or military noise on hearing,
one would prefer that the reference or comparison data be obtained from a
non-noise-exposed sample that was otherwise identical to the noise-exposed
sample. Military personnel are subjected to a hearing-related screening that
is less rigorous than that in studies of “screened” samples, but possibly
more rigorous than that of “unscreened” samples (e.g., Robertson et al.,
1978b; AMSARA, 2002). Thus, it is unclear which reference group would
be the most appropriate to use for comparison to the hearing thresholds
measured in military personnel.

One approach to resolving this is to compare the hearing thresholds of
recruits prior to military noise exposure to those thresholds observed in
screened and unscreened samples of the same age. An initial comparison
found that the thresholds for men, ages 18–24 years, in the unscreened data
were comparable to those of small groups of Army (n = 246) and Navy
(n = 121) recruits of similar age (Walden et al., 1971; Robertson et al.,
1978b). Similar thresholds were also reported for a larger group of Army
recruits (n = 3,534) at a later date (Ohlin, 1992), suggesting no marked
change over this period in the baseline hearing thresholds for Army person-
nel and, therefore, correspondence with the thresholds from the 1962 Pub-
lic Health Service study. The average thresholds for both the Army and

5The reported thresholds were corrected to reflect the values for audiometric zero that were
adopted in 1969 (ANSI, 1969).
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Navy recruits, as well as the corresponding age group from the 1962 USPHS
study, were approximately 5–10 dB HL in the low and mid frequencies,
increasing to about 15–20 dB HL at 6000 Hz. The average thresholds for a
screened sample of this age would basically be 0 dB HL at all frequencies.
Thus, at entry into military service, these samples of recruits from the Army
and Navy appear to have average hearing thresholds equivalent to those of
a separate group of unscreened young adults of similar age from the 1962
USPHS study.

Figure 3-3 displays data on age-specific average high-frequency hearing
thresholds in various groups of Army personnel in the 1970s and early and
late 1980s, along with the thresholds for the two sets of reference data. The
data from the two relatively large studies (n ~ 3,000) in the 1970s (Walden
et al., 1971; Walden et al., 1975) show average high-frequency thresholds
that are similar for men in the infantry, artillery, and armor branches, all of
whom were considered to have had high noise doses. Those thresholds
exceed the unscreened reference thresholds by greater amounts at older
ages, a pattern consistent with noise-induced hearing loss in excess of ex-
pected age-related changes alone. A similar study (Ohlin, 1992) examined
data from 1989 for enlisted men from the same three branches who were
enrolled in the Army’s hearing conservation program. Average thresholds
were lower at every age compared with the 1970s data, but exceeded the
unscreened reference levels by 3–5 dB. Factors contributing to the change in
thresholds between 1974 and 1989 may have included not only differences
in noise exposure or use of hearing protection, but also unidentified selec-
tion effects in hearing conservation registry data and demographic differ-
ences arising from a higher percentage of black soldiers in the population in
1989 (Ohlin, 1992; Henselman et al., 1995). Hearing thresholds for blacks
have been observed to be lower than those for whites (Royster et al., 1978).

Figure 3-3 also includes data from studies with smaller sample sizes
from the early 1980s. Army engineers (n = 209) in various occupational
specialties generally had thresholds similar to the 1970s data (Chandler and
Fletcher, 1983). Average high-frequency thresholds for two small groups of
Army aviators, however, were generally similar to those in the unscreened
comparison (Walden et al., 1971; Peters and Ford, 1983). Another study
used Army hearing conservation registry data for 1989 to compare, by race,
hearing thresholds of enlisted men presumed to be exposed to high noise
levels (i.e., in the armor, artillery, and infantry branches; n = 39,006) or to
low noise levels (e.g., personnel in administration, supply and services,
public affairs; n = 18,730) (Henselman et al., 1995). These data represented
25 percent of soldiers in the noise-exposed branches and 18 percent of the
soldiers in the non-noise-exposed occupational groups. Because the results
were reported in terms of average age-corrected thresholds at 1000, 2000,
3000, and 4000 Hz, they were not comparable to the data from the studies
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described above and displayed in Figure 3-3. For all soldiers, the difference
in age-corrected average thresholds between those with high and low noise
exposure was less than 5 dB, regardless of length of service.

Figure 3-4 shows data for certain Navy personnel from the 1970s (n =
3,050) and 1990s (n = 51,643). The earlier data (Robertson et al., 1978b)
for enlisted personnel in 16 occupational specialties show average high-
frequency thresholds that exceed those for the unscreened reference. With a

FIGURE 3-3 Average high-frequency thresholds for both ears (arithmetic average
of mean values at 3000, 4000, and 6000 Hz in both ears), by age, for selected
groups of Army personnel during the 1970s, 1980s, and 1990s. The Army data
plotted are for a 1971 pilot study (�); a sample of recruits (R) and enlisted men in
the infantry (�), armor (�), and artillery (▫) branches in 1974; small groups of
engineers (+) and aviators (x) in the early 1980s; and enlisted men from the infan-
try, armor, and artillery enrolled in the hearing conservation program in 1989 (�).
Average high-frequency thresholds for men from screened (A; ISO-1999, 1990) and
unscreened (U; Glorig and Roberts, 1965) reference groups are also shown.
SOURCES: Glorig and Roberts (1965); Walden et al. (1971); Walden et al. (1975);
Chandler and Fletcher (1983); Peters and Ford (1983); ISO (1990); Ohlin (1992).
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few exceptions, however, the thresholds for eight occupational specialties
thought to have the least noise exposure are within 3 to 5 dB of those for
the unscreened reference. The eight specialties thought to have the most
noise exposure generally had higher average thresholds than the low-noise
groups, but Robertson and colleagues noted more overlap between the
high- and low-noise groups than had been anticipated. The thresholds for
older Navy personnel, even for the presumed high-noise job specialties, are
better than those observed in the 1970s Army data (see Figure 3-3). In more
recent data for enlisted men in the Navy’s hearing conservation program

FIGURE 3-4 Average high-frequency thresholds for both ears for selected Navy
enlisted personnel in the 1970s and for Navy enlisted men enrolled in the hearing
conservation program in 1995–1999 (●). The 1970s data are for eight occupational
specialties considered to have high noise exposure (▫) and eight considered to have
low noise exposure (�), plus recruits (R). Average high-frequency thresholds for
men for screened (A; ISO-1999, 1990) and unscreened (U; Glorig and Roberts,
1965) reference groups are also shown.
SOURCES: Glorig and Roberts (1965); Robertson et al. (1978b); ISO (1990);
Bohnker et al. (2002).
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during the period 1995–1999 (Bohnker et al., 2002), average high-
frequency thresholds are slightly better than those in the unscreened sample.

The available data from both the 1970s and the 1990s for Marine
Corps personnel (Figure 3-5) (Goldenberg, 1977; Bohnker et al., 2002) and
Air Force personnel (Figure 3-6) (Sutherland and Gasaway, 1978; Thomas,
1995) show average high-frequency thresholds that were similar to or some-
what better than those for the unscreened sample. All the Air Force data are
for participants in the hearing conservation program. The more recent
Marine Corps data are also for participants in the hearing conservation

FIGURE 3-5 Average high-frequency thresholds for the better ear for selected Ma-
rine Corps personnel (officers and enlisted men) in the 1970s (�) and for both ears
for enlisted Marine Corps men in the hearing conservation program in 1995–1999
(●). Average high-frequency thresholds (both ears) for men for screened (A; ISO-
1999, 1990) and unscreened (U; Glorig and Roberts, 1965) reference groups are
also shown.
SOURCES: Glorig and Roberts (1965); Goldenberg (1977); ISO (1990); Bohnker
et al. (2002).
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program. The earlier data (available for the better ear only) are for Marine
Corps officers and enlisted personnel tested at a single base. The committee
was surprised by the comparability of the Marine Corps thresholds to the
unscreened comparison and the contrast with the higher thresholds seen in
the 1970s data for Army personnel in infantry, artillery, and armor special-
ties. The committee had no information on baseline thresholds of Marine
Corps personnel, the effect of the inclusion of officers in the Marine Corps
study population (versus only enlisted personnel in the Army study), or
unidentified selection factors that might have affected the characteristics of
the populations tested. Information was also lacking on the distribution of
thresholds (see below) and the difference between the better-ear thresholds

FIGURE 3-6 Average high-frequency thresholds for Air Force personnel enrolled
in the hearing conservation program in 1975 (�), 1975–1976 (�), and 1995 (●).
Average high-frequency thresholds for men for screened (A; ISO-1999, 1990) and
unscreened (U; Glorig and Roberts, 1965) reference groups are also shown.
SOURCES: Glorig and Roberts (1965); Sutherland and Gasaway (1976, 1978);
ISO (1990); Thomas (1995).
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reported for the Marines and their average thresholds for both ears (the
measure reported in Army study). These or other factors might help explain
the difference between the data from the Marine Corps and the Army with
regard to average high-frequency hearing loss.

EVIDENCE BASED ON VARIATIONS IN HEARING
THRESHOLDS WITHIN GROUPS

The average thresholds do not reflect the variability within the group or
the nature of the distribution of the data, so the committee also examined data
describing the distribution of thresholds and other measures of variability
within groups. As the data on hearing thresholds deviate increasingly from a
normal distribution, typical measures of central tendency, such as the mean,
become less representative of the group. For example, a set of normally distrib-
uted thresholds and a set of thresholds distributed with either positive or
negative skewness may each have the same mean value, but the two underlying
distributions would provide different interpretations with regard to the propor-
tion of each sample who have noise-induced hearing loss. Generalizing from
mean thresholds to thresholds for individuals is essentially impossible.

The committee’s work was limited by the lack of data available to
examine the range of hearing thresholds within a given population. The
limited data offering some indication of the distribution of hearing thresh-
olds in military populations are reviewed here. This section begins with a
discussion of the distributions of pure-tone thresholds. It then turns to a
review of the proportion of individuals in the military identified with vari-
ous categories of hearing loss. It concludes with a review of the annual
incidence of STS among military personnel. In all of these analyses, the goal
is to get a clearer picture of the proportion of military personnel who have
or are developing noise-induced hearing loss.

Individual Variations of Hearing Thresholds in Military Personnel

Standard-deviation error bars, such as those shown in Figure 3-1 for
the mean data for the groups of Army infantry personnel with the shortest
and longest lengths of service, provide some indication of the range of the
middle two-thirds of the distribution of individual hearing thresholds. That
is, assuming a normal distribution of hearing thresholds, 68 percent of the
individual data will be within one standard deviation of the mean thresh-
old. Thus, although the average high-frequency hearing threshold for Army
infantry personnel from 1974 with 2 years of service is slightly below 20 dB
HL (Figure 3-1), the range representing the middle two-thirds of the group
is from about 0 dB HL to 40 dB HL. As noted, however, such estimates are
based on an assumption of a normal distribution, and the distributions of
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pure-tone thresholds at each frequency are usually not normal, most often
being negatively skewed. The negatively skewed distributions of pure-tone
hearing thresholds may be attributable in part to the restricted range of
hearing thresholds that can be measured below 0 dB HL due to limitations
in the equipment or facilities.

The Air Force report (Sutherland and Gasaway, 1978) on hearing
thresholds from 99,318 military personnel enrolled in the hearing conserva-
tion program, during the period June 1975 through May 1976, was one of
the few reports to include the distribution of pure-tone thresholds at each
frequency for each age group. In Figure 3-7, the solid line represents the
median hearing threshold at each frequency for personnel ages 45–54 years.
The dashed lines represent the 10th and 90th percentiles of the distribution

FIGURE 3-7 Hearing thresholds (left ear), by frequency, for personnel ages 45–54
years in the Air Force hearing conservation program, 1975–1976. The solid line
and filled circles are the median pure-tone thresholds (50th percentile) at each
frequency. The dashed lines represent the 10th and 90th percentiles.
SOURCE:  Sutherland and Gasaway (1978).
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of hearing thresholds at each frequency. At 4000 Hz and 6000 Hz, the
median thresholds were approximately 28 dB HL, corresponding to a mild
degree of hearing loss. However, the upper dashed line indicates that 10
percent of the members of this age group had thresholds that were about 5
dB HL or better at 4000 Hz and 6000 Hz, well within normal limits. The
lower dashed line indicates that another 10 percent had thresholds of about
70 dB HL or worse, a severe hearing loss at these frequencies.

Is this broad range of hearing thresholds for 45- to 54-year-old military
personnel in the Air Force unique to noise-induced hearing loss or typical
for this age group? To address this question, Figure 3-8 provides a more
detailed look at some of the results from this same Air Force report
(Sutherland and Gasaway, 1978). In this figure, the distributions of pure-
tone thresholds at 3000, 4000, and 6000 Hz for Air Force military person-
nel are shown by the solid lines in the left, center, and right columns,
respectively. Distributions are shown for four of the five age groups in-
cluded in the Air Force report. For the oldest group included in that report,
55–64 years of age, the sample size (n = 364) was much smaller than for the
other age groups and not considered to be representative. As a result, these
data were excluded from Figure 3-8. For comparison, similar distributions
have been displayed in Figure 3-8 for the pure-tone thresholds for men from
the 1962 USPHS data (dashed lines). At all three frequencies, 5 dB was
subtracted from the hearing-threshold-level categories to correct the USPHS
data to the ANSI (1969) standard values used in the Air Force report.6 For
both the Air Force and the USPHS data, the distributions are of hearing
thresholds obtained from the left ear.

Several general trends are apparent in these data. First, every distribution
is negatively skewed with a much greater spread of hearing thresholds above
the mean than below it. Second, for both sets of distributions, the amount of
the spread in hearing thresholds increases as the age of the group increases.
Third, although there is some evidence of an upward shift in the distribution
of hearing thresholds for the military personnel in the Air Force relative to the
USPHS data in the younger age groups, this has largely disappeared in the
older age groups. Finally, at the younger age groups where the two distribu-
tions differ, the differences are confined primarily to differences in the distri-
bution of normal-hearing thresholds (thresholds less than 25 dB HL).

To recap, the variability of hearing thresholds across military personnel
in the Air Force was shown in Figure 3-7 to be quite large for the age group
comprised of 45- to 54-year-olds, the group with the greatest amount of
high-frequency hearing loss and a substantial sample size (n = 3,340). The

6The actual correction factors from ASA (1951) to ANSI (1969), including allowance for
the difference in headphones used, are 5.6, 4.8, and 4 dB at 3000, 4000, and 6000 Hz,
respectively (Sutherland and Gasaway, 1978).
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comparison of distributions of hearing thresholds for this age group from
the Air Force to comparable data from the 1962 USPHS study in Figure
3-8, however, suggests that the observed variability in hearing thresholds
across individuals in the Air Force is similar to that of an unscreened sample
of the general population. Again, this raises the issue of the appropriate
reference group to which one should compare thresholds from military
personnel. Considering the average-threshold data for both ears presented
previously for the Air Force (Figure 3-6) and the distribution of individual
pure-tone thresholds for the left ear for the Air Force (Figure 3-8), military
personnel in the Air Force in the 1970s do not appear to have hearing
thresholds that differ substantially from an unscreened sample of the gen-
eral population. Unfortunately, there are no other data available on the
distribution of pure-tone thresholds for military personnel, especially for
groups for whom the average hearing thresholds appear to be substantially
worse than an unscreened sample of the general population (e.g., Army
data from the 1970s, Figure 3-3).

Although other reports of additional data on the distributions of pure-
tone thresholds in military personnel were not available, some reports did
provide percentages for individuals in each of several age groups who had
hearing thresholds greater than some criterion amount of hearing loss.
Goldenberg (1977), for example, reported on the percentage of better-ear
hearing thresholds that were greater than 25 dB HL among 11,580 Marine
Corps personnel whose hearing was tested at one base during a 13-month
period. These percentages for Marine Corps personnel are displayed by the
dashed lines in Figure 3-9 for pure-tone frequencies of 3000, 4000, and
6000 Hz and each of five age groups. Percentages at lower frequencies were
all at or below about 10 percent, even for the oldest age group, and are not
of interest here. The solid lines in Figure 3-9 provide comparison percent-
ages from the 1962 USPHS unscreened sample for better-ear pure-tone
thresholds greater than 25 dB HL (adjusted to ANSI (1969) standards) at
the same three frequencies and for the same five age groups.

Although there is excellent agreement between the two sets of data for the
two younger age groups, similar to what had been observed previously in the
average data for Army and Navy recruits, for the three older age groups, the
percentage of Marines with hearing thresholds greater than 25 dB HL at each
frequency exceeds that of the unscreened sample from the general population
by 15–25 percent. Thus, although the average-threshold data (better ear) for
this same sample of Marines were generally consistent with average data from
the USPHS unscreened sample (both ears) (Figure 3-5), the limited distribu-
tional data available from this same report (Figure 3-9) suggest there were
substantially more Marines over age 35 years who had at least a mild hearing
loss (> 25 dB HL) in the high frequencies in their better ear than in correspond-
ing age groups from an unscreened sample of the general population.
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Another study, by Robertson and colleagues (1978b), measured hear-
ing thresholds in 3,050 Navy military personnel and defined a significant
high-frequency hearing loss as an average threshold at 3000, 4000, and
6000 Hz ≥ 30 dB HL. Among personnel with more than 5 years of service,
37 percent of those in the high-noise occupational specialties and 23 per-
cent of those in the low-noise occupational specialties had a significant
high-frequency hearing loss. Unfortunately, there are no comparable per-
centages from the 1962 USPHS sample to which these values from the Navy
can be compared to determine if such percentages are greater than expected
in the general population.

FIGURE 3-9 Percentages of each age group, from 18–24 years (left) to 55–64 years
(right) having hearing thresholds greater than 25 dB HL at each of three pure-tone
frequencies: 3000 Hz (3), 4000 Hz (4), and 6000 Hz (6). Dashed lines represent
data from the better ear of Marines in the 1970s and the solid lines represent data
for the better ear of men in an unscreened sample of the general population from
the 1962 U.S. Public Health Service survey.
SOURCES: Glorig and Roberts (1965); Goldenberg (1977).
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The Army and the Air Force include criteria for hearing in a classifica-
tion system used to characterize the medical fitness of service members. For
hearing, these ratings, known as profiles, vary from H-1 (closest to normal
hearing) to H-4 (the most severe hearing loss). The Army’s current criteria
for an H-1 profile are an average threshold in each ear of ≤ 25 dB HL for
the frequencies 500, 1000, and 2000 Hz; no individual threshold > 30 dB
HL at these frequencies; and a threshold of ≤ 45 dB HL at 4000 Hz (De-
partment of the Army, 2003). Thus, having an H-1 profile means having
normal or near-normal hearing for low and middle frequencies (500–2000
Hz) in both ears, but moderate hearing losses are possible at 4000 Hz and
profound hearing losses are possible at 6000 and 8000 Hz. Thus, H-1
classification is not synonymous with “normal” hearing (see Chapter 1).

Data for the Army from the 1970s for personnel in the infantry, armor,
and artillery indicate that 20 to 30 percent were classified as H-2 or worse
(Walden et al., 1971; Walden et al., 1975). Among a small group of recruits
who had not begun basic training (n = 246), about 3 percent had H-2
hearing or worse. In a group of recruits who had completed their basic
training (n = 255), 6 percent had H-2 hearing or worse. More recent data
from the DOEHRS hearing conservation (DOEHRS-HC) database showed
that from 1982 through 2003, only about 8 to 10 percent of Army person-
nel in the hearing conservation program were classified as H-2 or worse
(U.S. Army Center for Health Promotion and Preventive Medicine, 2004b).
The data suggest lower rates of hearing loss over the past 20 years com-
pared to the mid-1970s, but the two populations are not necessarily compa-
rable. For Air Force personnel in the hearing conservation program for the
period 2000–2003, about 10 to 12 percent of those in the hearing conserva-
tion program were classified as H-2 hearing or worse (Air Force Hearing
Conservation Registry, 2004a).

Given that the H-1 classification permits moderate-to-profound high-
frequency hearing loss, the percentages of personnel who do not meet the
H-1 standard most likely underestimate the prevalence of hearing loss at
high frequencies. Such losses are consistent with noise exposure, but from
the H classification system alone, it is not possible to determine their etiol-
ogy. In addition, these overall percentages do not account for any differ-
ences in the underlying age distributions or noise-exposure histories of the
populations under consideration.

Threshold Shifts

The committee also examined reports on cases of STS and permanent
threshold shift (PTS) provided by the hearing conservation programs of the
Army, Navy, Air Force, and Marine Corps. Although the definition of STS
used by the services has varied over time, the purpose of the measure is to



NOISE AND NOISE-INDUCED HEARING LOSS IN THE MILITARY 107

identify for follow-up individuals who demonstrate a clinically significant
change in hearing thresholds relative to an earlier baseline (reference)
measurement. An STS should be followed up with up to two additional
measurements of hearing thresholds after a prescribed period of quiet. If the
STS remains, or if the individual is not retested, the STS is classified as a
PTS and a new reference is established to be used in subsequent assessments
of STS.

Reports of cases of STS are available for thousands of military person-
nel enrolled in the services’ hearing conservation programs, in some cases
across several years. Data were available from the Army for 1983–2003
(U.S. Army Center for Health Promotion and Preventive Medicine, 2004c),
from the Air Force for 1989–2004 (Air Force Hearing Conservation Regis-
try, 2004c), and for the Navy and Marine Corps for 1999–2004 (Navy
Environmental Health Center, 2004a). During this period, definitions of
STS changed in 1987 and 1999. For example, for the period up to 1987, the
Army defined STS as a change of at least 20 dB at 1000, 2000, 3000, or
4000 Hz or a change greater than 10 dB in the average hearing loss at 2000,
3000, and 4000 Hz in either ear. No age corrections were applied for the
comparison with the reference thresholds. From 1987 to 1999, however,
the Army used the same criteria, except that age corrections were applied.
Applying age corrections would be expected to reduce the incidence of STS
(and PTS), all else being equal, but a steady increase in reported STS oc-
curred from 1987 through 1999. As of 1999, the Army (and the other
branches of the military) eliminated age correction and the 20-dB individual-
frequency criterion was reduced to 15 dB.

The data from the Army show that roughly 6 to 8 percent of the
audiograms obtained from military personnel in the hearing conservation
program demonstrated positive STS each year from 1983 to 1987. The
percentage of tested personnel who were found to have an STS has pro-
gressed steadily since 1987, and by 1999, the STS percentage had reached
about 18 percent. It has remained at about that level since 1999. Since then,
the STS percentage for the Navy and Marine Corps hearing conservation
programs declined from levels of about 22–25 percent to levels of about
15–18 percent. In general, STS percentages have been lowest for the Air
Force hearing conservation program, ranging from about 7 to 13 percent
over the 15-year period for which data are available. Reports of PTS have
generally followed similar patterns, with the Air Force again having the
lowest percentages.

Other STS data have also been reported. For example, the STS percent-
ages for the Air Force hearing conservation program started at about 23
percent in 1975 and declined steadily to about 14 percent in 1979 (Depart-
ment of the Air Force, 1980). However, a more complex definition of STS
was employed in which the criterion amount of threshold change consid-
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ered to be significant varied with the severity of hearing loss demonstrated
in the reference thresholds.

Wolgemuth et al. (1995) reported on STS incidence for a large sample
(n = 12,492) of Navy personnel in the hearing conservation program of the
Atlantic Fleet from 1987 to 1990. An overall STS incidence of 29 percent
was reported using STS definitions equivalent to those used by the Army.
This level is about three times greater than that for the Army from the same
1987–1990 period. It is not clear, however, whether age corrections were
applied to the Navy data, as was the case for the Army. If not, this could
account for some of the difference in STS incidence. In addition, the Army
data are provided only for positive STS cases, and it is unclear if this was
also true for the data from the Navy.

A recent analysis conducted for the Navy (Shaw and Trost, 2005) used
STS as an outcome variable to examine the effect of noise on hearing of
Navy enlisted personnel (n ~ 251,000) during the period 1979–2004. STS
was established based on the difference between a sailor’s earliest and latest
hearing tests under the hearing conservation program. It was defined as an
average change of 10 dB or more in thresholds at 2000, 3000, and 4000 Hz
in either ear. In the absence of direct data on individual noise exposures, the
analysis used data on occupational specialties and time spent assigned to
various types of ships or other assignments to assess the combined effects
on the risk of STS. The statistical analysis controlled for age, race, and
gender.

Overall, 11 percent of the study population was found to have an STS,
which is about half the annual incidence values reported in DOEHRS-HC
for the Navy’s hearing conservation program from 1999 to 2004. Shaw and
Trost (2005) identified some variables that can influence the amount of STS
observed. They reported that the time assigned to surface warships (e.g.,
aircraft carriers, battleships, destroyers, amphibious ships), for example,
had a greater impact on STS than time assigned to other surface ships,
certain submarine duties, or shore duties. Assignments to submarine engine
rooms and Air Wings produced no greater risk than shore assignments,
possibly because of ready access to and use of hearing protection. The
probability of an STS reached 0.46 if the individual spent the entire study
assigned to a surface war ship, a level significantly higher than the probabil-
ity of 0.27 for individuals assigned entirely to shore duty.

The foregoing review of STS data suggests that a substantial number of
individuals may be experiencing declines of at least 10 dB in their hearing
while in the military. It is not possible, however, to discern the causes
underlying such changes (especially in the absence of age corrections), the
time over which such shifts occurred (e.g., 1 year or 20 years), or the
resulting degree of hearing loss associated with the shift (a shift from 0 to
15 dB HL, both levels reflecting normal hearing, or a shift from 20 to 35 dB
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HL, from normal to mild hearing loss). Moreover, hearing thresholds at
6000 Hz are not considered in any definition of STS, yet the average data
indicate that hearing loss among military personnel is likely to be greatest at
this frequency.

These data must be interpreted with considerable caution for other
reasons as well. The DOEHRS-HC system is still experiencing difficulty in
collecting data from each service. Percentages of individuals in the hearing
conservation programs for whom reports of annual audiograms have been
submitted to the DOEHRS-HC system have varied but have averaged only
about 45 percent for the Army since 1998 and 55 percent for the Air Force
since 2000 (Air Force Hearing Conservation Registry, 2004b; U.S. Army
Center for Health Promotion and Preventive Medicine, 2004a; also see
Chapter 5). Similar problems have been described for the Army data for the
years preceding the implementation of the DOEHRS-HC system (Ohlin,
2004b). Moreover, the apparent incidence of PTS reflects not only thresh-
old shifts that persist after retesting, but any cases in which the follow-up
testing was not done, likely leading to an overestimate of the true incidence
of PTS.

EPIDEMIOLOGICAL STUDIES OF NOISE-INDUCED HEARING
LOSS IN INDIVIDUALS WITH PRIOR MILITARY SERVICE

The Vietnam Experience Study, conducted by the Centers for Disease
Control (CDC, 1988a,b), included examination of hearing status among a
random sample of male veterans who had enlisted in the U.S. Army during
the period 1965 through 1971. The hearing levels of the men who had
served in Vietnam (n = 2,490) were compared with those of men who had
not served in Vietnam (n = 1,972). The mean age of the study participants
in each group was 37 years. High-frequency hearing loss was defined as an
average threshold at 3000, 4000, and 6000 Hz ≥ 51 dB HL. Individual
cases were classified as positive or negative with regard to the presence of
high-frequency hearing loss based on this definition. Six covariates were
included in the logistic regression analysis that was performed on these
data: age at enlistment, race, year of enlistment, enlistment status (volun-
teer versus draftee), score on a general technical test, primary military
occupation, and preservice hearing loss.

Of the veterans who served in Vietnam, 18 percent met the hearing-loss
criterion for their left ears, compared with 13 percent of those who were
not in Vietnam. Smaller percentages had qualifying hearing losses in their
right ears or in both ears. Overall, the Vietnam veterans were 40 percent
more likely to have high-frequency hearing loss in either ear alone or both
ears than the veterans who had not served in Vietnam. Follow-up analyses
indicated that this was driven primarily by those Vietnam veterans with
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military tactical occupational specialties (e.g., infantry, artillery, armor),
who were 2.5 times more likely than non-Vietnam veterans to have high-
frequency hearing loss. Those veterans who served in Vietnam in nontactical
occupational specialties were not at significantly greater risk for hearing
loss than otherwise similar veterans who did not serve in Vietnam.

These results illustrate the importance of exposure conditions, includ-
ing combat, for identifying an elevated risk for hearing loss among Vietnam
veterans. These data reflect hearing thresholds 15–20 years after service in
Vietnam and include any effects of subsequent noise exposures or any
selection effects that may have resulted in differences between the groups in
subsequent noise exposure or survival.

Noe et al. (2002) compared hearing thresholds among veterans and
nonveterans using data from a community-based cohort study of older
adults in Beaver Dam, Wisconsin. The average age for both groups was
approximately 65 years. Hearing loss was defined as a pure-tone average
hearing threshold of 25 dB HL or greater for 500, 1000, 2000, and 4000
Hz, and cases were then classified as being either positive or negative with
regard to hearing loss. Covariates included in the subsequent logistic-
regression analysis included age, longest held occupation, history of head
injury, and smoking. Veterans (n = 999) were not found to be at greater risk
for hearing loss than nonveterans (n = 588). In addition, mean hearing
thresholds for the two groups were similar at all measured frequencies from
500 through 8000 Hz. This analysis does not attempt to address differences
related to noise exposure, only differences associated with prior military
service. Nonveterans, too, are subject to occupational noise exposure, and
in this study prior military service as such is not associated with an in-
creased risk of hearing loss in a population of older adults.

FINDINGS

In the more than 60 years since the U.S. entrance into World War II,
over 25 million people have served in the U.S. armed forces. Their experi-
ences, in five different services and at least five major conflicts, as well as
peacetime eras, have exposed many to loud noise. These noise exposures
are likely to have varied widely, even within similar occupational specialties
and eras. Data and analyses to document and quantify noise exposures of
military personnel during this period, as well as to document and quantify
their hearing thresholds and permanent changes in those thresholds over
the course of military service, are not available.

The committee found only a limited number of studies on which to
base its findings, and those studies were primarily for the period since 1970.
Among these were cross-sectional studies showing patterns of hearing loss
consistent with noise exposure, but no longitudinal studies that could pro-
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vide reliable data on changes in individuals’ hearing thresholds over the
course of military service.

The available studies were not designed to be representative of a service
as a whole and only rarely of a particular occupational group. Together,
these factors made it impossible to generalize findings from these studies to
broader populations of military service members or veterans or to person-
nel serving in other time periods. Furthermore, the variability of individual
responses to noise exposure precludes using the average hearing thresholds
reported for groups of study participants to estimate the hearing loss of
individuals.

FINDING: The evidence is sufficient to conclude that certain military
personnel from World War II to the present have exhibited hearing thresh-
olds while in the military that are typical of noise-induced hearing loss.

FINDING: The evidence is not sufficient to reach conclusions re-
garding the number or proportion of service members, overall or in specific
occupational groups or eras since World War II, who have experienced
noise-induced hearing loss while in the military.

FINDING: The evidence is not sufficient to determine the probabil-
ity of acquiring noise-induced hearing loss associated with service in the
military, or in specific branches of the military, for a given individual. The
probability of acquiring noise-induced hearing loss can only be determined
precisely with well-controlled, longitudinal epidemiological studies.

FINDING: The evidence is sufficient to conclude that, in the ab-
sence of audiograms obtained at the beginning and end of military service,
it is difficult or impossible to determine with certainty how much of a
specific individual’s hearing loss was acquired during military service.
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4

Tinnitus

Tinnitus is a perceived sound that cannot be attributed to an external
sound source (Eggermont, 2003). It is a subjective phenomenon,
perceivable only by the person who is experiencing it.1 The commit-

tee was asked to review the evidence regarding noise levels that can cause
tinnitus and other risk factors for tinnitus.

This chapter first provides a brief overview of the features of tinnitus,
its impact on individuals with the condition, and approaches to its clinical
assessment and treatment. Some of the issues that arise in studying tinnitus
are noted, and basic data on its occurrence in the general population are
presented. The major portion of the chapter focuses on a review of epide-
miological data on the relationship between tinnitus and noise exposure,
hearing loss, and other risk factors. Important features of studies reviewed
by the committee are summarized in Table D-6 in Appendix D. The chapter

1Tinnitus is distinct from other acoustic events that can be generated in the head or neck
regions and reach perception. Some of these events include vascular pulsations, palatal and
intratympanic myoclonus, patulous Eustachian tube, jugular outflow syndrome, and cervical
crepitus. Although these effects have been referred to as “objective tinnitus” (see Hazell,
1995), the term “somatosounds” (Anonymous, 1981) better describes these phenomena. Use
of the term somatosounds provides a clearer distinction between acoustic events generated
within the body and the completely subjective perception of tinnitus.

The condition referred to as “pulsatile tinnitus” can be a somatosound or a neural event
induced within the brain, usually by a dilated arterial loop affecting the auditory nerve (De
Ridder et al., 2005). However, this phenomenon is not related to tinnitus associated with
noise exposure, and the specifics of this distinction are beyond the scope of the committee’s
report.
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concludes with a discussion of tinnitus in the context of military service and
a proposal for monitoring tinnitus among U.S. military personnel.

BACKGROUND

Tinnitus is often referred to as “ringing in the ears,” reflecting a charac-
terization of the sound that individuals commonly report. Other descrip-
tions of the perceived sound include buzzing, hissing, whistling, and hum-
ming (e.g., Alberti, 1987; Stouffer and Tyler, 1990; Mrena et al., 2002).
Reports of other characteristics of tinnitus also vary. Tinnitus induced by
noise exposure, for example, is often described as high-pitched (e.g., Melinek
et al., 1976; Man and Naggan, 1981; Cahani et al., 1983; Alberti, 1987;
Chermak and Dengerink, 1987; Stouffer and Tyler, 1990), whereas tinnitus
associated with Ménière’s disease2 has been described as a low-pitched
sound (NRC, 1982). Tinnitus can be transient or persistent. Some studies
define persistent or prolonged tinnitus as lasting at least 5 minutes (e.g.,
Coles, 1984; Parving et al., 1993; Palmer et al., 2002; Sindhusake et al.,
2003b). Persistent tinnitus can be perceived continuously (all or most of the
time) or occasionally. A given episode of tinnitus may also resolve, with
new episodes possible in the future.

Tinnitus is considered a symptom rather than an illness (NRC, 1982).
It is associated with many conditions, including noise exposure and noise-
induced hearing loss. Among the other conditions that may cause or be
accompanied by tinnitus are presbycusis, Ménière’s disease, otosclerosis,
head injury, cerebellar-pontine angle tumors, otitis media, meningitis, den-
tal disorders, and exposure to certain medications (e.g., salicylates, amino-
glycoside antibiotics, and some chemotherapy agents) (Lockwood et al.,
2002).

It is not always possible to identify a precipitating cause of tinnitus. A
survey of tinnitus patients found that only 54 percent attributed their tinni-
tus to a particular cause (Stouffer and Tyler, 1990). The onset of tinnitus is
described by some as gradual and by others as sudden (Axelsson and
Barrenas, 1992). In a population-based study of older adults, 55 percent of
participants with tinnitus reported a gradual onset, 24 percent reported a
sudden onset, and the remainder did not know (Sindhusake et al., 2003b).
Uncertainty about the onset of tinnitus can make the identification of a
precipitating cause challenging.

Individuals differ in their susceptibility and reaction to tinnitus. The
reasons for these differences are not known but are likely related both to

2Ménière’s disease is a disorder of the inner ear affecting balance and hearing (the audio-
vestibular system), characterized by abnormal sensations of movement (vertigo), dizziness,
loss of hearing in one or both ears, and tinnitus.
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the magnitude and quality of the perceived tinnitus and to the psychological
makeup, life experiences, and current stress factors of the individual.

The mechanisms underlying tinnitus are not completely understood.
Generally, it is reasonable to presume that the involvement of central com-
ponents of the auditory system “results in” the perception of sound. In
addition, if there is an emotional reaction to the tinnitus, other areas of the
central nervous system that are involved in emotionally charged events,
such as the amygdala, are activated (e.g., Aggleton and Mishkin, 1986;
LeDoux, 2000; see Cacace, 2004, for a review). The actual site of the origin
of the tinnitus could be anywhere in the auditory system but likely includes
the auditory periphery in many if not most cases. Other areas in the brain
that relate to vision, touch, and movement can also affect tinnitus in some
instances (Baguley, 2002; Cacace, 2003; Eggermont, 2003). As tinnitus
is usually accompanied by hearing loss, similar mechanisms are likely
involved.

Experimental studies of noise-induced tinnitus present a relatively ho-
mogeneous and consistent body of research. (This is in contrast to pharma-
cological manipulations to induce tinnitus, which result in more varied
effects.) In these studies, noise exposure results in cochlear hair cell damage
(see Chapter 2). Perhaps surprisingly, spontaneous neural activity arising
from the auditory nerve is lost or significantly diminished following noise
damage. However, increases in spontaneous neural activity have been found
in brainstem and cortical regions. For example, following exposure to in-
tense sound, the dorsal cochlear nucleus has been implicated in consistently
producing and/or modulating hyperactive neural activity, which may serve
as a trigger or generator site for tinnitus (Kaltenbach et al., 2005). A com-
mon hypothesis for tinnitus in this instance is a “release from inhibition,”
and in some instances, this may contribute to reactive changes (reorganiza-
tion) at more central locations in the auditory system. Thus, tinnitus might
be initiated by a discontinuity in the spontaneous activity across auditory
nerve fibers with different characteristic frequencies, which may result in
the reduction of lateral inhibition and produce changes in tonotopic maps
in the auditory cortex (e.g., Muhlnickel et al., 1998; Salvi et al., 2000;
Eggermont, 2003; see Eggermont and Roberts, 2004, for a review). This
supposes that the effects of noise exposure and subsequent hearing loss
disrupt the delicate balance between excitation and inhibition in the central
auditory pathways.

The possibility that the onset of noise-induced tinnitus might be de-
layed by months has been raised because studies in laboratory animals have
shown that degenerative processes initiated by the noise exposure continue
in central auditory pathways after termination of the exposure (Kim et al.,
1997; Morest et al., 1998). Although degenerative changes in afferent path-
ways will most likely not affect auditory thresholds, it is possible that they
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could contribute to other central processes such as tinnitus. The time re-
quired for this reorganization might vary across individuals and potentially
could be a long-term process. However, as the interval between a noise
exposure and the onset of tinnitus lengthens, the possibility that tinnitus
will be triggered by other factors increases. A more complete understanding
of the mechanisms by which tinnitus is generated will be needed before the
existence of delayed onset of noise-induced tinnitus can be confirmed or
rejected.

Impact of Tinnitus

Most people with tinnitus report few problems, but for some individu-
als, tinnitus can be a life-altering experience. The adverse effect of tinnitus
can impair psychological well-being and the ability to function in social
and professional settings (Stephens and Hallam, 1985; Wilson et al., 1991;
Tyler, 1993; Meric et al., 1998). For those affected, problems occur with
their emotional health, hearing, sleep, and concentration (Axelsson and
Sandh, 1985; Mrena et al., 2002; Tyler et al., 2004). Tinnitus has also
been reported to induce fear, frustration, anger, irritability, and anxiety
(Erlandsson et al., 1991; Halford and Anderson, 1991; Dineen et al.,
1997; Andersson et al., 2001; Mrena et al., 2002; reviewed in Erlandsson,
2000). Depression or depressive symptoms may be contributing factors for
some individuals who experience serious distress from tinnitus (Erlandsson,
2000; Dobie, 2003). A potential link to suicide has been suggested for
severe cases, but depression or other relevant factors may exist (Jacobson
and McCaslin, 2001). For some people, the impact of tinnitus may be
worse than the impact of an accompanying hearing loss (Salmivalli, 1967;
Axelsson and Barrenas, 1992; Mrena et al., 2002).

Clinical Assessment and Treatment

Currently, the assessment of tinnitus involves psychoacoustical mea-
sures and self-reporting by patients. Psychoacoustical assessment of tinnitus
attributes, such as pitch and loudness, and validated questionnaires offer a
standardized basis for characterizing the perceived magnitude of tinnitus
and its impact. In addition, these measures can help in identifying treatment
needs, selecting treatment approaches, and monitoring the status of tinnitus
over time. In psychoacoustical testing, patients compare the perceived pitch
and loudness of their tinnitus with defined sounds presented under con-
trolled conditions (for reviews, see Tyler, 2000; Vernon and Meikle, 2003;
Henry, 2004). Self-report questionnaires widely used to assess the impact of
tinnitus include the Tinnitus Handicap Questionnaire (Kuk et al., 1990),
the Tinnitus Reaction Questionnaire (Wilson et al., 1991), and the Tinnitus
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Handicap Inventory (Newman et al., 1996). (For reviews, see Erlandsson,
2000; Tyler, 1993, 2000; Noble, 1998; Wilson and Henry, 2000.) See
Box 4-1 for examples of questions from these assessment instruments. The
quality, pitch, and loudness of tinnitus influence the subjective annoyance
(as they do for all sounds), but other factors can also be important. The
degree of annoyance caused by tinnitus is influenced by both the character-
istics of the tinnitus and an individual’s personality (Axelsson and Sandh,
1985; Dauman and Tyler, 1992).

Some people with tinnitus do not seek treatment, but others do.
Axelsson and Ringdahl (1989) found that of the survey respondents who
described their tinnitus as always present, 25 percent felt an “urgent” need
for treatment. Of those who experienced tinnitus “often,” 6 percent re-
ported an urgent need for treatment. In a population-based study of older
adults, 37 percent of those who had tinnitus had sought care and 6 percent
received some form of treatment (Sindhusake et al., 2003b). Among a
group of workers with tinnitus and newly detected hearing loss, 14 percent
consulted a physician (Phoon et al., 1993).

For people with tinnitus who do seek treatment, a thorough evaluation
includes a comprehensive medical examination of body systems with spe-

BOX 4-1
Sample Questions from Questionnaires
Used to Assess the Impact of Tinnitus

Tinnitus Handicap Questionnaire (Kuk et al., 1990)
Subjects rate their agreement with 27 items using a scale from 0 (strongly dis-
agree) to 100 (strongly agree).

• I do not enjoy life because of tinnitus
• Tinnitus causes me to avoid noisy situations
• I think I have a healthy outlook on tinnitus

Tinnitus Reaction Questionnaire (Wilson et al., 1991)
Subjects rate 26 items, using a 5-point scale (0 = not at all; 1 = a little of the time;
2 = some of the time; 3 = a good deal of the time; 4 = almost all of the time).

• My tinnitus has made me unhappy
• My tinnitus has made me feel tense
• My tinnitus has interfered with my ability to work

Tinnitus Handicap Inventory (Newman et al., 1996)
Subjects report their endorsement of 25 items (yes, sometimes, no).

• Because of your tinnitus is it difficult for you to concentrate?
• Does your tinnnitus make you angry?
• Do you feel that you have no control over your tinnitus?
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cial attention to the head, neck, cranial nerves, medications, drug use, and
psychiatric history (e.g., depression) (Tyler and Babin, 1986; Shulman,
1997; Dobie, 2003). Tinnitus associated with certain medical conditions
(e.g., tumors and some infections) may resolve when those conditions are
treated. No current form of treatment can eliminate tinnitus arising from
many other causes, but some treatments may lessen the adverse impact of
tinnitus. Treatment approaches being used include counseling, counseling
combined with sound therapies, antidepressants and other medications,
electrical stimulation at the ear, and transcranial magnetic stimulation over
specific areas of the brain (e.g., Hazell and Wood, 1981; Hazell, 1995;
Dobie, 1999; Dauman, 2000; Sweetow, 2000; Vernon and Meikle, 2000;
Wilson and Henry, 2000; Young, 2000; Jastreboff and Jastreboff, 2003;
Plewnia et al., 2003; Rubinstein et al., 2003; Tyler and Cacace, 2004; Tyler
et al., 2004; Kleinjung et al., 2005).

ISSUES IN STUDYING TINNITUS

A significant advance in exploring mechanisms of tinnitus has been
research on the development of behavioral animal models of tinnitus (e.g.,
Jastreboff et al., 1988a,b; Bauer et al., 1999; Bauer and Broznoski, 2001;
Heffner and Harrington, 2002; Bauer, 2003; Lobarinas et al., 2004;
Moody, 2004). Experimental work has been instrumental in gaining in-
sight into the anatomical loci and neural codes for noise-induced tinnitus
(e.g., increases in spontaneous neural activity, bursting, synchronous dis-
charges among different neurons) by combining behavioral verification
with detailed physiologic recordings (e.g., Kaltenbach et al., 2004a; for a
review, see Kaltenbach et al., 2004b).

Experimental studies have also been conducted with humans, but such
studies must be designed to protect subjects from permanent injury. Tem-
porary tinnitus has been elicited in response to well-defined noise exposures
(e.g., Loeb and Smith, 1967; Chermak and Dengerink, 1987; George and
Kemp, 1989). It is not clear, however, that this transient tinnitus is compa-
rable to the more persistent form that is the source of concern in most
epidemiological and clinical studies. Furthermore, the experimental noise
exposures may not be representative of “real-world” noise exposures.

Epidemiological studies are the most common means of assessing the
prevalence of tinnitus in the population and determining the factors that are
associated with higher rates of tinnitus. However, these observational stud-
ies do not permit random assignment of subjects to exposures of interest.
Most studies of tinnitus are cross-sectional rather than longitudinal. Docu-
mentation of past exposures to noise and other risk factors is rarely avail-
able. With retrospective reports, the timing and magnitude of those expo-
sures or their comparability across study participants cannot be determined.
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Furthermore, with no objective basis for detecting or characterizing tinni-
tus, studies have used various definitions of tinnitus and different methods
to elicit reports on whether and how tinnitus was experienced.

OCCURRENCE OF TINNITUS

Little is known about the incidence of tinnitus, that is, the number of
new cases that develop in a population during a given period. Tinnitus can
arise without a distinctive precursor (Alberti, 1987; Stouffer and Tyler,
1990; Axelsson and Prasher, 2000), and retrospective assessments of the
timing of its onset are vulnerable to recall errors. A rare prospective,
population-based assessment of the incidence of tinnitus among older adults
(ages 48–92 years at baseline) in Beaver Dam, Wisconsin, found that
6 percent developed tinnitus over a 5-year period (Nondahl et al., 2002).
The incidence of tinnitus in this older population was not associated with
age or gender.

Several reports offer some perspective on the prevalence of tinnitus in
the United States (see Table 4-1). Data from national surveys during the
1990s (Adams et al., 1999; Hoffman and Reed, 2004) showed prevalence
rates for adults (ages 18 or 20 years and older) ranging from 4 to 8 percent.
An earlier prevalence estimate from a nationally representative health ex-
amination survey conducted in the United States in 1960–1962 found that
6 percent of adults (ages 18–79 years) reported what was classified as
“severe” tinnitus and 27 percent had “mild” tinnitus (Roberts, 1968).

The study of older adults in Beaver Dam (Nondahl et al., 2002) found
that 9 percent of men and 8 percent of women reported “significant tinni-
tus,” which was defined in the study as tinnitus experienced during the past
year that the respondent rated as at least moderately severe or as causing
problems getting to sleep. Overall, 2 percent of the study participants re-
ported that their tinnitus was severe (Nondahl et al., 2002). With an alterna-
tive definition of tinnitus (“buzzing, ringing, or noise in your ears in the past
year that usually lasts longer than 5 minutes”), the prevalence estimate was
18 percent at a 5-year follow-up of this population (Nondahl et al., 2004).
Studies in Europe and Australia, using various definitions of tinnitus and
study populations of various ages, have produced prevalence estimates rang-
ing from about 10 to 15 percent in people 20 years of age and older and from
14 to 30 percent in people 50 years of age and older (see Table 4-1).

Whether age is an independent risk factor for tinnitus is unclear. The
prevalence of tinnitus is generally higher at older ages, but the rates at the
oldest ages are not always the highest (see Table 4-1). A multivariate analy-
sis of a subset of the data collected in a 1994–1995 study of U.S. adults
found significant age-related differences in the prevalence of tinnitus. Com-
pared with those ages 20–24 years, the likelihood of having tinnitus was
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greatest for persons ages 65–74 years (odds ratio [OR] 4.08, 95% confi-
dence interval [CI] 3.25–5.12) (Hoffman and Reed, 2004). In contrast, an
analysis of Norwegian data on the prevalence of “bothersome tinnitus”
showed no significant age-related differences for women and a significant
difference for men only for the age group 45–54 years (OR 1.30, 95% CI
1.06–1.60) (Hoffman and Reed, 2004). In these cross-sectional studies, the
possibility of underlying differences among age cohorts must be considered
along with any effects of aging or tinnitus risk factors, such as hearing loss,
that may themselves be related to age. Multivariate analyses are also avail-
able from two community-based studies limited to older adults. One study
(study population ages 48–92 years) found a significant reduction in the
likelihood of having tinnitus with increases in age (OR 0.84, 95% CI 0.78–
0.90) (Nondahl et al., 2002). The other study (study population ages 55
years and older) found no significant difference in tinnitus prevalence by
age (Sindhusake et al., 2003b).

TINNITUS AND NOISE EXPOSURE

Tinnitus may occur following a single exposure to high-intensity impulse
noise, long-term exposure to repetitive impulses, long-term exposure to con-
tinuous noise, or exposure to a combination of impulses and continuous
noise (Loeb and Smith, 1967; Chermak and Dengerink, 1987; Metternich
and Brusis, 1999; Temmel et al., 1999; Stankiewicz et al., 2000; Mrena et al.,
2002). To assess the association between tinnitus and noise exposure, the
committee reviewed reports from studies of the general population, workers
in high-noise environments, military personnel, and persons who experienced
acoustic trauma. These studies are described in the next several sections. The
discussion concludes with summary observations drawn from across these
study populations and the committee’s findings regarding tinnitus and expo-
sure to noise in general, as well as impulse noise in particular.

Tinnitus and Noise Exposure in the General Population

Population-based studies provide a mixed picture of the association
between noise exposure and tinnitus. In such studies, quantitative data on
noise doses or noise levels are not available. Noise exposure is commonly
represented by indicators such as occupation or qualitative characteriza-
tions of the level of workplace noise.

A multivariate analysis of U.S. data from a special supplement to the
1994 National Health Interview Survey found that veterans of military
service had an increased likelihood of having chronic tinnitus (has lasted for
at least 3 months) compared with those who had not served in the military
(OR 1.29, 95% CI 1.17–1.43) (Hoffman and Reed, 2004). In this study
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TABLE 4-1 Prevalence of Tinnitus in Adults by Age Group, from
Selected Studies

Study N

U.S. Health Examination Survey, 1960–1962 6,672
National Study of Hearing, United Kingdom, 1980–1986 34,050
Gothenberg, Sweden, 1989 2,556
U.S. National Health Interview Survey: Hearing Supplement, 1990 59,343
U.S. National Health Interview Survey: Disability Supplement, 1994–1995 99,435
Epidemiology of Hearing Loss Study, Beaver Dam, Wisconsin, 1993–1995 3,737
Nord Trøndelag Hearing Loss Study, Norway, 1996–1998 47,410
Blue Mountains Hearing Study, Australia, 1997–1999 2,015

NOTES: Definitions of tinnitus used in each study:
U.S. Health Examination Survey: Noticed ringing in the ears or bothered by other

funny noises at any time over the past few years and bothered “quite a bit” by the noise
(severe tinnitus). Age groups are 18–34, 35–44, 45–54, 55–64, 65–74, 75–79.

National Study of Hearing: “Prolonged spontaneous tinnitus” that lasts for more than
5 minutes and occurs not only after loud sounds.

Gothenberg, Sweden: An ear noise that occurs often or always and sounds like a peep,
chirping, roaring, wind blowing in the trees, etc.

U.S. National Health Interview Survey, Hearing Supplement: Having been bothered by
ringing in the ears or other funny noises in the head in the past 12 months.

population, 29 percent of veterans and 15 percent of nonveterans reported
having chronic tinnitus. Similar rates were seen in data from a 1990 supple-
ment to the National Health Interview Survey: 21 percent of veterans and
14 percent of nonveterans reported “bothersome” tinnitus (Hoffman and
Reed, 2004). (Measures of the statistical significance of the difference were
not presented.) In age- and gender-adjusted comparisons between occupa-
tional groups, the 1994 data showed a marginally significant elevation in
the prevalence of tinnitus among skilled and unskilled workers compared
with professionals (OR 1.18, 95% CI 1.00–1.39), but no significant differ-
ences between professionals and other occupational groups. These analyses
of the National Health Interview Survey data used responses obtained only
from direct self-reporting on tinnitus and excluded proxy responses. In the
1990 data, one-third of the reports had come from proxy respondents. The
effect on the results of any selection biases associated with reporting (the
respondents themselves or proxy respondents) is not known.



TINNITUS 125

U.S. National Health Interview Survey, Disability Supplement: Now have a ringing,
roaring, or buzzing in the ears that has lasted for at least 3 months (chronic tinnitus).

Epidemiology of Hearing Loss Study: Buzzing, ringing, or noise in the ears in the past
year of at least moderate severity and/or tinnitus that caused difficulty in falling asleep
(significant tinnitus).

Nord Trøndelag Hearing Loss Study: Bothered by ringing in the ears.
Blue Mountains Hearing Study: Experienced any prolonged (lasting 5 minutes or

longer) ringing, buzzing, or other sounds in the ears or head within the past year.
SOURCES: Roberts (1968); Sindhusake et al. (2003b); Hoffman and Reed (2004).

The data from Norway on bothersome tinnitus showed a significantly
higher likelihood of having the condition among both men and women who
had been exposed to loud noise at work (“difficult to have a conversation”)
for more than 5 hours per week (Tambs et al., 2003; Hoffman and Reed,
2004). The odds ratio for men exposed for more than 15 hours per week
was 1.70 (95% CI 1.53–1.87) compared with men who had not been
exposed to loud noise at work. Frequent exposure to impulse noise signifi-
cantly (and similarly) increased the likelihood of having tinnitus for both
men and women. For men, the odds ratio for a history of exposure to
impulse noise was 1.78 (95% CI 1.61–1.96).

Tinnitus was significantly related to occupational noise exposure among
working-age British men (Palmer et al., 2002). The prevalence of tinnitus
was 13 percent for those who had worked in a noisy job for more than 10
years and 5 percent for men with no noise exposure: an age-adjusted rate
ratio of 2.6 (95% CI 2.0–3.4). Earlier British data also showed rates of

Prevalence (%)

Age (years)

Total
20–29 30–39 40–49 50–59 60–69 70–79 ≥80 ≥50 Adult

3 4 6 9 12 11 — 10 6
6 7 10 13 16 14 14 14 10
8 6 9 19 20 21 — 20 14
5 6 7 10 13 13 14 12 8
1 2 4 6 8 9 8 8 4

— — — 7 10 9 6 8 —
10 10 12 17 20 24 23 20 15
— — — 28 33 31 25 30 —
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tinnitus that were about twice as high among persons reporting having
worked in a noisy environment for more than 6 months (24 percent) as
among those who had not worked in noise (14 percent) (Medical Research
Council’s Institute of Hearing Research, 1981). The pattern was similar
across three broad age groups (< 40 years, 40–60 years, and > 60 years),
with tinnitus rates of 22–33 percent for those who had worked in noise and
11–18 percent for those who had not.

Among the older adults in the Beaver Dam study, major occupation,
history of occupational noise exposure, and hunting history were not asso-
ciated with a higher likelihood of having tinnitus (prevalence) or developing
tinnitus (incidence) (Nondahl et al., 2002). It is important to note that
many people were retired at the time of the initial examination and there-
fore were no longer exposed to occupational noise. In the similarly designed
Australian study, however, the prevalence of tinnitus was significantly re-
lated to the severity of work-related noise exposure (Sindhusake et al.,
2003a). Compared with unexposed participants, the relative risk of having
tinnitus was 1.39 (95% CI 1.13–1.72) for participants exposed to “toler-
able noise” and 1.53 (95% CI 1.13–2.06) for those exposed to high levels
of occupational noise (“unable to hear speech”). Similarly, a Swedish study
of two cohorts of older men (Rosenhall and Karlsson, 1991) found a sig-
nificant association at age 70 years between tinnitus and more than 10
years of occupational noise exposure.

Tinnitus and Noise Exposure in Industrial Populations

Studies of industrial populations offer an opportunity to quantify noise
levels in the workplace and in some cases to estimate workers’ noise doses.
Three studies drew on large datasets from audiometric surveillance pro-
grams. Only one small study reported a comparison with workers who had
not been exposed to noise. Some studies excluded workers with other risk
factors for tinnitus, including evidence of ear disease.

Among 110,647 noise-exposed Austrian industrial workers, 7 percent
reported having tinnitus (Neuberger et al., 1992). Workers with a history of
ear disease and other risk factors for tinnitus were included in the analysis.
Minimum noise exposure was 4-hour daily exposure to levels greater than
85 dBA for at least 6 months. Median noise levels were 90 dBA, with 6
percent of workers exposed to levels higher than 100 dBA. No association
was found between the prevalence of tinnitus and the type of noise expo-
sure (i.e., continuous versus impact/impulse noise). Although 7 percent of
the workers were described as exposed to impact noise, it was noted that
impact noise may not have been distinguished from continuous noise if
unweighted peak levels were less than 145 dB (Neuberger et al., 1992).
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Two other analyses of audiometric surveillance records excluded work-
ers with a history of ear disease or head injury. A group of 33,168 workers
in British Columbia were given annual evaluations because their noise ex-
posure was an 8-hour time-weighted average of 85 dBA or more (Chung
et al., 1984). The prevalence of tinnitus was 7 percent. Among 38,725
noise-exposed workers in Australia, 18 percent reported experiencing tinni-
tus and 10 percent responded that they might have tinnitus (Gabriels et al.,
1996). The workers were exposed to 8-hour-equivalent noise doses of 90
dBA or greater or peak noise levels of 140 dB (lin) or higher.

A retrospective review of records for a group of 138 men monitored in
a steel foundry’s hearing conservation program showed that 28 percent
reported experiencing tinnitus at least once at an annual audiometric as-
sessment over a 20-year period (Griest and Bishop, 1996). At the time the
study was conducted, 17 percent reported experiencing tinnitus at least
several times a week and 39 percent reported never experiencing tinnitus.
The noise exposures for these workers were 8-hour time-weighted averages
of 85–101 dBA for at least 10 years.

High rates of tinnitus were seen in at least two studies of workers in
industries with high levels of impact noise. Few workers in these two study
populations used hearing protection devices. In a group of 88 Egyptian
forge hammering workers, whose duration of noise exposure ranged from 9
to 25 years, 77 (88 percent) reported having tinnitus (Kamal et al., 1989).
The background noise level was 90 to 94 dBA. The median peak hammer
noise ranged from 112 to 139 dBA, with an irregular pattern of 20 to 50
impacts per minute. In a group of 261 Polish drop-forge operators who had
been employed an average of 10 years, 70 percent reported having tinnitus
(Sulkowski et al., 1999). The peak sound pressure level (SPL) was 135 dB
SPL, with an average of 20 impulses per minute. This study included a
comparison with an unexposed age-matched control group from the same
facility. Among the controls, only 4 percent had tinnitus.

Tinnitus and Noise Exposure in Military Populations

Only a few studies have reported on the prevalence of tinnitus in
samples of military populations that might be considered representative,
and information on noise exposures is limited. In one such study of a
random sample of 2,200 Israeli soldiers, 14 percent reported having tinni-
tus (Attias et al., 2002), but no information was available on individuals’
levels of noise exposure. Among the 204 officers in a Swedish infantry
regiment, 17 percent reported experiencing tinnitus (Christiansson and
Wintzell, 1993). The rate ranged from 11 percent among the officers 30
years of age and younger to 24 percent among those over age 50. The
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prevalence of tinnitus was 26 percent among those who had been exposed
to heavy-weapons fire (e.g., mortars, recoilless rifles) and significantly higher
than the rate of 5 percent among those exposed to gunfire from only
smaller arms (Christiansson and Wintzell, 1993). The peak sound pressure
level for a typical smaller weapon was about 155–160 dB SPL and up to
185 dB SPL for heavier weapons. The amount of exposure to weapons fire
was not described. The authors also cautioned that the association between
tinnitus and heavy weapons fire might be affected by recall bias.

In an age-stratified random sample of 699 Finnish Army officers, 34
percent reported experiencing “occasional” tinnitus and 9 percent continu-
ous tinnitus (Ylikoski and Ylikoski, 1994). Tinnitus was significantly corre-
lated with exposure to a greater number of weapons impulses (from weap-
ons fired either personally or by others) and, in contrast to the Swedish
study, more strongly correlated with exposure to impulses from small-
caliber than large-caliber weapons (Ylikoski and Ylikoski, 1994). The scale
of the exposure was not directly specified, but it was estimated to be more
than 200,000 impulses for at least some officers.

The committee found no published studies on tinnitus and noise expo-
sure among U.S. military personnel. A study of hearing loss among Navy
enlisted personnel (n = 3,530), however, did find that 7–10 percent of the
subjects reported having or having had “head noises” (Robertson et al.,
1978).

Unpublished data on noise exposure and tinnitus reported by U.S.
military personnel on post-deployment health assessment questionnaires
(Department of Defense [DD] Form 2796) were provided to the committee
by the Army Medical Surveillance Activity (AMSA, 2004).3 The data were
for responses to questions on exposure to loud noise during deployment
(response options: no, sometimes, often) and whether the respondent devel-
oped “ringing in the ears” during the deployment, is currently experiencing
it, or both (AMSA, 2004; Rubertone, 2004, 2005). The questionnaires are
completed by officers and enlisted personnel from each of the services
within a period from 30 days before to 30 days after leaving a deployment
location (Rubertone, 2004). The data provided to the committee were for
questionnaires processed from June 2003 through October 2004.

Overall, 11 percent of those submitting forms (n = 440,451) reported
developing tinnitus during deployment, experiencing it at the time they
completed the form, or both (see Table 4-2). Among those who reported
they were often exposed to loud noise, nearly 22 percent reported experi-

3For the post-deployment health assessment questionnaire, deployment refers to postings
outside the United States in support of military operations.
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encing tinnitus. By comparison, only 3 percent of those who reported not
being exposed to loud noise during deployment reported experiencing any
tinnitus. Most of the tinnitus reports were for cases that developed during
deployment but did not persist. It may be noteworthy that 4 percent of
those who were often exposed to loud noise reported tinnitus “now” (within
30 days before or after the end of deployment), but not during deployment.
Among those who had tinnitus at the time they completed the question-
naire, rates remained highest in the group that reported often being exposed
to loud noise.

With these data, it was also possible to examine differences among the
services in reports of tinnitus (see Table 4-3). The percentages reporting
having developed tinnitus during deployment or having it at the time the
questionnaire was completed were highest for Army personnel and lowest
for Air Force personnel, regardless of reported noise exposure. The percent-
ages for Marine Corps personnel were higher than those for Navy person-
nel, except for the groups reporting no exposure to loud noise. The patterns
across the services and categories of noise exposure persisted when only
reports of tinnitus present at the time the questionnaire was completed were
considered (see Table 4-4). No statistical analyses of these data were avail-
able nor is it known if the proportion of service members completing the
survey differed across service branches.

TABLE 4-2 Percentage of U.S. Military Personnel Completing Post-
Deployment Health Assessment Questionnaires Who Reported Tinnitus,
by Reported Exposure to Loud Noise During Deployment, 2003–2004

Exposure to Loud Noise During Deployment

Reports on Ringing in Total No Sometimes Often
Ears (n = 440,451) (n = 159,725) (n = 120,928) (n = 159,798)

No ringing 89 97 91 78
Ringing in ears

Developed during
deployment 8 2 6 15

Now* 2 1 2 4
During deployment

and now 1 0 1 3

Total 100% 100% 100% 100%

* “Now” refers to the time at which the questionnaire was completed (within 30 days before
or after the end of deployment).
SOURCE: AMSA (2004).
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Tinnitus and Acoustic Trauma

Exposure to gunfire and explosive detonations may cause acoustic
trauma accompanied by tinnitus. A study of 83 survivors of the 1995
Oklahoma City bombing found that 67 percent developed tinnitus or per-
ceived a change in existing tinnitus within days of the blast and that 59
percent had tinnitus at an initial evaluation completed within 5 months of
the blast (Van Campen et al., 1999). Other cross-sectional studies have
reported on tinnitus among soldiers treated for acoustic trauma. In a group
of 81 Austrian soldiers, 84 percent had tinnitus (Temmel et al., 1999). For

TABLE 4-3 Percentage of U.S. Military Personnel Completing Post-
Deployment Health Assessment Questionnaires Who Reported Any
Tinnitus, by Military Service and Reported Exposure to Loud Noise
During Deployment, 2003–2004

Exposure to Loud Noise Army Navy Air Force Marine Corps
During Deployment (%) (%) (%) (%)

No 4 2 1 1
Sometimes 12 5 3 8
Often 26 12 8 22

Total reporting any tinnitus 14 6 4 12

SOURCE: AMSA (2004).

TABLE 4-4 Percentage of U.S. Military Personnel Completing Post-
Deployment Health Assessment Questionnaires Who Reported Current
Tinnitus, by Military Service and Reported Exposure to Loud Noise
During Deployment, 2003–2004

Exposure to Loud Noise Army Navy Air Force Marine Corps
During Deployment (%) (%) (%) (%)

No 1 1 < 1 < 1
Sometimes 3 1 1 2
Often 9 4 3 6

Total reporting current tinnitus 5 2 1 3

NOTE: “Current tinnitus” refers to reports of having tinnitus at the time the questionnaire
was completed (within 30 days before or after the end of deployment).
SOURCE: AMSA (2004).
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a group of Israeli soldiers, each ear was analyzed independently, and tinni-
tus was reported for 62 percent of the patients’ ears (Melinek et al., 1976).
Their ears were evaluated separately because of differences between ears in
the degree of acoustic trauma. In another group of Israeli soldiers who were
treated for acoustic trauma, 81 of the 102 patients (79 percent) reported
having tinnitus (Man and Naggan, 1981). Patients with a history of ear
disease were excluded in both Israeli studies. The Oklahoma City study
recruited participants from the community without regard to their audio-
logical status. The studies of military personnel were based on patient
populations, which may mean that the study subjects had more severe
problems than others who were not treated.

Summary of Evidence on Tinnitus and Noise Exposure

Summarized here is the evidence from the reports and data described
above on tinnitus and noise exposure in general. This is followed by a closer
look at impulse noise in particular.

Noise Exposure and Noise Levels

Several cross-sectional studies of community, industrial, and military
populations show that tinnitus rates are significantly higher for subjects with
longer exposure to occupational noise or exposure to higher levels of occupa-
tional noise. Two cross-sectional, community-based studies produced esti-
mates that occupational noise exposure was associated with a 40–70 percent
increase in the likelihood of having tinnitus (Sindhusake et al., 2003a;
Hoffman and Reed, 2004). However, in one study of older adults, occupa-
tional noise exposure was not associated on a cross-sectional or longitudinal
basis with an greater likelihood of having or developing tinnitus (Nondahl et
al., 2002). Several cross-sectional studies (Medical Research Council’s Insti-
tute of Hearing Research, 1981; Rosenhall and Karlsson, 1991; Sulkowski et
al., 1999; Palmer et al., 2002), as well as the data provided to the committee
on post-deployment health assessments (AMSA, 2004; Rubertone, 2004,
2005), showed higher rates of tinnitus among those reporting longer expo-
sure to occupational noise or exposure to higher levels of occupational noise,
but provided no statistical estimates of the effect on the likelihood of having
tinnitus. The studies of larger samples of industrial workers provided no
comparisons between exposed and unexposed workers, making it impossible
to evaluate the effect of the noise exposure on tinnitus (Chung et al., 1984;
Neuberger et al., 1992; Gabriels et al., 1996).

Conclusions about tinnitus prevalence rates or the likelihood of having
tinnitus in noise-exposed populations are not possible because of differences
in the characteristics of the study populations and the definitions of tinnitus.
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Detailed measurements of noise exposures are available for some industrial
workers, but in other studies, data on noise exposures are indirect and often
retrospective and qualitative. Retrospective estimates of noise exposure are
subject to recall bias and other measurement problems that allow for possible
misclassification of participants’ exposures. The studies reviewed also vary in
their exclusion criteria, with some including and others excluding subjects
who had a history of ear disease or other conditions that have an association
with tinnitus that is independent of noise exposure. Prospective studies that
can monitor noise exposures, the presence of other tinnitus risk factors, and
the onset of tinnitus are needed to develop estimates of the risk of tinnitus
associated with different levels of noise exposure.

FINDING: The evidence is sufficient to conclude that noise doses
associated with hearing loss are likely to be associated with tinnitus.

FINDING: The evidence was not sufficient to reach conclusions re-
garding the specific number or proportion of service members, overall or in
specific branches or occupational groups, who report that tinnitus began or
was exacerbated by noise exposure during military service.

Impulse Noise

It has been suggested that exposure to impulse noise increases the risk
of developing tinnitus. The data reviewed by the committee are mixed. One
large cross-sectional, community-based study found a significant increase
in the likelihood of having tinnitus among those who reported exposure to
impulse noise (Hoffman and Reed, 2004). Among a population of older
adults, however, a history of hunting was not associated with the differ-
ences in prevalence or incidence of tinnitus (Nondahl et al., 2002). Small
studies of workers with high exposure to impact noise showed a high
prevalence of tinnitus (70 percent and 88 percent) (Kamal et al., 1989;
Sulkowski et al., 1999). One study included a comparison showing low
tinnitus prevalence (4 percent) in an age-matched comparison group not
exposed to noise (Sulkowski et al., 1999). However, a large study using
data from a national hearing conservation database found no significant
difference in tinnitus associated with exposure to impulse or continuous
noise (Neuberger et al., 1992). In small cross-sectional studies of military
personnel exposed to impulse noise from weapons (Christiansson and Wint-
zell, 1993; Ylikoski and Ylikoski, 1994), the prevalence of tinnitus was
lower than the rates seen in the two small studies of workers. Furthermore,
the associations between tinnitus and exposure to weapons fire from smaller
and larger weapons were inconsistent, and comparisons were not made
with groups not exposed to weapons fire.
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High rates of tinnitus among acoustic trauma patients suggest that
impulse/impact noise is likely to precipitate tinnitus, but these studies may
not be an appropriate basis for judging the magnitude of the tinnitus hazard
associated with noise exposures that do not produce acoustic trauma. Indi-
viduals who are being treated for acoustic trauma may not be comparable
to individuals who experienced acoustic trauma without receiving treat-
ment or individuals exposed to the same or similar noise who did not
experience acoustic trauma. Finally, assessment of the data is also ham-
pered by limited information about differences among the study popula-
tions in their use of hearing protection, as it is in some studies of noise-
induced hearing loss.

FINDING: There is limited or suggestive evidence that exposure to
impulse noise is associated with a greater likelihood of having tinnitus
compared with exposure to steady-state noise.

TINNITUS AND HEARING LOSS

The committee reviewed studies of national or community populations
and military populations that assessed the relation between tinnitus and
hearing loss. Some analyses determined hearing loss on the basis of hearing
thresholds measured in audiometric testing, but others relied on qualitative
assessments of hearing derived from self-reports of hearing difficulties and
use of hearing aids. The qualitative assessments of hearing problems may
not be sensitive to hearing loss that is limited to high frequencies, which
may be the case for noise-induced hearing loss.

Several studies in community, industrial, and military populations have
found varying rates of tinnitus among individuals with better and worse
hearing, but the prevalence of tinnitus was consistently higher with some
degree of hearing loss than with normal hearing (e.g., Salmivalli, 1967;
Roberts, 1968; Parving et al., 1993; Ylikoski and Ylikoski, 1994; Coles,
1996; Gabriels et al., 1996; Griest and Bishop, 1996; Melinek et al., 1976;
Attias et al., 2002; Palmer et al., 2002; Hoffman and Reed, 2004), except in
a small study of acoustic trauma patients, which included six individuals
who had tinnitus and normal hearing (Temmel et al., 1999).

Estimates of the association between the prevalence of tinnitus and
measured hearing loss are also available. Analysis of data from the
community-based Norwegian study from the mid-1990s showed that adults
with hearing loss had a substantially greater likelihood of having tinnitus
compared with those with normal hearing (Hoffman and Reed, 2004).
With pure-tone averages > 25 dB HL and ≤ 40 dB HL (average threshold in
the worse ear for frequencies 500, 1000, 2000, and 4000 Hz), the odds
ratio for the presence of tinnitus was 2.84 (95% CI 2.55–3.16) for men and
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2.78 (2.45–3.15) for women. With pure-tone averages > 40 dB HL, the
odds ratio for the presence of tinnitus increased to 4.18 (95% CI 3.66–
4.77) for men. For women with this degree of hearing loss, the odds ratio
reached 5.40 (95% CI 4.67–6.24). In the National Study of Hearing in the
United Kingdom in the 1980s, the likelihood of having tinnitus among
those with high-frequency hearing thresholds > 80 dB HL was 27 times
higher than for those with thresholds < 10 dB HL (Coles, 1996).

The Beaver Dam study (Nondahl et al., 2002) found that 12 percent of
older adults with a pure-tone hearing loss (defined as average threshold in
the worse ear > 25 dB HL for the same frequencies as the Norwegian study)
had tinnitus, compared with 5 percent of those with normal hearing. Pure-
tone hearing loss emerged among the factors tested as having the strongest
association with having tinnitus (OR = 3.90; 95% CI 2.89–5.27). Hearing
loss also significantly increased the risk of developing tinnitus during a
5-year follow-up period (OR = 1.83; 95% CI 1.21–2.75). A similar study of
older adults in Australia found that tinnitus was reported by 35 percent of
persons with a hearing loss (defined as in the U.S. study) and 27 percent
of those with normal hearing (Sindhusake et al., 2003b, 2004). In contrast
to the U.S. study, however, incrementally worse hearing had only a modest
association with the prevalence of tinnitus (relative risk 1.11; 95% CI 1.04–
1.17).

Qualitative reports of hearing difficulties are less precise but have still
shown a consistent association with higher rates of tinnitus (e.g., Parving
et al., 1993; Palmer et al., 2002). In data from the 1994 National Health
Interview Survey, the likelihood of having tinnitus was about six times
higher for those reporting either that they could not hear normal conversa-
tion or that they could not hear loud noises than for those with no or only
slight trouble hearing (Hoffman and Reed, 2004).

In sum, at least four cross-sectional studies in the general population
show that measured or perceived hearing loss is associated with a higher
prevalence of tinnitus (Coles, 1996; Nondahl et al., 2002; Sindhusake et
al., 2003b, 2004; Hoffman and Reed, 2004). Many other epidemiological
studies show a higher prevalence of tinnitus for those with measured or
perceived hearing loss than for those without hearing loss (e.g., Salmivalli,
1967; Roberts, 1968; Melinek et al., 1976; Parving et al., 1993; Ylikoski
and Ylikoski, 1994; Coles, 1996; Gabriels et al., 1996; Griest and Bishop,
1996; Attias et al., 2002; Palmer et al., 2002; Hoffman and Reed, 2004).
One population-based longitudinal study of older adults also showed that
an existing hearing loss increased the risk for developing tinnitus over a
5-year period (Nondahl et al., 2002). Conclusions about the strength of
the association between hearing loss and tinnitus prevalence rates are not
possible because of differences in the characteristics of the study pop-
ulations and the definitions of hearing loss and tinnitus. Additional
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prospective studies, including studies of younger adults, are needed to
learn more about the relation between hearing loss and the incidence of
tinnitus.

FINDING: The evidence is sufficient to conclude that hearing loss
(hearing thresholds greater than 25 dB HL at one or more audiometric
frequencies between 250 and 8000 Hz) is associated with a higher preva-
lence of tinnitus.

FINDING: The evidence is not sufficient to determine precisely the
magnitude of the risk of tinnitus associated with hearing loss.

OTHER RISK FACTORS

Clinical and epidemiological studies have shown that tinnitus is associ-
ated with exposure to a variety of factors in addition to noise and hearing
loss. The committee identified one study that examined the combined effect
of noise exposure and smoking on the prevalence of tinnitus (Palmer et al.,
2004). In this British postal survey (n = 10,418), smoking did not have a
significant effect on the prevalence of persistent tinnitus (present “most or
all of the time in the past 12 months”) after age and duration of occupa-
tional noise exposure were taken into account. Other studies have exam-
ined tinnitus and smoking without specific consideration of possible inter-
actions with noise exposure. Some found no association between smoking
and tinnitus (Chung et al., 1984; Nondahl et al., 2002; Sindhusake et al.,
2003a), but a multivariate analysis of data for Norwegian adults found a
significantly higher prevalence of tinnitus for both men and women who
had smoked for at least 5–15 years, compared with those who had never
smoked (Hoffman and Reed, 2004).

Studies of the effect of noise in combination with other factors on the
prevalence of tinnitus were not identified. Reviewed briefly here are find-
ings on the association between tinnitus and factors other than noise and
hearing loss. The statistically significant associations are summarized in
Table 4-5.

A prospective study of the incidence of tinnitus in older adults found a
substantial increase in risk associated with otosclerosis and more modest
increases in risk associated with a history of head injury (Nondahl et al.,
2002). In the same study, higher concentrations of serum cholesterol were
associated with a marginally significant increase in the risk of tinnitus.
Cross-sectional, population-based studies have found statistically signifi-
cant associations with a higher prevalence of tinnitus for a history of head
injury (Nondahl et al., 2002; Hoffman and Reed, 2004), severe neck injury
(Sindhusake et al., 2003a), and cardiovascular disease (Nondahl et al.,
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TABLE 4-5 Health and Socioeconomic Factors Associated with a
Significant Increase or Decrease in Incidence or Prevalence of Tinnitus

Incidence of
Tinnitus

Epidemiology of
Hearing Loss
Study, Beaver

Significant Risk Dam, Wisconsin
Factors OR (95% CI)

Otosclerosis 8.85 (1.42–55.14)
Total serum cholesterol 1.042 (1.004–1.080)
Cardiovascular disease
History of head injury 1.55 (1.08–2.22)
Hospitalized for head injury
History of middle ear infection
History of sinus infection
History of severe neck injury
History of migraine
Self-reported health status:

Excellent
Very good
Good
Fair
Poor

Smoking
Never
0 to < 5 yrs
≥ 5 and < 15 yrs
≥ 15 yrs

Annual income
$0–9,999
$10,000–19,999
$20,000–34,999
$35,000–49,999
$50,000+

Residence
Northeast
Midwest
South
West

NOTES: OR = odds ratio, RR = relative risk, CI = confidence interval.
SOURCES: Nondahl et al. (2002); Sindhusake et al. (2003a); Hoffman and Reed (2004).
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Prevalence of Tinnitus

U.S. National Nord Trøndelag Epidemiology of
Health Interview Hearing Loss Hearing Loss Blue Mountains
Survey: Disability Study, Norway Study, Beaver Hearing Study,
Supplement (men only) Dam, Wisconsin Australia
OR (95% CI) OR (95% CI) OR (95% CI) RR (95% CI)

1.45 (1.05–2.00)
1.56 (1.21–2.02)

1.43 (1.26–1.62)
1.35 (1.05–1.73)
1.30 (1.08–1.57)
1.34 (1.04–1.73)
1.28 (1.06–1.56)

0.58 (0.52–0.65)
0.79 (0.72–0.87) 0.78 (0.68–0.88)
1.00 1.00
1.63 (1.46–1.80) 1.28 (1.14–1.43)
2.36 (2.10–2.65) 1.50 (1.04–2.16)

1.00
1.26 (1.00–1.58)
1.22 (1.07–1.38)
1.19 (1.09–1.30)

1.56 (1.36–1.78)
1.22 (1.08–1.39)
1.20 (1.06–1.36)
1.05 (0.92–1.20)
1.00

1.00
1.20 (1.03–1.39)
1.16 (1.00–1.35)
1.48 (1.26–1.72)
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2002). Middle ear infection, sinus infection, and migraine have also been
associated with higher rates of tinnitus in older adults (Sindhusake et al.,
2003a). In cross-sectional studies of noise-exposed workers, higher rates of
tinnitus have been found among subjects with a history of head injury or
ear diseases compared to those without a history of those conditions (e.g.,
Neuberger et al., 1992; Phoon et al., 1993).

Fair or poor self-reported health status was associated with a signifi-
cantly higher prevalence of tinnitus compared with reported good health
(Hoffman and Reed, 2004). The same analyses found a significant reduc-
tion in tinnitus risk for persons reporting very good or excellent health.
Clinical evidence shows that certain medications can induce tinnitus, but at
the population level, studies of older adults did not show a significantly
higher prevalence of tinnitus associated with past exposure to ototoxic
medications (Sindhusake et al., 2003a) or regular use of aspirin (325 mg at
least twice a week for more than 3 months) (Nondahl et al., 2002; Cruick-
shanks, 2005).

In an analysis of the sample of National Health Interview Survey data,
modest increases in the likelihood of having tinnitus were associated with
lower income and residence in other regions compared to the Northeast.
Education level was not associated with significant differences in tinnitus
prevalence (Hoffman and Reed, 2004).

TINNITUS AND U.S. MILITARY PERSONNEL

Tinnitus that is determined to have been incurred during or aggravated
by military service (“service connected”) is compensable as a disability by
the Department of Veterans Affairs. At the end of fiscal year 2003, tinnitus
was the third most common disability, with 242,610 cases among veterans
receiving compensation for any form of service-connected disability (Veter-
ans Benefits Administration, 2004a). Until May 1999, it was necessary to
establish that persistent tinnitus had resulted from service-connected head
injury, concussion, or acoustic trauma (Henry et al., 2004; Veterans Ben-
efits Administration, 2004b). Since then, recurrent tinnitus associated with
any condition incurred in or aggravated by military service has been com-
pensable (Henry et al., 2004; Veterans Benefits Administration, 2004b).

Despite the fact that tinnitus is compensable, the committee found little
indication that the services monitor the presence or absence of tinnitus
among military personnel during active duty. The forms that summarize
service members’ medical histories (DD Form 2807-1, DD Form 2807-2,
Standard Form [SF] 93) and the results of their periodic physical examina-
tions (DD Form 2808, SF 88) capture information on hearing, including
pure-tone thresholds and use of hearing aids, but do not include questions



TINNITUS 139

about tinnitus. Similarly, the forms used by the services’ hearing conserva-
tion programs (see Chapter 5 and Appendix G) to record the results of
audiometric testing and reports on the use and distribution of hearing
protection devices include no question about the presence or absence of
tinnitus. However, the opportunity does exist for reports of tinnitus volun-
teered by service members or solicited by medical or audiology personnel to
be recorded on these forms.

Perhaps the only current source of limited but explicit documentation
of tinnitus is the post-deployment health assessment questionnaire (DD
Form 2796). A requirement for post-deployment health assessments was
established in 1997 (DoD, 1997), and the current version of the assessment
form with the questions on noise exposure and tinnitus dates from April
2003. Only personnel who are deployed would have the opportunity to
complete the form.

Without systematic documentation of the tinnitus status of military
personnel, it is not possible to determine whether service members have
tinnitus at the time they enter or leave military service or when during
military service tinnitus might have developed. In the absence of systematic
information about tinnitus, it is not possible for the services to identify
tinnitus hazards that might be different from those for noise-induced hear-
ing loss.

The committee strongly suggests that the Department of Defense
add monitoring of tinnitus to both its routine health surveillance and the
audiologic surveillance that is part of the services’ hearing conservation
programs. One approach might be the addition of questions to the forms
used to report medical history (DD Form 2807-1) or the results of medical
examinations (DD Form 2808) and to the forms used by the hearing con-
servation programs to record reference audiograms (DD Form 2215) and
periodic and termination audiograms (DD Form 2216). Tinnitus surveil-
lance might begin with audiologic assessments at entry into and separation
from military service. Basic questions, such as “Do you have any ringing or
buzzing in your ears or head?” and “When did you first notice the ringing
or buzzing?” could be considered as a way to begin to obtain information
about tinnitus during military service.

At this time, however, there is no generally accepted and validated
question, or set of questions, that can be recommended for use in tinnitus
surveillance. Factors that may deserve consideration in defining tinnitus for
a monitoring program include persistence of episodes (e.g., longer than 5
minutes), regularity of occurrence (e.g., perceived all the time, perceived
several times per week, perceived only after exposure to loud noise), and
level of annoyance. The Department of Defense and the military services
should explore the merits of various approaches to tinnitus surveillance.
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Tinnitus and hearing loss are both associated with exposure to high
levels of noise. Although the factors that result in tinnitus are not as easy to
predict as those that result in hearing loss, doses of noise (and risk factors)
that are considered hazardous for hearing may also be tinnitus hazards.
Consequently, the precautions regarding noise-exposure limits and the use
of hearing protection may help prevent tinnitus as well as hearing loss. The
scope of the hearing conservation programs of the military services could
appropriately be broadened to encompass the prevention of tinnitus as well
as hearing loss—thus “hearing loss and tinnitus prevention programs.”
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5

Responding to Noise Risks: Hearing
Conservation Programs in the Military

The committee’s charge to identify when hearing conservation mea-
sures were adequate to protect the hearing of service members de-
rives from legislative language. The legislation requested that the

committee identify when audiometric measures used by the military became
adequate to evaluate individual hearing loss (threshold shift) and when
hearing conservation measures to prevent hearing loss were available to
service members. The evaluation of hearing conservation programs is not a
simple task of either assessing a checklist of necessary components or per-
forming a straightforward analysis of an audiometric database. This chap-
ter describes key aspects of hearing conservation programs and reviews the
development and adequacy of programs in the military. Current hearing
conservation programs do not include monitoring or prevention of tinnitus.
As described in Chapter 4, the relationship between noise exposure and
tinnitus is not yet well understood. However, the committee makes the
presumption that measures taken to protect against noise-induced hearing
loss are likely to help in the prevention of tinnitus. Thus, many of the
elements of a hearing conservation program could be applied to prevention
of tinnitus as well as hearing loss.

HEARING CONSERVATION PROGRAMS

Overview and Emergence of Key Components

In large part, serious and sustained interest in hearing conservation
developed as a result of World War II, when substantial numbers of service
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members returned home with hearing loss (Gasaway, 1985).1 In fact, one of
the earliest regulations dealing with hearing conservation was issued in
1948 by the Air Force (Department of the Air Force, 1948). Industrial
hearing conservation programs began to appear in the late 1940s and early
1950s, with some of the first reported programs established in the aviation
and metals industries (Bolger, 1956; Hatton, 1956; Wilkins, 1956; Haluska,
1964). Government noise regulations followed in the late 1960s (U.S. De-
partment of Labor, 1969) and became more prominent and widely en-
forced with the enactment of the Occupational Safety and Health Act of
1970 and dissemination of the associated regulation on noise in 1971
(OSHA, 1971). However, the Occupational Safety and Heath Administra-
tion (OSHA) regulation of 1971 only hinted at details of an occupational
hearing conservation program. In 1972, the National Institute for Occupa-
tional Safety and Health (NIOSH) published Criteria for a Recommended
Standard: Occupational Exposure to Noise (NIOSH, 1972). This docu-
ment described the components of an effective hearing conservation pro-
gram: sound surveys, noise control, hearing protection, education and train-
ing, audiometric monitoring, and recordkeeping. These components were
subsequently adopted by OSHA when the Hearing Conservation Amend-
ment (29 C.F.R. 1910.95) was developed (OSHA, 1983). In recent years,
program evaluation has been included as an additional component as evalu-
ation tools have been developed (Suter, 1986; NIOSH, 1996; Berger et al.,
2000). See Gasaway (1985) for a more complete historical overview of
occupational hearing conservation programs and Suter (1988, 2000) for a
discussion of the development of the related regulations.

HISTORY OF MILITARY HEARING CONSERVATION PROGRAMS

Overview

The military services’ early attention to hearing health focused on reha-
bilitation. In the 1940s, clinicians in military hospitals and rehabilitation
centers noted many patients with severe hearing loss. In anticipation of a
large number of hearing-loss casualties from World War II, the Army and
Navy established their first aural rehabilitation centers in 1943 and 1944,
respectively (Nixon, 1998). The Veterans Administration established simi-
lar facilities soon after (Gasaway, 1988). These centers led to the emergence
of a cadre of hearing health professionals, including audiologists, who later
assumed important roles in prevention-oriented programs in the military

1Reports suggest that the service members found to have hearing losses at the conclusion of
World War II included many individuals with hearing losses that predated their military ser-
vice (Nixon, 1998; Bergman, 2002).
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(Gasaway, 1985; Donahue and Ohlin, 1993). Figure 5-1 is a time line of
major developments in military hearing conservation programs.

The introduction of the jet engine to the military in the late 1940s and
early 1950s raised new concerns about noise hazards and helped motivate
the development of military hearing conservation programs (Nixon, 1998).
The Air Force, the Navy (which also has responsibility for the Marine
Corps hearing conservation program), and the Army issued regulations or
guidelines on hearing conservation in 1948, 1955, and 1956, respectively
(Department of the Air Force, 1948; Department of the Navy, 1955; De-
partment of the Army, 1956).

Subsequent revisions of the military services’ noise and hearing conser-
vation documents expanded program elements within each of the services.
The Air Force was a leader in these efforts, both in timing and in establish-
ing required program elements, while the Army and Navy programs contin-
ued to develop but did not institute mandatory measures. The disparities
that existed across the services were noted in a 1977 General Accounting
Office report that recommended that the Secretary of Defense adopt consis-
tent policies across the defense agencies (GAO, 1977).

In 1978, a Department of Defense (DoD) Instruction was issued to
establish a uniform hearing conservation program, with the goals of elimi-
nating all occupational noise-related hearing loss among DoD personnel
(military and civilian) and reducing the costs of compensation (DoD, 1978).
The instruction described requirements for sound surveys, the posting of
hazardous areas with warning signs, noise abatement, personal hearing
protection, education, audiometric testing (preplacement, periodic, and ter-
mination audiograms for all personnel exposed routinely to hazardous
noise), and recordkeeping (each service was to maintain a hearing conserva-
tion data registry) (DoD, 1978). In 1979, DoD introduced standard DoD
forms for noise surveys (DD Form 2214), reference audiograms (DD Form
2215), hearing conservation data (DD Form 2216), and biological audiom-
eter calibration checks (DD Form 2217). In the following few years, each of
the services published major revisions of their hearing conservation pro-
gram guidelines to comply with changes mandated by the 1978 DoD In-
struction (Department of the Navy, 1979; Department of the Army, 1980;
Department of the Air Force, 1982).

Soon thereafter, changes at the federal level were reflected in additional
developments in DoD programs. In response to the publication of the OSHA
final noise standard, DoD updated its hearing conservation program and
policy under a new designation, DoD Instruction 6055.12, in 1987 (DoD,
1987). DoD mandated that the uniformed services comply with OSHA
regulations, but the standards and criteria of military programs have been
more stringent than those of OSHA (Nixon, 1998). The military services
have used lower exchange rates than required by OSHA (the services have
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used 3 or 4 dB, instead of the 5-dB exchange rate specified by OSHA) and
currently do not use age corrections in calculations of significant threshold
shifts (STSs). Until 2004, the military services’ definitions of STS were more
sensitive than those of OSHA, identifying more people with possible need
for intervention than would have been identified under the OSHA defini-
tion. Definitions of STS are discussed in more detail later in this chapter.

In the late 1990s, automated hearing conservation data registries devel-
oped by the individual services (the Army and Air Force’s Hearing Evalua-
tion Automated Registry Systems and the Navy’s Hearing Examination and
Audiometric Reporting System, HEARS) were replaced by the hearing con-
servation component of a new DoD-wide system called the Defense Occu-
pational and Environmental Health Readiness System–Hearing Conserva-
tion (DOEHRS-HC). The system is designed to collect, maintain, compare,
and report hearing conservation data in DoD (U.S. Army Center for Health
Promotion and Preventive Medicine, 2004a). Aspects of this system are
discussed in more detail below.

History of Hearing Conservation Programs in the Military Services

This section briefly reviews the history of the Air Force, Navy, Army,
and Coast Guard hearing conservation programs. Table 5-1 provides addi-
tional information about each of the services’ current programs and guiding
regulations. The committee’s evaluation of these programs is presented
separately at the end of the chapter.

Air Force Hearing Conservation Program History

Established as a military service separate from the Army Air Corps in
1947, the Air Force was responsible for the first regulation to protect and
conserve hearing in 1948. The brief document required that hearing protec-
tion be worn by personnel working in high-level noise, noise measurements
be performed to determine degrees of risk, exposure periods be minimized,
and audiometric monitoring be performed on people engaged in testing and
operating turbojet and rocket engines (Gasaway, 1988). A 1949 update
specified noise limits for work areas (85 dB or below in regularly occupied
areas) and the availability of protective devices. It required a weekly hearing
test for those with high-intensity noise exposures and temporary reassign-
ment if the audiogram indicated a hearing loss of more than 20 dB2 (Depart-
ment of the Air Force, 1949).

2The regulation is not clear regarding the frequencies at which the 20 dB shift is applied.
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The 1956 version of Air Force Regulation (AFR) 160-3 established the
first hearing conservation program in the services. It included provisions for
the six key components of a hearing conservation program described by
OSHA more than 20 years later: sound surveys, education, noise control,
hearing protection, audiometric monitoring, and recordkeeping. The regu-
lation introduced a standard form (AF Form 1490) to record hearing con-
servation data and established a central repository for these data. It further
established the policy that all military and civilian personnel who enter into
or terminate service with the Air Force would receive an audiometric ex-
amination as part of their routine physical examination. Personnel assigned
to duty or training involving exposure to hazardous noise would be given a
follow-up audiogram 90 days after beginning that duty and annually there-
after. Audiograms were to record hearing sensitivity at each specified fre-
quency: 500, 1000, 2000, 3000, 4000, and 6000 Hz. The regulation also
established a classification system for hearing based on the degree of hear-
ing loss on the audiogram; the definition of an STS differed depending on
an individual’s classification. Codes were introduced on audiograms to
describe the proximity of work areas to hazardous noise as well as the
overall noise level of the area (Department of the Air Force, 1956). The
1956 regulation also established procedures for 15- and 40-hour noise-free
follow-up audiograms in response to STSs.

The Air Force revised AFR 160-3 in 1973 with adoption of a criterion
for inclusion in the hearing conservation program of an equivalent 8-hour
daily exposure of 84 dBA with a 4-dB exchange rate, as well as establish-
ment of detailed exposure criteria for various types of impulse noise (Nixon,
1998). The regulation introduced noise exposure limits specified in terms of
the A-weighted level of the noise (dBA) (Nixon, 1998). In late 1974, the Air
Force established routine automated handling and storage of audiometric
monitoring data to facilitate the use and study of these records (Gasaway,
1988). The next major revision of the Air Force regulation on hazardous
noise exposure took place in 1982, updating the regulations to comply with
the 1978 DoD Instruction on hearing conservation (DoD, 1978).

The current Air Force hearing conservation program is a decentralized
effort, managed at each of the more than 80 Air Force installations around
the world, with support provided at the Air Force Institute for Occupa-
tional Health at Brooks City-Base, Texas. The Air Force uses the hearing
conservation program model of the National Institute for Occupational
Safety and Health, with program components such as those listed earlier
(Narrigan, 2004). In 2004, more than 156,000 Air Force service members,
or 42 percent of the active duty Air Force, and over 14,000 civilian employ-
ees, all of whom were considered exposed to hazardous noise, were en-
rolled in the hearing conservation program (Pluta, 2004; DoD, 2005).
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TABLE 5-1 Criteria for Hearing Conservation Programs

Criteria for
Hearing
Conservation Exchange
Program Rate

Service Enrollmenta (dB) STS Definition STS Follow-up

Air Force ≥ 85 dBA 3 ≥ 10 dB average Positive and negative
TWA, or shift at 2, 3, 4 kHz STS require follow-
exposure to No age correction up; for positive STS,
> 140 dBP f/u 1 and 2 must take

place within 30 days
of annual audio-
gram, and f/u 1 must
be 14 hours noise
free

Navy/ Routinely 4 ≥ 10 dB average Positive and negative
Marine exposed to shift at 2, 3, 4 kHz STS require follow-
Corps > 84 dBA or Change of ≥ 15 dB up; for positive STS,

> 140 dBP in either ear at any f/u 1 and 2 must take
(“routinely” test frequency place within 30 days
defined as from 1 to 4 kHz of annual audio-
TWA > 84 considered early gram, and f/u 1 must
dBA for more warning, requiring be 14 hours noise
than 2 verbal counseling free
days/month) and assurance of

access to appro-
priate hearing pro-
tection

No age correction

Army ≥ 85 dBA 3 ≥ 10 dB average Positive and negative
TWA, or shift at 2, 3, 4 kHz STS require follow-
exposure to No age correction up; for positive STS,
≥ 140 dBP f/u 1 and 2 must be

Exposure to 14 hours noise free
known or
suspected
ototoxins

Coast ≥ 85 dB TWA 4 ≥ 10 dB average Positive and negative
Guard for ≥ 30 days shift at 2, 3, 4 kHz STS require follow-

per calendar up; for positive STS,
year, or expo- f/u with up to two
sure to > 140 consecutive 14-hour
dBP; also noise-free audio-
those with grams
> 35 dB shift
in 0.5–3 kHz
range



MILITARY HEARING CONSERVATION PROGRAMS 153

Requirements for
Use of Hearing
Protection

Reference Audiogram Devices Guiding Documents

Shall be received prior ≥ 85 dBA TWA, AFI 48-20, Interim
to duties in hazardous or exposure to Guidance (2000)
noise > 140 dBP AFOSH 161-20 (1991)

Within 30 days of en- AFOSH 48-19 (1994)
tering a hazardous
noise-exposed job;
must be 15 hours
noise free

Required on entry into > 84 dBA or OPNAVINST
naval service > 140 dBP 5100.19D CH-1 Occu-

Hearing tests performed Double protection pational Safety and
at Military Entrance at > 104dB Health Program Man-
Processing Stations ual for Forces Afloat
shall not be used as a (2001)
baseline hearing test OPNAVINST

Must be noise free (no 5100.23F Occupa-
noise above 80 dBA) tional Safety and
for at least 14 hours Health Program Man-

ual for Forces Ashore
(2002)

NEHC Technical Man-
ual 6260.51.99-2 (Sep-
tember 2004)

MCO 6260.1 (2000)
MCO P5100.8 F (1998)

Required at basic ≥ 85 dBA TWA, DA PAM 40-501 (10
training prior to noise or exposure to December 1998)
exposure > 140 dBP

Double protection
at ≥ 104 dB

Required prior to Coast ≥ 85 dB TWA for Chapter 4, Coast Guard
Guard occupational ≥ 30 days per Safety and Environ-
noise exposure calendar year, or mental Health Manual

exposure to (COMDTINST
> 140 dBP M5100.47)

Double protection Chapter 12, Coast Guard
at > 104 dB Medical Manual

(COMDTINST
M6000.1B)

continued



154 NOISE AND MILITARY SERVICE

OSHA ≥ 85 dBA 5 ≥ 10 dB average Retest to rule out
require- (action level) shift at 2, 3, 4 spurious STS is
ments kHz, either ear optional

NIOSH ≥ 85 dBLAeg 3 ≥ 15 dB shift at Immediate retest; if
recom- 0.5, 1, 2, 3, 4, or the same, schedule
mendations 6 kHz, either ear, for 30-day confirma-

and the same shift tion audiogram
at the same test
frequency in the
same ear on an
immediate retest

DoD ≥ 85 dBA 4 ≥ 10 dB average Positive and negative
require- TWA, or im- (3 strongly shift at 2, 3, 4 STS require follow-
ments pulse noise encour- kHz, either ear up; for positive STS

> 140 dBP aged) No age correction f/u 1 and 2 must be
14 hours noise free

15 dB shift at 1, 2,
3, or 4 kHz re-
tained as early
warning only

aCriteria concerning airborne high-frequency or ultrasonic noise are not noted here.
NOTES: DoD, Department of Defense; NIOSH, National Institute for Occupational Safety
and Health; OSHA, Occupational Safety and Health Administration; STS, significant thresh-
old shift; TWA, time-weighted average.
SOURCES: OSHA (1971, 1983); U.S. Coast Guard (1990, 2003); Department of the Air
Force (1991, 1994, 2000); Department of the Army (1998); Department of the Navy (1998,
2000, 2001, 2002); NIOSH (1998); Hall (2001); DoD (2004b); Navy Environmental Health
Center (2004b).

TABLE 5-1 continued

Criteria for
Hearing
Conservation Exchange
Program Rate

Service Enrollmenta (dB) STS Definition STS Follow-up
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Called baseline audio- Optional for ≥ 85 29 C.F.R., Chapter
gram and must be dBA TWA; XVII, Part 1910, Sub-
established within 12 mandatory for part G, 36 F.R. 10466,
months of employee’s > 90 dBA TWA, and May 29, 1971;
exposure at or above for ≥ 85 dBA Amended 48 F.R.
the action level TWA for workers 9776–9785, March 8,

with STS 1983
Baseline audiogram to Mandatory for Criteria for a Recom-
be established within > 85 dBA TWA mended Standard: Oc-
30 days of enrollment with a 3-dB cupational Noise Ex-
in hearing loss preven- exchange rate posure (NIOSH, 1998)
tion program

Required for all mili- Mandatory in DoDI 6055.12 (2004)
tary personnel at basic “hazardous noise
training prior to noise areas” when
exposure noise sources are

operating, and
with exposure to
gunfire or artil-
lery fire in test
or training
situations

Requirements for
Use of Hearing
Protection

Reference Audiogram Devices Guiding Documents
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Navy and Marine Corps Hearing Conservation History

The Navy is responsible not only for its own hearing conservation
program, but also for that of the U.S. Marine Corps. As with the Air Force,
concerns about noise from jet aircraft spurred steps toward a hearing con-
servation program in the Navy. Aircraft carrier crew members must work
close to jet aircraft during flight operations and maintenance. A 1952 study
of the effects of jet aircraft engine noise on aircraft carrier personnel indi-
cated a likely negative impact on personnel and operations and suggested a
larger scope to the jet-engine noise problem than had been understood
before (Rosenblith et al., 1952; Nixon, 1998). The study authors recom-
mended that the Navy emulate the hearing protection programs they had
observed at several Air Force installations and also make the wearing of
hearing protection compulsory in high-noise settings (Rosenblith et al.,
1952). They also recommended additional study of the interaction between
noise and humans on aircraft carriers. Exposure to high-intensity noise
thereafter became a priority concern for the Navy and motivated its role in
the formation of the NAS-NRC Committee on Hearing and Bioacoustics
(CHABA, as described in Chapter 2).

The first Navy regulation regarding hearing conservation, issued in
1955, formally established the Navy hearing conservation program, but
with no requirements for actions (Department of the Navy, 1955). In 1960,
the Navy increased civilian staffing for hearing conservation (Nixon, 1998),
and in 1970, the Navy issued its first standards, making hearing conserva-
tion programs mandatory when noise levels exceeded 90 dBA. It adopted a
noise standard of an equivalent 8-hour daily exposure of 90 dBA with a
5-dB exchange rate (Department of the Navy, 1970; Nixon, 1998). In
1976, the Navy Bureau of Medicine and Surgery directed naval activities to
discontinue purchasing self-recording audiometers and to limit group test-
ing to four subjects because of problems with the reliability of the hearing
tests as well as with program administration and management (Robertson
and Williams, 1984).

An important change in the Navy program took place when program
responsibility was transferred from the Bureau of Medicine to the Chief of
Naval Operations in 1979 (Nixon, 1998), affording the program more
visibility. This change coincided with revision of its hearing conservation
program requirements to establish exposure limits of 85 dBA for continu-
ous or intermittent noise, and 140 dB peak sound pressure level for impact
or impulse noise (Department of the Navy, 1979). For the first time, the
Navy acquired 10 military audiologists (Nixon, 1998), and in 1982, an
additional 10 positions were added (Page, 2004a, 2005a).

In the early 1980s, the Navy continued to try to improve its ability to
collect and store audiometric information. Automated systems were being
developed in conjunction with the use of microprocessor-controlled group
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audiometers. However, as reported in 1984, and continuing until the intro-
duction of DOEHRS-HC in 1999, there remained no efficient way to ob-
tain audiometric data for large numbers of naval service members in order
to assess the adequacy of the Navy’s hearing conservation programs
(Robertson and Williams, 1984; Page et al., 2002). For example, as of
1990, Navy budgetary constraints permitted the storage of no more than
1–2 years of audiometric data at any time (Ridgley and Wilkins, 1991).

The Navy and Marine Corps hearing conservation programs are cur-
rently managed by the Navy Occupational and Environmental Health Cen-
ter in Portsmouth, Virginia, with program oversight the responsibility of
the Chief of Naval Operations. The Navy estimates that 285,000 sailors
and civilians, and 67,000 members of the U.S. Marine Corps, are currently
enrolled in the hearing conservation program (Page, 2005b). Since the mid-
1980s the number of Navy audiologists has grown from 37 to 49, with
roughly 21 of them military and the remainder civilian (Page, 2005a). The
current documents guiding the Navy’s program are listed in Table 5-1.

Army Hearing Conservation History

Army efforts in the area of noise research and protection began in the
early 1940s, and for decades thereafter, hearing conservation efforts in the
Army primarily emphasized identification of noise hazards (Donahue and
Ohlin, 1993). The Army’s first document describing a hearing conservation
program was a technical bulletin issued in 1956 and subsequently revised in
1965 and 1972 (Department of the Army, 1956, 1965, 1972). In 1972, the
Army adopted a criterion for hazardous noise exposure of an equivalent
8-hour daily exposure of 85 dBA, with a 5-dB exchange rate (Nixon, 1998).
Although all the basic elements of a hearing conservation program were
required in a preventive medicine regulation, specific hearing conservation
program activities were only recommended (Ohlin, 2005a) and were there-
fore applied inconsistently at different Army installations. In 1980, the
Army issued its first requirements to implement an Army-wide hearing
conservation program (Department of the Army, 1980), as directed by the
1978 DoD standards for military hearing conservation programs (DoD,
1978). With this new technical bulletin, hearing protection became manda-
tory in steady noise when levels were at or above 85 dBA, or when impulse
noise levels exceeded 140 dBP. If steady noise was above 108 dBA or
impulse noise was over 165 dBP, double protection (both earplugs and ear
muffs) was required (Department of the Army, 1980). The exchange rate
between noise level and allowable daily exposure was lowered from 5 dB to
4 dB.

In the 1960s, the Army commissioned military audiologists, who came
to play an important role in advancing the profession within and outside
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the military (Nixon, 1998). By 1970, 58 audiology positions had been
established to provide a servicewide effort in education and training (Gas-
away, 1988). Studies indicating high-frequency hearing loss in combat arms
personnel (Walden et al., 1971, 1975) convinced Army leaders to improve
the education of personnel regarding hearing protection. In 1971, the Army
carried out a pilot study for an effort to collect hearing conservation data,
which eventually led to the establishment of the Army’s hearing conserva-
tion data repository (Nixon, 1998). Another important change in the Army’s
program was its transition from manual recording of audiometric test results
to the Hearing Evaluation Automated Registry System (HEARS) in 1987
(AMSA, 1997).

Technical and administrative guidance for the Army hearing conserva-
tion program is provided centrally from the U.S. Army Center for Health
Promotion and Preventive Medicine in Aberdeen, Maryland. In 2003, there
were 375,186 soldiers, as well as 53,986 civilians employed by the Army,
enrolled in the Army’s hearing conservation program (U.S. Army Center for
Health Promotion and Preventive Medicine, 2004b), representing 77 per-
cent of the active duty Army (DoD, 2004a). Since 1990, the number of
military audiologists in the Army has dropped by more than half, from 71
to 31 in 2005 (Gates, 2005). Some have been replaced by civilian contrac-
tors, who fill a different role in the hearing conservation program than
military audiologists. While civilian audiologists’ time is dedicated to clini-
cal roles, uniformed audiologists have additional responsibilities for field-
work that afford additional opportunities for the education and motivation
of service members regarding hearing conservation program goals.

U.S. Coast Guard Hearing Conservation Program History

The U.S. Coast Guard differs from the other four armed services in that
it is not ordinarily part of DoD. In times of peace it has operated as part of
the Departments of the Treasury (until 1967), Transportation (1967–2003),
and Homeland Security (since March 2003), but in times of war or at the
direction of the President, it serves under the Navy (U.S. Coast Guard,
1998). By the late 1960s and early 1970s, the Coast Guard hearing conser-
vation program included noise surveys as well as periodic audiometric
testing (McConnell, 2004). Regulatory guidance published in 1982 pro-
vided hearing conservation recommendations for commercial vessels in-
spected by the Coast Guard (U.S. Coast Guard, 1982). It described a pro-
gram similar to that of the other services, but noted the highly mobile
nature of the maritime industry and the resultant difficulties in maintaining
a program of audiometric testing and recordkeeping.

In the early 1990s, the Coast Guard instituted a program called the
Occupational Medical Monitoring Program, intended to facilitate docu-
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mentation and prevention of occupational hazards. Centrally managed from
Coast Guard headquarters, it was determined to be unsuccessful (McCon-
nell, 2004). In 1998, the Coast Guard established a new program called the
Occupational Medical Surveillance and Evaluation Program, a physical
examination program intended to monitor the health of personnel in jobs
designated as having high health risk potential as a result of exposure to
chemical or physical agents. The Coast Guard hearing conservation pro-
gram is one of 14 medical examination protocols in the Occupational
Medical Surveillance and Evaluation Program, which helps track audio-
gram appointments for enrollees to facilitate follow-up.

As with the military services described above, the Coast Guard hear-
ing conservation program requires identification of hazardous noise
sources, determination of personnel exposed, application of engineering
methods to abate noise, hearing protection and education for those
exposed to hazardous noise, and employee monitoring through annual
audiometric testing. U.S. Public Health Service officers and Coast Guard
line officers serve as Safety and Environmental Health Officers at Coast
Guard headquarters and in each of the nine Coast Guard districts. They
are responsible for carrying out the sound-level surveys and noise do-
simetry necessary to determine which vessels and other work sites neces-
sitate enrollment in the hearing conservation program. Audiometry and
other medical aspects of the hearing conservation program are carried
out by a different group within the directorate (personal communica-
tion, W. McConnell, U.S. Coast Guard, February 10, 2005, and Febru-
ary 23, 2005; McConnell, 2004, 2005). Criteria and guiding documents
for the Coast Guard hearing conservation program are shown in Table
5-1.

The Coast Guard does not yet formally participate in DOEHRS-HC.
DoD forms 2215 and 2216 or similar forms for recording baseline and
monitoring audiogram data are filed in an individual’s medical folder.

ASSESSING THE ADEQUACY OF HEARING
CONSERVATION PROGRAMS

Criteria for Evaluating Hearing Conservation Program Effectiveness

Although there is general consensus concerning the necessary compo-
nents of a hearing conservation program (several authors, cited by Royster
and Royster, 1990), there is less agreement regarding how to assess the
effectiveness of a program. Several approaches have been proposed, among
them the use of checklists to assess the presence of important program
components and the use of audiometric databases for population and crite-
ria comparisons.
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Checklists

Hearing conservation programs can be audited with checklists to deter-
mine whether all the necessary components are present. A variety of check-
lists have been developed (Royster and Royster, 1990; Suter and Franks,
1990; NIOSH, 1996, 2005), including one distributed for use by Army
hearing conservation program managers (U.S. Army Center for Health Pro-
motion and Preventive Medicine, 2005). The major limitation of this ap-
proach is that a checklist alone cannot evaluate the quality of the imple-
mentation of each component (Royster and Royster, 2000). Measures such
as the rate of compliance with requirements for annual audiograms are
indicators of program activities that are necessary, but not sufficient, for
effective programs. The Army found several hearing conservation programs
that rated highly on their checklist but nonetheless had high incidences of
STS (Byrne and Monk, 1993), and Navy researchers reported a similar
finding (Wolgemuth et al., 1995). For a program to succeed, it is essential
that the use of hearing protection devices be strictly enforced. Also consid-
ered necessary is a “key individual” who has overall responsibility for the
program, takes a sincere personal interest in its success, has the full support
of management, and has the dedication to motivate employees to be active
program participants (Royster and Royster, 1990). These features are diffi-
cult to evaluate from outside a program.

Audiometric Database Evaluations

The availability of databases with audiometric monitoring information
on the members of a hearing conservation program facilitates, but does not
simplify, the evaluation of the program. Dobie (1995) noted several meth-
odological challenges in studying the effectiveness of hearing conservation
programs with audiometric data, including the need to take into account
the effects of age, the typically slowing course of noise-induced hearing loss
(as noted in Chapter 2, most hearing loss associated with noise exposure is
observed in the first 10–15 years), and learning as individuals gain familiar-
ity with audiometric testing procedures (discussed in Royster and Royster,
2000).

An American National Standards Institute (ANSI) working group la-
bored for more than a decade to produce a standard on program evaluation
and examined more than a dozen proposals for using audiometric data to
evaluate hearing conservation program effectiveness. They published a draft
standard, but it obtained support sufficient for publication only as a Techni-
cal Report (S12.13 TR-2002) rather than as a full standard (Acoustical Soci-
ety of America, 2002). The procedures proposed by the ANSI Technical
Report use audiometric database analysis (ADBA) to evaluate hearing con-
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servation program effectiveness. With this approach, if the year-to-year and
year-to-baseline variability of audiometric data exceed certain criteria, the
data are deemed too variable to provide useful information regarding changes
in hearing thresholds and, therefore, are indicative of an ineffective hearing
conservation program. The approach relies on the analysis of audiometric
data for persons who have remained in the hearing conservation program
long enough to receive at least two annual audiograms.

A weakness seen in the ADBA approach is that the subsamples used for
the analyses are not randomly selected. The resulting selection bias may
lead to inaccurate assessment of a hearing conservation program because
those at high risk of hearing loss may be systematically excluded (Adera
et al., 1993, 1995). However, an alternative perspective is that nonrandom
selection of samples may help to target and evaluate suspected “worst-
case” exposures. In addition, poor agreement has been observed when
different ADBA procedures are applied to the same data (Adera et al.,
1995). Concerns have also been expressed over the derivation of the nu-
merical ranges for the criteria (Acoustical Society of America, 2002), the
potential for bias against audiometric data collected in 5-dB steps (Simpson
et al., 1993), and the inability to take into account preexisting hearing loss
in the populations evaluated (Simpson et al., 1998).

In recent years, several alternative methods for using audiometric data
to evaluate hearing conservation programs have been proposed. One uses
comparison of the rate of hearing loss (e.g., as indicated by incidence of
STS) in a hearing conservation program to that in an appropriate reference
population (Adera et al., 2000a), although this requires availability of the
reference population. Another method for hearing conservation program
evaluation is time trend analysis, which examines patterns of hearing loss
over time in multiple discrete cohorts within a larger database (Adera et al.,
2000b).

Use of the percentage of workers showing STS in a given time period to
evaluate the effectiveness of a hearing conservation program without refer-
ence to any comparison population has important limitations. Annual STS
rates of 3–6 percent (Morrill and Sterrett, 1981) or 5 percent have been
proposed (Franks et al., 1989; Simpson et al., 1994) as achievable by effec-
tive programs. However, the effects of variables such as age, sex, race, and
previous noise exposure history, as well as merely poor audiometry, may
play roles in STS rates, and these would not be taken into account (Melnick,
1984; NIOSH, 1996). Another important concern is that the variability
inherent in audiometry is itself sufficiently large to make detection of STS in
a noise-exposed population very unlikely (Hetu et al., 1990). Because of the
shortcomings inherent in each of the approaches proposed, no standard
procedure for evaluating hearing conservation program effectiveness has
yet been recognized.
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ASSESSING THE ADEQUACY OF HEARING CONSERVATION
PROGRAMS IN THE MILITARY

The committee interpreted its charge to “identify when hearing conser-
vation measures were adequate to protect the hearing of service members”
as evaluating the effectiveness of these programs over time. This task poses
considerable challenges in the absence of a simple or universally accepted
means for evaluating hearing conservation programs, as described above.
In addition, it requires evaluation of not just a single program at one point
in time, but evaluation of several different programs of the military services
as they have changed since World War II.

It is important to note that effectiveness or adequacy of the program is
not simply a matter of process: implementing a program as required. In-
stead, it is contingent on outcomes—whether the program is producing the
desired results. Royster and Royster (1990, p. 341) provided one definition
of effectiveness:

An effective hearing conservation program provides the noise-exposed pop-
ulation protection from on-the-job noise exposures such that changes in its
hearing threshold levels over time are not significantly different from those
found in a properly matched control population (a nonindustrial noise-
exposed population, or NINEP, exhibiting all of the relevant population
characteristics and hearing hazards except for on-the job noise exposure).

Chapter 3 presented some of the data available to the committee to
examine changes in hearing thresholds in a few samples of different military
service populations over decades from the 1970s to the 1990s, albeit with
limitations in the availability of appropriate reference populations. It is diffi-
cult to determine the extent to which service members have experienced
hearing loss, even for the period since audiometric testing has been required.

In this section the committee reviews additional evidence pertaining to
aspects of the process, rather than the outcomes, of military hearing conserva-
tion programs since World War II. The committee was unable to carry out an
audit of the countless sites at which military hearing conservation programs are
implemented; instead it relied on information regarding hearing protection and
audiometric monitoring from the published literature and from information,
such as that from DOEHRS-HC, provided to the committee by the services.
The information available to the committee regarding these features is incom-
plete but, taken together, may provide some indication of the adequacy of the
services’ hearing conservation programs over time.

Noise Control

Hazardous noise exposures may occur in various military settings, in-
cluding industrial-type workplaces (aircraft refurbishing, shipbuilding), as
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well as military-unique environments, such as combat. Although complete
control of hazardous noise in combat is clearly impossible, there are many
circumstances in which limiting or reducing hazardous noise at its source is
possible. Indeed, the Department of Defense Design Criteria Standard (MIL-
STD-1474D), first issued in 1973, emphasizes the importance of incorpo-
rating noise control considerations into the design and purchase require-
ments for military materiel (DoD, 1997). However, as noted in Chapter 3,
DoD regulations give priority to maintaining combat readiness and permit
tradeoffs between noise reduction and weight, speed, cost, or other factors
crucial to the effectiveness of the equipment (DoD, 2004b).

Noise control efforts can range from elaborate engineering measures,
to routine maintenance, to isolation of noise sources with insulation. In
current operations in Iraq, simple barriers such as sandbags are used where
possible to muffle noise from generators or other loud equipment (Chan-
dler, 2004).

In the Navy, silencing technology has been applied in the successive
redesign of surface combatant vessels and submarines over the years to
provide up to 30 dB reductions in noise levels (Yankaskas and Shaw, 1999;
Yankaskas, 2004). In contrast, similar improvements possible on aircraft
carriers have not yet been carried out. The 30-year-old carrier design per-
mits intermittent high levels of noise in libraries, passageways, and sleeping
berths as well as the high levels measured on flight decks (Yankaskas and
Shaw, 1999; Yankaskas, 2004).

Hearing Protection

Control of hazardous noise at its source in military settings is fre-
quently not possible, so that hearing protection, either through administra-
tive controls (e.g., limiting the time a person can spend in hazardous noise)
or with protective devices, has been of vital importance. However, admin-
istrative controls are difficult to implement in the military, especially in
training and on the battlefield, where operational time frames do not ad-
here to typical workdays. As a result, protection from hearing loss in the
military has essentially equated to issuing hearing protection devices.

Recognition of the need for hearing protection has evolved consider-
ably over the past 60 years, as has the quality and effectiveness of the
available equipment. Although hearing protection devices were available
prior to 1940 (Acton, 1987; Moritz and Bruce, 1994), utilization was
essentially nonexistent throughout World War II. A substantial research
effort to devise a suitable hearing protection device concluded in 1945 with
the development of the Ear Warden V-51R (Shaw and Veneklasen, 1945),
a design used by the military through the 1990s. Shaw and Veneklasen
(1945) observed that a common form of hearing protection in use by the
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military during the 1940s was cotton or cotton waste, as also documented
by Walpole (1943). Unfortunately, such air-permeable material was inad-
equate as a noise attenuator. In fact, according to an early Air Force regu-
lation, even the devices available by 1949 (three-sized V-51R, cotton plugs
moistened in petroleum jelly or paraffin, and dental acrylic custom ear-
molds) were “effective only against minimal exposure” (Department of the
Air Force, 1949).

The years since World War II have seen some marked improvements in
hearing protection. Resilient materials needed as interfaces with the flesh
around the ear or in the ear canal were improved in comfort, durability,
and dynamic characteristics. An important advancement in earplug tech-
nology was introduced in the 1970s—the roll-down slow-recovery foam
earplug, which has become a predominant form of hearing protection for
both military and industrial users worldwide. In a one-sized product, it
offered increased levels of protection, as well as comfort, for most users
(Camp et al., 1972; Bailey and Walker, 1979; Shaw, 1979; Schleifer et al.,
1984). Another technological development was the introduction of active
noise reduction systems into tanker helmets in the 1980s and into Air Force
flight helmets in the 1990s. These systems served to attenuate low-frequency
noise and thereby enhanced communications (McKinley and Nixon, 1993;
Anderson and Garinther, 1997; Mozo and Murphy, 1997). Other elec-
tronic products for communication also appeared, though in some high-
noise environments, such as the flight decks of aircraft carriers, the same
hearing protection (“cranial earmuffs”) and communication technology
that was used in the 1950s is still in use today (personal communication, J.
Page, Naval Environmental Health Center, March, 2005). Developments in
hearing protection from World War II to the present are broadly summa-
rized in Table 5-2.

Although gains have been made in the potential noise reduction of
hearing protection devices in the past 60 years, the achievable attenuation
values have not changed substantially since the 1970s. Table 5-3 summa-
rizes the potential noise reduction provided by the hearing protection de-
vices in current use. Ranges of attenuation are provided because, even in a
laboratory setting, performance is highly dependent on the use and fit of the
devices. The ranges also allow for the variation in performance between
different brands of the same type of device. The use of earplugs together
with earmuffs, called dual protection, provides maximum protection. For
well-fitted devices, the average attenuation for dual-protection systems is as
much as 40–50 dB at frequencies up to 1000 Hz and can be even greater at
frequencies at and above 2000 Hz. The amounts of protection that can be
provided are adequate in all but the most severe military exposures, such as
carrier flight decks.
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Regardless of the data measured in the laboratory, it has become clear
that the “real-world” performance of devices is quite different as a result of
fit and other factors, such as motivation, training, supervision, and enforce-
ment (Berger et al., 1996; Berger, 2000a). A summary chart of noise reduc-
tion ratings versus real-world attenuation is presented in Figure 5-2. The
data were drawn from 22 field studies, including 1 conducted in a military
setting (Smoorenburg et al., 1986).

Even more important than the difference between potential attenuation
and the real-world performance of hearing protection devices in the field,
however, is the impact of wearing the devices at all. The percentage of time
a hearing protection device is used in a noisy environment has a much
greater effect on hearing protection than even changes of 5 or 10 dB in the
amount of noise reduction the devices provide when assessed in a labora-
tory. A recent study highlights this issue. Neitzel and Seixas (2005) mea-
sured the attenuation of the hearing protection devices in use and also
developed verified estimates of actual wearing time. For devices with ap-
proximately 20 dB of real-world attenuation, the effective protection, tak-
ing into account wearing time, was less than 3 dB. Although the environ-
ment they studied was construction, it is likely that many of the same
factors apply to the military setting.

In intensive military operations, such as training and combat, the moti-
vation to wear hearing protection may be further limited by concerns that
hearing protection devices may jeopardize the wearer’s safety. Safety could
be compromised when using hearing protection devices by impairing com-
munication or causing service members to miss vital auditory warning
signals (sounds of enemy troops, ordnance, and the environment).

In a 1975 survey of 3,000 enlisted men from U.S. Army infantry,
armor, and artillery branches, 64 percent reported that they routinely
used hearing protection, while 90 percent reported that hearing protective
devices were readily available to them (Walden et al., 1975). Nearly half
of the soldiers reported that they disliked wearing hearing protection. A
smaller study observed only 14 of 34 (41 percent) Army drill instructors
using hearing protection on a given day (Loeb et al., 1973). A study of
submariners, submarine force workers, and support personnel in the early
1980s found that more than 50 percent of personnel surveyed who worked
in noisy environments reported never using hearing protection, with offi-
cers less likely to report use of hearing protection (Gwin and Lacroix,
1985). More recently, a study on the use of hearing protection devices in
one of the most hazardous noise environments in any industrial or mili-
tary setting, the aircraft carrier flight deck (where noise levels routinely
exceed 140 dBA), found that 47 percent of those surveyed reported never
wearing double hearing protection even though they were working in
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mandatory dual-protection environments (Bjorn et al., 2004a). A separate
study reported that while all flight deck personnel wear headgear (“cra-
nials”) with earmuffs rated at 23 dB, only 1 of the 22 individuals in the
study wore dual hearing protection (Rovig et al., 2004).

The evidence, described above, of limited use of hearing protection among
personnel in U.S. military units is consistent with findings from studies in
other military and industrial work situations. A review of 67 studies pub-
lished between 1981 and 1999 and providing data on usage of hearing
protection devices frequently found that fewer than 50 percent of those who
should have been wearing protection reported doing so (Berger, 2000b). Five
studies reported on usage of hearing protection in military units from Canada,
the United Kingdom, and Israel. From 0 to 42 percent of personnel in these
units reported usually wearing hearing protection all the time in combat
situations, and from 63 to 89 percent wore it all the time in other settings.

Despite continuing challenges in motivating service members to use
hearing protection devices, there is some indication of an emerging willing-
ness among service members to use hearing protectors (Ohlin, 2005d). This
is at least in part due to two new and unrelated military initiatives: an
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extensive effort to solve the extreme noise-exposure problem on aircraft
carrier flight decks (Bjorn et al., 2004b), and the introduction of a new type
of level-dependent earplug, called the Combat-Arms™ earplug. The ear-
plug provides the ability to hear low-level sounds with less distortion or
interference from attenuation than with traditional passive hearing pro-
tection devices, while affording protection from blasts and weapons fire
(Dancer et al., 1999; U.S. Army Center for Health Promotion and Preven-
tive Medicine, 2004d). Despite these developments, in the coming years it
remains likely that the effective use of hearing protectors by service mem-
bers in combat and other intensive operational settings will be less than that
in noncombat and support operations.

FINDING: Compliance with requirements for use of hearing protec-
tion devices is crucial for an effective hearing conservation program. There
is limited or suggestive evidence to conclude that use of hearing protection
devices and the level of real-world hearing protection these devices provide
have been and remain not adequate in military hearing conservation pro-
grams. However, the studies conducted in U.S. military personnel are gen-
erally consistent with studies from other settings that provide additional
evidence that the use and real-world protection of hearing protection de-
vices are not adequate.

Audiometric Monitoring

Audiometric monitoring provides some of the most useful information
about the effectiveness of hearing conservation programs and for making
changes as needed to improve hearing protection. This section reviews the
chronology of the availability and use of audiometry, the requirements for
entrance and termination audiograms among the military services, and the
information available from recent audiometric monitoring as reported
through HEARS and DOEHRS-HC.

Whispered Voice Test

Some patients at the military aural rehabilitation facilities established
in the late 1940s were not combat casualties, but members of the military
accepted for military service with undetected hearing loss (Bergman, 2002).
Although audiometers were available at the time, this measurement equip-
ment was not used at the induction centers responsible for the initial pro-
cessing of personnel. Instead, a conversational speech test or the “whis-
pered voice test” was used to evaluate the hearing ability of recruits. These
tests measured the distance at which an individual understood speech at
levels that could be understood from 15 or 20 feet away by people with
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normal hearing (Nixon, 1998). Normal hearing was thus represented by
notations such as “15/15” or “20/20.” Military applicants were required to
have hearing, as measured by the whispered voice test, of 8/15 or better in
each ear (Department of Veterans Affairs, 2004). Results of whispered
voice tests are extremely variable between testers (Lee, 1998), and early
testing environments within the military settings were not likely to be con-
trolled (Bergman, 2002). Without accurate measures of hearing thresholds,
some people inducted into the military with hearing loss were classified as
normal-hearing individuals. Estimates from two of the military aural reha-
bilitation centers established in the 1940s suggest 40–65 percent of patients
seen had hearing losses predating their military service (Bergman, 2002).

Requirements for Audiograms

During the 1950s and 1960s, measurement of pure-tone thresholds
using audiometers became more widespread. In 1956, the Air Force man-
dated audiometric testing as part of its hearing conservation program, as
well as to establish hearing thresholds for all individuals entering Air Force
service as part of their routine physical examination (Department of the Air
Force, 1956). However, the Air Force’s regulations of 1973 and 1982 did
not reiterate the requirement for an audiogram immediately upon entrance
into service (Department of the Air Force, 1973, 1982). Instead, the 1982
regulation states that the standard procedure in the Air Force is to obtain
reference audiograms within 30 days after assignment at the first perma-
nent duty station (Department of the Air Force, 1982). In 1960, the whis-
pered voice test was replaced by pure-tone audiometry at recruit screening
centers (Department of Veterans Affairs, 2004). In 1980, the Army pub-
lished a policy requiring that a reference audiogram be made a part of the
preplacement or entrance physical examination (Department of the Army,
1980), and in 1979, the Navy required that all military personnel receive a
reference audiogram upon entry into naval service (Department of the Navy,
1979). DoD did not issue a requirement for reference audiograms at basic
training prior to noise exposure until 1996 (DoD, 1996).

Despite these requirements, to date, not all service members are adminis-
tered a reference audiogram upon entrance. In the Army, Fort Sill is the only
basic training site conducting universal audiometric examinations during
inprocessing (AMSARA, 2002). In the Air Force, baseline audiometric ex-
aminations may frequently be administered after basic training, now more
than 6 weeks in duration (Pluta, 2004, 2005a). All of the services stipulate
that the audiograms used as a screening tool to establish fitness for military
service (most collected at the Military Entrance Processing Stations) are not
acceptable as reference audiograms (Department of the Air Force, 1982;
Department of the Navy, 1979, 1984). This stems from the varying periods
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of time (up to 18 months) between the military entrance processing examina-
tions and accession to the military as well as concerns about the reliability of
these evaluations (Chandler et al., 1986; Niebuhr et al., 2000; Department of
Veterans Affairs, 2004). Screening audiograms at military entrance process-
ing stations require manual transcription, allow for variable intervals be-
tween calibration, and do not require technician certification or a defined
quiet period before the examination (Niebuhr, 2003).

The Air Force was the first service with a requirement that all military
and civilian personnel receive an audiometric examination as part of their
routine physical examination when they end their Air Force service (Depart-
ment of the Air Force, 1956). The 1973 and 1982 Air Force regulation
updates (Department of the Air Force, 1973, 1982) stated that all personnel
whose duties caused them to be routinely exposed to hazardous noise must
receive a final audiometric examination within 90 days before the last day of
active duty, but they did not specify that all personnel were to receive audio-
grams at separation from service. In 1980, the Army (Department of the
Army, 1980) and in 1979 the Navy and Marine Corps (Department of
the Navy, 1979) required hearing tests upon termination of service. In the
Coast Guard, termination physical exams included audiograms starting in
the early 1990s (McConnell, 2005). However, physical exams are not gener-
ally required by the services upon separation unless the last exam or medical
assessment is no longer considered current (except for retiring Army service
members) (GAO, 2004). Service members may waive the hearing test, how-
ever, and many do so rather than face delays in returning home.

Compliance with Requirements for Annual Audiograms

The committee reviewed data regarding compliance with the require-
ment for annual audiograms for those enrolled in hearing conserva-
tion programs. Data were available for the Army from the HEARS and
DOEHRS-HC databases for 1989–2003. Air Force data were available
only from DOEHRS-HC for 2000–2003. As noted earlier, the DOEHRS
system is designed to collect, maintain, compare, and report hearing conser-
vation data within all branches of the DoD. Since its introduction in 1999,
the system has experienced repeated changes in contractors, as well as
considerable turnover in the audiometric technicians who administer au-
diograms (Ohlin, 2004a) and several other infrastructure and training prob-
lems (Frost, 2004).

Data furnished to the committee on compliance for the Army and the
Air Force are plotted in Figure 5-3. Clear peaks and valleys in the data from
the Army may, in part, reflect administrative changes in the database. In
1991, for example, a change from reporting the numbers of service mem-
bers enrolled in the hearing conservation program by medical region to
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reporting by individual sites led to a large increase in the number of records
reported. In 1998, the Army transitioned its HEARS system to DOEHRS-
HC and some of the HEARS data were not available to the new system
(Ohlin, 2004b). The denominators (numbers of personnel reported as noise
exposed) are often estimates based on unit strengths at the larger installa-
tions. Numerators are based on the hearing tests received at the data reposi-
tory. Compliance can be higher than the reported figures if data from all
hearing tests are not received or can be artificially inflated if personnel are
tested who are not reported as noise exposed (Ohlin, 2005a). Although
there are fluctuations in the Army data from 1988 through 2003, average
compliance is estimated to be 45 percent over this period. Since 2000,
compliance for the Air Force is approximately 55 percent. Thus, half of the

FIGURE 5-3 Percentage of Army and Air Force service members enrolled in hear-
ing conservation programs who received annual audiograms, according to the Army
Hearing Evaluation Automated Registry System (HEARS) (1989–1998) and the
Defense Occupational and Environmental Health Readiness System–Hearing Con-
servation (DOEHRS-HC) (1999–2003) data repositories.
SOURCES: Air Force Hearing Conservation Registry (2004a); U.S. Army Center
for Health Promotion and Preventive Medicine (2004b).
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service members who should have annual audiograms are either not being
tested or the test results are not being entered into the database. In either
case, missing data are serious obstacles to implementing effective hearing
conservation programs.

While the Navy participates in DOEHRS-HC, it has not attempted to
produce data on compliance with audiometric testing requirements (Page,
2004b). However, Wolgemuth and colleagues (1995) provided some data on
compliance for 154 vessels of the U.S. Atlantic Fleet for 1987–1990. A
sample of 12,492 audiometric records from the Navy’s hearing conservation
program, representing sampling rates from 20 to 100 percent per vessel,
indicated an average compliance rate for annual audiograms of 81 percent
reported across vessels (range: 40–100 percent). Compliance figures were not
reported by ship type, so the percentage of personnel represented was not
clear. Compliance data were not available for the Coast Guard.

FINDING: Results of annual audiograms are available for approxi-
mately half of military service members in hearing conservation programs
reporting compliance with testing requirements during the period 1988–
2003. Incomplete reporting, lack of compliance with requirements for an-
nual audiograms, or both, severely limit the usefulness of the centralized
database and the conclusions that can be drawn from it regarding hearing
conservation program effectiveness.

Variability in Military Audiometric Databases

As noted earlier in the chapter, data from reference, periodic, and
termination audiograms constitute audiometric databases that can be used
to evaluate hearing conservation programs. Thomas (1995) analyzed the
Air Force audiometric database, using the ANSI draft standard ADBA pro-
tocol (S12.13 1991) to evaluate hearing conservation program effectiveness
on the basis of audiometric variability. Under the proposed ANSI criteria,
the Air Force hearing conservation program qualified as “unacceptable to
marginal.” The undesirable levels of variability in the Air Force data may
result from normal fluctuations in the responsiveness of individuals, incon-
sistencies in equipment calibration or testing methods, or actual threshold
changes resulting from temporary or permanent hearing loss (Thomas,
1995).

Because methods of audiometric database analysis are best suited for
analysis of consecutive audiograms in a stable population with a consistent
set of audiometers (Royster and Royster, 2000), a military hearing conser-
vation program may rate poorly using this metric. Service members are
typically very mobile—moving from assignment to assignment within the
military and then leaving the military within about 4 years (GAO, 1998).
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Thus, consecutive annual audiograms are frequently administered in differ-
ent locations using different audiometers.

Measures of Significant Threshold Shift and Permanent Threshold Shift

Definitions of STS Definitions of STS have changed in the military ser-
vices over the years, as summarized in Table 5-4. In 2004 (or as the ser-
vices implemented DOEHRS-HC software distributed in 2004), all services
used a definition of STS consistent with that of OSHA (Ohlin, 2005b).
OSHA (1983) defines an STS as a change of 10 dB or more in the average
pure-tone thresholds at 2000, 3000, and 4000 Hz in either ear compared
with the baseline audiogram.

Royster (1992, 1996), Schulz (1994), and Dobie (2005) have analyzed
the impact of different definitions of STS on the sensitivity and specificity of
the measure. With increasing sensitivity, more hearing conservation program
participants are identified as experiencing an STS, and with increasing speci-
ficity, fewer participants are unnecessarily designated as warranting follow-
up action. Tradeoffs are necessary between the two. Definitions of STS are
policy decisions requiring considerations of hearing loss prevention and the
costs of follow-up tests, counseling, referrals, and potential job changes.

STS and PTS in Military Hearing Conservation Programs Chapter 3 re-
viewed the percentages of STS and permanent threshold shift (PTS) in the
personnel enrolled in the military services’ hearing conservation programs
over recent years. In those data, a PTS is defined as an STS that is either (1)
confirmed upon retest following at least 40 hours of quiet or (2) not re-
solved through follow-up testing. When the threshold shift is designated as
a PTS (either through confirmation or lack of follow-up), the newest thresh-
olds should, but may not always, become the baseline audiogram for fu-
ture comparisons. As a result, PTS percentages may be artificially high
from either a lack of follow-up testing or a failure to establish a new
baseline following a previous PTS.

As shown in Figure 5-4, at 7–8 percent, the reported annual percent-
ages of Air Force hearing conservation program enrollees with PTS for the
period 1989–2004 are the lowest levels reported across the services. Rates
for that period for the Army, Navy, and Marine Corps are approximately
15 percent. It is important to note, however, that these figures are based on
data representing only about half of the enrollees in the hearing conserva-
tion programs. If this were a random sample of enrollees, it would be more
than adequate for the evaluation of the programs. This is not the case,
however, and the types of bias that might be introduced by unknown
selection factors limit the utility of these data for the evaluation of the
military’s hearing conservation programs.
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PTS and STS values for each service are of interest, but far more useful
for intervention and improvement are STS and PTS values reported by
installation or by military occupational code, which permit a more focused
assessment of subpopulations at greatest continuing risk. A review of data
for 1991 from the Air Force hearing conservation data registry reported
PTS rates of 1 percent and STS rates of 4 percent among pilots (Department
of the Air Force, 1992). Among aerospace maintenance workers, 2 percent
were reported to have a PTS and 4 percent an STS. Cases of PTS and STS
were also reported among other personnel, such as those with financial and
paralegal occupational specialties. Davis (1994) assessed the risk of PTS in
the Air Force by Air Force Skill Code in 1992. The crude overall risk of PTS
among those in the hearing conservation program was 2 percent, with risks
ranging from 0 percent to 11 percent across skill codes for military and
civilian participants combined.

FIGURE 5-4 Percentage of personnel receiving audiometric tests who were identi-
fied as showing positive significant threshold shifts (STSs) and permanent threshold
shifts (PTSs) (worse hearing) as reported by DOEHRS-HC for the Army, Air Force,
Navy, and Marine Corps for 1982–2004. During this time the definition of STS
changed, as detailed in Table 5-4.
SOURCES: Air Force Hearing Conservation Registry (2004b); Navy Environmen-
tal Health Center (2004a); U.S. Army Center for Health Promotion and Preventive
Medicine (2004c).
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A series of studies carried out in the mid-1990s assessed hearing thresh-
olds among Navy personnel, as reviewed in Chapter 3. The studies docu-
mented continuing STS, not just among engineering and aviation personnel,
but also in administrative and supply occupational categories where it would
not be anticipated (Wolgemuth et al., 1995; Page et al., 2002).

In sum, the information available from audiometric monitoring carried
out by the military services provides a complex picture of their hearing
conservation programs. Most prominent, however, is the handicap posed
by the poor compliance with requirements for reporting periodic audiomet-
ric data to a central repository, limiting the usefulness of the data registry as
a surveillance and evaluation tool.

Program Evaluation

No single approach has been taken for program evaluation by the mili-
tary services’ hearing conservation programs. Except for the Air Force, a
variety of ad hoc efforts to evaluate the effectiveness of the hearing conserva-
tion programs have been made (as drawn upon in Chapter 3 and above). Air
Force regulations require annual reports concerning the overall state of the
hearing conservation program (Department of the Air Force, 1991). Such
reporting began in the mid-1970s, continued intermittently into the mid-
1990s, and has recently resumed (Department of the Air Force, 1974, 1980,
1992, 1993, 1995; Meyer and Wirth, 1993; Pluta, 2003, 2005b).

Army regulations require reporting of effectiveness indicators at the
installation level (Department of the Army, 1998). Data on cases of STS
were reported for several years during the 1990s, but such data were
unavailable from 1998 through late 2002 because of limitations in the
reporting capability of DOEHRS-HC. Overall statistics for compliance with
monitoring requirements, hearing profiles, and positive and negative STS
cases are reported on the Army’s hearing conservation program website,
but no periodic servicewide evaluation is currently undertaken (Ohlin
2005c). However, the U.S. Army Center for Health Promotion and Preven-
tive Medicine provides a program evaluation checklist for use throughout
the Army (Ohlin, 1999; U.S. Army Center for Health Promotion and
Preventive Medicine, 2005). In the Navy regulations, annual program per-
formance evaluations are to be carried out at the local level but are not
required or carried out servicewide (Navy Environmental Health Center,
2004b). According to DoD policy, components are to evaluate the effective-
ness of their hearing conservation programs annually based on the preva-
lence of STS and the percentage of compliance with requirements for annual
audiograms (DoD, 2004b).

Since the services’ hearing conservation programs were introduced,
individuals and groups with a particular commitment to hearing health
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have worked hard to draw attention to problems and challenges and to
evaluate and improve the programs. The committee heard presentations
from, and reviewed reports by, people who demonstrated a commitment to
the assessment and improvement of their service’s hearing conservation
program. They are using the tools available to them (e.g., DOEHRS-HC,
surveys, specific self-audit software, and epidemiological studies) to assess
the effectiveness of their programs. DOEHRS-HC appears to have as yet
unrealized potential to improve evaluation of the hearing conservation pro-
grams. Reported compliance with requirements for annual audiograms is
low, limiting the data available for review and analysis, and reporting
functions of the system are limited.

Conclusions About Program Adequacy

The effectiveness of the military hearing conservation programs is diffi-
cult to evaluate because of the disjointed and limited information available.
The military services must contend with substantial challenges beyond their
control, including the mobility and high turnover of their workforce and
most significantly, the extreme and frequently unpredictable exposure to
hazardous noise in combat.

Several important aspects of the hearing conservation programs, how-
ever, are largely within the discretion of DoD and the military services.
These include the degree of funding; number of staff; extent of training;
command emphasis on the importance of hearing protection; implementa-
tion of noise controls; degree of compliance with requirements for entrance,
periodic, and termination audiograms; and reporting of audiometric data
to a central repository. Although the committee was not able to systemati-
cally review each of these categories, the available information, taken to-
gether, is sufficient to conclude that the services’ hearing conservation pro-
grams have been and remain inadequate to protect the hearing of service
members. This does not suggest that there are not strong and effective
efforts at local levels within the services, or even in leadership roles, but that
the sum of these efforts is not yet sufficient.

FINDING: The evidence reviewed by the committee—including in-
formation on the effectiveness of available hearing protection devices and
indicators regarding use of hearing protection, the completeness of audio-
metric monitoring, and compliance with requirements for entrance and
separation audiograms—was sufficient to conclude that hearing conserva-
tion programs in the military are currently not adequate to protect the
hearing of military service members, and have not been adequate for the
period since World War II. This has important human health, personnel
readiness, and financial implications.
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Reports of Audiometric Testing
in Service Medical Records of

Military Veterans

One of the tasks for this study was to review the service medical
records of military veterans to examine the compliance by the
military services with regulations requiring audiograms. This chap-

ter describes and presents results from the study to evaluate service medical
records for the presence of audiograms performed when service members
entered and left active duty (referred to here as entrance and separation
audiograms). The Army, Navy, and Marine Corps have required such test-
ing for all service members since at least the early 1980s, but some audio-
metric testing was being done in all of the services as early as the 1940s.

The specific language of the Statement of Task called for records to be
“examined for regulatory compliance regarding audiometric surveillance
(including reference, periodic, and termination audiograms).” Service mem-
bers enrolled in a hearing conservation program are to receive “reference,
periodic, and termination” audiograms at the beginning, annually, and at
the end of their enrollment in the program. As noted in Chapter 5, only
service members who meet certain noise-exposure criteria are placed in a
hearing conservation program (see Table 5-1).

As framed, the stated task presented two problems. First, the hearing
conservation programs of the Army, Navy, and Marine Corps did not have
mandatory testing until the late 1970s and 1980. As a result, there is no
basis for “compliance” with testing requirements for the period from World
War II through the 1970s. Second, the services do not have central registries
of personnel enrolled in their hearing conservation programs. As a result, it
was not feasible to draw study samples limited to personnel who had
participated in those programs.
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The study that was conducted was based on data from service medical
records of individuals who had served in the military, without regard to
their enrollment in a hearing conservation program. In the committee’s
view, this was a more appropriate basis for the study than considering only
personnel who had been enrolled in hearing conservation programs. As has
been noted throughout this report, it is critical that measures of hearing and
tinnitus be obtained at entry and exit from military service for all personnel
in order to document any changes in hearing or tinnitus that occur during
military service. Although participants in hearing conservation programs
may be exposed to known noise hazards, other military personnel may also
be exposed to hazardous noise. Moreover, the Department of Veterans
Affairs (VA) must consider claims regarding hearing loss or tinnitus from
veterans, regardless of their enrollment in a service’s hearing conservation
program. The majority of veterans receiving compensation for hearing loss
at the end of 2004, for example, served in the military before the wide-
spread implementation of hearing conservation programs in the late 1970s
(Department of Veterans Affairs, 2005).

As conducted, this study assessed the extent to which audiometric test
results were present in the medical records of 3,570 randomly selected
service members who had separated from military service during one of
five eras spanning the period from World War II to 2002. These records
were reviewed, and the dates of all reports of audiometric tests were
abstracted. The information on these tests was used to assess the propor-
tion of service members who received audiometric tests at the beginning
and the end of their military service. The study was to have included a
review of records for Coast Guard personnel, but the Coast Guard did not
grant the Institute of Medicine permission to have access to Coast Guard
service medical records. Therefore, Coast Guard records were not in-
cluded in this study.

The study protocol was approved by the Institutional Review Board of
the National Academies.

STUDY METHODS

Selection of Study Sample

Individual service medical records were selected for use in the study in
the following manner. Random samples of service member identifiers were
selected from listings of service members (referred to as rosters) available to
the Medical Follow-up Agency (MFUA) of the Institute of Medicine. These
rosters span the period from World War II to 2002. Five service eras were
defined: 1940 to 1949, 1950 to 1969, 1970 to the year hearing conserva-
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tion program regulations were implemented,1 the year hearing conservation
program regulations were implemented to 1993, and 1994 to 2002. Lists of
service members were generated from the available rosters for each branch
of service (Army, Navy, Air Force, Marine Corps) and for each of the five
service eras used. Records were assigned to one of the five service eras based
on the service member’s date of separation from service (release from active
duty). Additional detail about the sampling frames for these service eras is
provided in Box 6-1.

Sample-size targets were set at 100 records for each service and era
prior to 1970, and 200 records for each service and era after 1970. These
targets were established based on a priori estimates of the percentages of
files with audiograms and the degree of confidence sought in those num-
bers. On the basis of MFUA experience in obtaining service medical records,
rosters were oversampled for each service branch–service era category to
take into account files that were missing or otherwise unavailable. To reach
the overall target of 3,200 records, 6,218 records were requested. When the
desired sample size for a branch of service and service era had been met or
exceeded, record review for that time period was discontinued and any
remaining files were returned without review.

Record Access and Data Abstraction

It was possible for the service medical records that were sought for the
study to be located at the National Personnel Records Center (NPRC) in St.
Louis, Missouri, the VA Regional Management Center in St. Louis, or VA
regional offices across the country (see Box 6-2). Lists of service members
selected for the study were matched against VA’s Beneficiary Identification
and Records Locator Subsystem (BIRLS) to ascertain the location of the
records. Records were requested from the appropriate source. Records held
by VA regional offices were mailed to the National Research Council office
at the VA Regional Office in Washington, D.C., where they were abstracted
under the supervision of MFUA staff. Records stored in St. Louis, at either
the VA Regional Management Center or NPRC, were abstracted on-site
under the supervision of MFUA staff.

Presence in the service medical record of any of the following forms
was noted and recorded: report of medical examination (SF 88, DD Form
2808); medical history (SF 89, DD Form 2807); reference audiogram (AF
1491, DD Form 2215); or monitoring or termination audiogram (AF 1490,

1Hearing conservation programs were implemented in 1980 by the Army and in 1979 by
the Navy and Marine Corps (for the purposes of this study, however, 1983 was used as the
year of regulation for the Navy and Marine Corps). The Air Force updated its hearing conser-
vation program requirements in 1982.
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BOX 6-1
Sampling Frames for Service Eras

No single comprehensive list exists of persons who served in the Armed Forces
during the period from World War II to 2002, or of service members for whom a
service medical record is available. Several different representative listings of ser-
vice members were used to span this time period:

World War II through 1949: Medical Follow-up Agency’s (MFUA) World War II
database (Roster #500) is derived from 1 percent or 2 percent samples of National
Service Life Insurance policyholders. This insurance program for service mem-
bers and veterans issued roughly 22 million policies from October 1940 through
April 1951, and most of the participants served during World War II. Because
Roster #500 differs from the other listings in that it is not based on year of separa-
tion from military service, the potential existed for persons selected from this roster
to also be selected from one of the other listings. The records selected from Roster
#500 were reviewed to identify any duplication, and none was found. Where avail-
able, entrance and separation dates for service members identified through this
roster were ascertained using dates provided through the Beneficiary Identifica-
tion and Records Locator Subsystem (BIRLS).

1950 through 1969: Two MFUA rosters were used to span the time period
from 1950 through 1969. Roster #552 is a 0.1 percent sample of Armed Forces
separations and spans separation years from 1950 to 1959 for some of the ser-
vices, but it is most useful for the period 1950–1954. Roster #588 is a 1 percent
sample of Armed Forces separations from 1955 through 1969.

1970 through 2002: The Defense Manpower Data Center (DMDC) of the De-
partment of Defense maintains a computerized database of service records cover-
ing the period from the early 1970s to the present. DMDC has provided MFUA with
a 1 percent sample of all the separations in its database. This listing provided
sampling frames for the time periods “1970 through year of regulation,” “year of
regulation through 1993,” and “1994 through 2002.”

BOX 6-2
Storage of Service Medical Records

Service medical records are either stored by the services at the National Per-
sonnel Records Center (NPRC) in St. Louis, Missouri, or held by the Department
of Veterans Affairs (VA). For individuals who left military service before approxi-
mately 1994, VA has custody in one of its regional offices of those service medi-
cal records that have been used in support of a medical claim. Service medical
records of those who left military service before 1994, but have not filed medi-
cal claims, are stored at NPRC. VA holds the service medical records of all service
members who separated from military service since 1994, either at the VA Re-
gional Management Center in St. Louis or at VA sites across the country, where
they are in use in conjunction with claims.
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DD Form 2216). From these forms, information was recorded about the
date, duty occupation code, presence/absence of numerical data from an
audiogram, type of audiometer, type of hearing protection issued/used,
purpose of or reason for the test, and the presence/absence of a significant
threshold shift (STS). Numerical reports of hearing thresholds were not
abstracted.

Table 6-1 shows the number of medical records reviewed for each
service and time period. As can be seen, except for the Air Force for the two
earliest eras, sample sizes were at least 90 percent of the targeted size and,
most often, exceeded the targets. The fact that the Air Force was established
as a separate service only in 1947 may have influenced the availability of
Air Force records for the earliest era.

RESULTS

Presence of Any Audiograms

Overall, 82 percent (95% CI 80–83 percent) of the records reviewed
contained the report of at least one audiometric test.2 As shown in Table 6-2,
the percentage of records containing audiometric data was lowest for those
who separated from service in the earliest time periods. The Air Force was an
early leader in audiometric testing. By the 1970s, however, at least 93 per-
cent, and typically 98–100 percent, of the medical records sampled from each
of the services had at least one audiogram.

Presence of Entrance Audiograms

Table 6-3 shows the percentages of service medical records with au-
diograms obtained within 60 days before or after the service member’s
entrance into active duty. The committee decided on ±60 days as a rea-
sonable, but arbitrary, window. Using this window reflects the commit-
tee’s recognition that not all audiograms will have been obtained for all
personnel exactly on the dates of entry into and separation from the
military while still being in reasonably close proximity to the dates of
entry and separation. There is no question that the duration of this time
window will have an impact on the percentage of service medical records
considered to contain entry and separation audiograms. The wider the
window, the higher the resulting percentages are. The maximum possible

2Counts and frequencies were tabulated using Microsoft Access and Statistical Applications
Software. Confidence intervals were calculated according to Gardner and Altman (1989) as
p – (N1-α/2  × SE) to  p  + (N1-α/2  × SE), where p is the observed proportion, N is the number
of records, and SE (the standard error) = √[p (1 – p) / n].
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percentages for an unlimited time window are captured by the data shown
in Table 6-2. Again, to be of value in assessing whether hearing loss or
tinnitus are service connected, measurements must be obtained near the
beginning and end of military service, and for this analysis, the committee
considered 60 days to be an acceptable time frame for obtaining these
measurements.

In general, although the effect varied considerably with the military
service branch and era, additional analyses of these data indicated that
doubling of the time window from ±60 days to ±120 days increased the
percentages shown in Tables 6-3 through 6-5 by approximately 9–12 per-
centage points. That is, if 30 percent of the service medical records for a
given branch and era had entrance audiograms when using a time window
of ±60 days, then about 39–42 percent of the records contained entrance

TABLE 6-1 Number of Service Medical Records Reviewed and
Abstracted

1970–
Before 1950– Regulation Regulation 1994–

Branch 1950 1969 Date Date–1993 2002 Total

Army 187 164 220 217 273 1,061
Air Force 54 81 202 203 214 754
Marine Corps 93 95 207 187 250 832
Navy 122 102 225 204 270 923
Total 456 442 854 811 1,007 3,570

NOTE: Regulation date = 1980 for Army, 1983 for Navy and Marine Corps. The Air Force
date of regulation is discussed in the text.

TABLE 6-2 Percentages of Service Medical Records (95% Confidence
Intervals) with Reports Containing Any Numeric Data from an
Audiogram (n = 3,570)

1970–
Regulation Regulation

Branch Before 1950 1950–1969 Date Date–1993 1994–2002

Army 8 (4–12) 32 (25–39) 99 (97–100) 98 (96–100) 99 (97–100)
Air Force 81 (71–92) 77 (67–86) 100 (98–100) 100 (99–100) 100 (99–100)
Marine 9 (3–14) 53 (43–63) 99 (97–100) 100 100
Corps

Navy 9 (4–14) 34 (25–44) 93 (90–97) 100 100

NOTE: The time periods reflect the era of the service member’s release from active duty.
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audiograms using a time window of ±120 days. Appendix E provides tables
identical to Tables 6-3 through 6-5, but using the larger (±120-day) time
window.

From Table 6-3, for personnel who left military service during the
1970s, the percentage of service medical records containing such audio-
grams was 30–37 percent across all branches of the military. For the two
earlier periods, the percentages were appreciably lower for all branches.
For both the Army and the Air Force personnel who left military service
during the periods since the 1980s, the percentage of records with en-
trance audiograms was slightly lower than for the 1970s era, but the
differences were not statistically significant. Percentages of Marine Corps
and Navy records with audiograms, on the other hand, increased in each
era since the 1970s and for the most recent time period were 69 percent
and 70 percent, respectively.

Presence of Separation Audiograms

Separation audiograms were defined as audiograms recorded within 60
days of a service member’s release from active duty. As shown in Table 6-4,
the percentage of records with a separation audiogram has ranged from
0 to 54 percent over the time periods considered. The percentage of records
with separation audiograms has declined for all the services in the most
recent period. The general trend across branches is for the percentage of
files with separation audiograms to increase steadily or remain the same up
to the 1970s, to remain fairly constant from the 1970s through the 1980s,
and to decrease during the most recent era. From 1970 to 2002, however,
the percentages for the Navy and Marine Corps are about twice as high as
those for the Army or Air Force.

TABLE 6-3 Percentages of Service Medical Records (95% Confidence
Intervals) with Reports of Audiometric Examinations Within 60 Days of
Entry into Active Duty (n = 3,212)

1970–
Regulation Regulation

Branch Before 1950 1950–1969 Date Date–1993 1994–2002

Army 1 (0–2) 7 (3–11) 36 (30–43) 26 (20–32) 30 (24–35)
Air Force * 17 (9–26) 30 (23–37) 25 (19–31) 20 (15–25)
Marine Corps 0 13 (4–23) 37 (30–44) 51 (44–59) 69 (63–74)
Navy 0 6 (1–11) 35 (28–41) 56 (49–63) 70 (64–75)

*Fewer than 40 records in the denominator.
NOTE: The time periods reflect the era of the service member’s release from active duty.
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Presence of Entrance and Separation Audiograms

The percentages of records containing both an audiogram obtained
within 60 days of entrance and an audiogram obtained within 60 days of
separation from military service are shown in Table 6-5. As noted with
regard to either of these audiograms alone, there is an increase in the
percentages from the earliest era to the 1970s. After that, the percentages
for the Army and Air Force decreased in the more recent periods, whereas
the percentages for the Navy and Marine Corps increased slightly or held
steady in each successive time period. Although the general trends over time
are similar to those observed for each type of audiogram (at entry and at
separation) alone (see Tables 6-3 and 6-4), the overall percentages of files
having both audiograms are considerably lower, as expected.

TABLE 6-4 Percentages of Service Medical Records (95% Confidence
Intervals) with Reports of Audiometric Examinations Within 60 Days of
Release from Active Duty (n = 3,226)

1970–
Regulation Regulation

Branch Before 1950 1950–1969 Date Date–1993 1994–2002

Army 1 (0–3) 12 (7–17) 27 (21–33) 29 (23–35) 14 (9–18)
Air Force * 30 (20–40) 25 (19–31) 23 (17–28) 7 (4–10)
Marine Corps 0 2 (0–6) 49 (42–57) 53 (46–61) 36 (30–42)
Navy 0 11 (5–17) 54 (47–61) 54 (48–61) 44 (39–50)

*Fewer than 40 records in the denominator.

TABLE 6-5 Percentages of Service Medical Records (95% Confidence
Intervals) with Reports of Audiometric Examinations Within 60 Days of
Entrance into and Release from Active Duty (n = 3,210)

1970–
Regulation Regulation

Branch Before 1950 1950–1969 Date Date–1993 1994–2002

Army 0 4 (1–7) 13 (8–17) 12 (7–16) 5 (2–7)
Air Force * 10 (3–16) 12 (7–17) 5 (2–9) 1 (0–3)
Marine Corps 0 0 25 (19–32) 29 (22–35) 31 (25–37)
Navy 0 1 (0–3) 24 (18–30) 33 (27–40) 34 (28–39)

*Fewer than 40 records in the denominator.
NOTE: The time periods reflect the era of the service member’s release from active duty.



198 NOISE AND MILITARY SERVICE

COMPLIANCE WITH REGULATIONS

As noted in Chapter 5, the Army, Navy, and Marine Corps issued
regulations by 1980 requiring that audiograms be performed at entrance
into and separation from active duty (regulations issued in 1980 for the
Army and 1979 for the Navy and Marine Corps). These regulations do not
specify time windows for performing the audiograms, so, as noted, a ±60-
day window was selected for this analysis.

A 1956 Air Force regulation required audiograms in conjunction with
routine physical examinations at entrance into and separation from active
duty, but by 1973 audiograms were no longer required immediately upon
entrance. Standard practice, as of 1982, was to obtain an audiogram within
90 days of service members’ assignment to their first permanent duty sta-
tions (Department of the Air Force, 1982), which might typically take place
up to 6 months after entry into service (Pluta, 2005). Separation audio-
grams were required only of those Air Force personnel routinely exposed to
hazardous noise (Department of the Air Force, 1982). As of this writing, it
is not clear that any Air Force regulation requires entrance or exit audio-
grams for all Air Force military personnel. As of 1996, however, the De-
partment of Defense established a requirement that all military personnel
receive a reference audiogram at basic training prior to noise exposure
(DoD, 1996). The percentages in Table 6-3 for the era 1994–2002 suggest
that this testing occurred for about 20–30 percent of the personnel in the
Army or Air Force and about 70 percent of those in the Navy or Marine
Corps. At present, the Department of Defense does not require an audio-
gram upon separation from service.

Thus, with regard to the Army, Navy, and Marine Corps, it appears
that compliance with the regulations in place since the early 1980s has
been and is incomplete, particularly with regard to audiograms obtained at
the time of separation from active duty. Navy and Marine Corps percent-
ages are consistently higher than those for the Army, however. The per-
centages of Air Force records with entrance and separation audiograms
declined over the three later time periods and were the lowest of the four
services for the most recent time period. However, because Air Force
regulations for the two later periods did not call for entrance or separation
audiograms for all personnel, the service’s testing practices may have been
in better compliance with existing regulations than is reflected under the
criteria used in the analysis reported here. Nevertheless, as noted, since
1996, the Department of Defense has required entrance audiograms before
noise exposure at basic training for all military personnel.

Several factors should be taken into account in interpreting these data.
One is that the data on the presence of an audiogram within 60 days of
entrance into active duty are reported on the basis of the era in which the
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service member was released from active duty. Thus, individuals who served
for many years may have begun their military service during a previous era
with requirements for entrance testing that were different from those in
place at the time they left military service. Because the Air Force has had
higher reenlistment rates (DoD, 1997) and a longer median time-in-service
than the other services, this potential discrepancy was more likely for Air
Force study participants. For example, for the current study, whereas the
median length of service for the Army, Navy, and Marine Corps across all
five time periods ranged from 2 to 4 years, the corresponding values for the
Air Force were 7, 7, and 10 years in the three most recent eras.

When a ±1-year window was used for analysis of “separation” audio-
grams, the percentages of personnel receiving an audiogram within the
1994–2002 time period were 38, 65, 83, and 86 percent in the Air Force,
Army, Marine Corps, and Navy, respectively.3 All these percentages are
clearly much higher than the values derived for the same time period using
a testing window of ±60 days (Table 6-4), as expected. Even here, however,
the percentage of personnel tested is appreciably lower for the Air Force
than for the other military services.

It should be noted that this analysis did not evaluate the extent to
which the services obtained reference or termination audiograms for per-
sonnel entering and leaving hearing conservation programs. The reasons
for not focusing exclusively on those personnel in hearing conservation
programs were noted previously.

The following findings are based on the data in Tables 6-2 through 6-5,
each of which makes use of a ±60-day time window. Although the specific
percentages cited in some of the findings are dependent upon the time
window used in the analysis, the general features of the data are the same
for time windows of ±60 days (Tables 6-3 through 6-5) or ±120 days
(Appendix E).

FINDING: Review of a sample of service medical records of military
veterans indicates that compliance with requirements for audiometric test-
ing at entrance into service has been limited, even in the most recent eras,
and did not exceed 70 percent in any branch or era when using a ±60-day
window for analysis.

FINDING: Review of a sample of service medical records of military
veterans indicates that audiometric testing at separation from service has

3Percentages of personnel receiving an audiogram within a ±120-day window of release
from active duty during the 1994–2002 time period were 17, 34, 60, and 66 in the Air Force,
Army, Marine Corps, and Navy, respectively.
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been limited, even in the most recent eras, and did not exceed 54 percent in
any branch or era when using a ±60-day window for analysis.

FINDING: Review of a sample of service medical records of military
veterans indicates that audiometric testing at both entrance into and sepa-
ration from service has been extremely limited, even in the most recent eras,
and did not exceed 34 percent in any branch or era when using a ±60-day
window for analysis.
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Conclusions and Comments

In this chapter the committee draws on the evidence it has reviewed to
respond more directly to the specific points in its charge. The chapter
also discusses potential opportunities identified by the committee to

improve the effectiveness of the military services’ hearing conservation pro-
grams designed to prevent noise-induced hearing loss and tinnitus. Finally,
research needs and opportunities suggested by the committee’s review are
described. They cover the science of noise and hearing loss and tinnitus, as
well as the protection of hearing and the course of hearing loss and tinnitus
among military personnel.

RESPONDING TO THE ELEMENTS OF THE CHARGE

1. What sources of potentially damaging noise have been present in
military settings since the beginning of World War II?

Many sources of potentially damaging noise have long existed in mili-
tary settings. For the period addressed by this report—World War II to the
present—some of these sources include weapons systems (e.g., hand guns,
rifles, artillery pieces, rockets), wheeled and tracked vehicles, fixed- and
rotary-wing aircraft, ships, and communications devices (Chapter 3). Ser-
vice members may encounter these noise sources through training, standard
military operations, and combat. Exposure to combat-related noise may be
unpredictable in onset and duration. In addition, service members may be
exposed to hazardous noise through activities that are not unique to the
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military environment, including various engineering, industrial, construc-
tion, or maintenance tasks.

2. What levels of noise exposure are necessary to cause hearing loss or
tinnitus?

The specific noise levels that cause noise-induced hearing loss vary with
the duration of the exposure, the type of noise, and the frequency content of
the noise, as well as the susceptibility of the exposed individual (Chapters 1
and 2). Time-weighted average noise exposures of approximately 85 dBA
for 8 hours per day for a 40-hour work week, or the equivalent, are consid-
ered to be hazardous, but a person must be so exposed for a number of
years before developing noise-induced hearing loss. On the other hand,
impulse noise with peak levels exceeding approximately 140 dB SPL may be
hazardous even for a single exposure. These guidelines for safe noise expo-
sures are designed to protect the majority of individuals from noise-induced
hearing loss, but not to ensure that every individual is protected. With
regard to noise-induced tinnitus, specific parameters of hazardous noise
exposure have not been defined, but noise levels associated with hearing
loss are also likely to be associated with tinnitus (Chapter 4).

3. What is the evidence that hearing loss or tinnitus has been incurred
by members of the armed services as a result of noise exposure
during military service since World War II?

Patterns of hearing loss consistent with noise exposure can be seen in
cross-sectional studies of military personnel (Chapter 3). Because large num-
bers of people have served in the military since World War II, the total
number who experienced noise-induced hearing loss by the time their mili-
tary service ended may be substantial, but the available data provide no
basis for a valid estimate of the number. Neither was it possible to estimate
the proportion of a given military population that developed noise-induced
hearing loss or tinnitus during military service, the amount of hearing loss
incurred, or the relative risk of noise-induced hearing loss or tinnitus for a
given individual, based on his or her branch of military service, occupa-
tional specialty, or service era.

With regard to hearing loss, the majority of the data available are
average group hearing thresholds from cross-sectional studies. These aver-
age data indicate that hearing thresholds are worse in those groups with
more years of military service. However, these cross-sectional data are not
a sufficient basis for attributing greater hearing loss solely to a longer
exposure to noise while in the military. The timing of exposure to noise and
the noise doses received (or other factors that may affect hearing loss) may
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have differed among personnel who entered military service in different
years by virtue of such factors as the timing of periods of combat or differ-
ences in use of hearing protection or recreational use of firearms.

Cross-sectional data can be used to identify associations between mili-
tary service and noise-induced hearing loss, but are not sufficient to show
causal relationships. In contrast, longitudinal data on hearing thresholds at
the beginning and end of military service provide a basis for establishing
that hearing loss occurred after exposure to noise during military service, a
temporal ordering necessary for a causal relationship and estimation of
risks.

With regard to tinnitus, even less information is available than for
hearing loss (Chapter 4). The committee identified no epidemiological stud-
ies of tinnitus among U.S. military personnel, and the services’ hearing
conservation programs do not include surveillance for tinnitus. Limited
tinnitus surveillance was introduced in 2003 with post-deployment health
assessments.

4. What is the evidence that the effects of noise exposure at younger
ages can lead to delayed onset of noise-induced hearing loss later in
life?

There is little evidence available with which to address this question
(Chapter 2). No longitudinal studies have examined patterns of hearing loss
over time in noise-exposed humans or laboratory animals who did not
develop hearing loss at the time of the noise exposure. The committee’s
understanding of the mechanisms and processes involved in the recovery
from noise exposure suggests that a delay of many years in the onset of
noise-induced hearing loss following an earlier noise exposure is extremely
unlikely.

When hearing loss is known to have occurred as a result of a noise
exposure, it has generally been thought that hearing loss for pure tones
does not worsen following the cessation of a given noise exposure. How-
ever, there are no longitudinal data from humans who developed noise-
induced hearing loss in early adulthood and were followed into their 60s,
70s, or 80s. Data from a few longitudinal studies of older adults, which
differed in the way prior noise exposure was documented, have not pro-
duced conclusive results. To the committee’s knowledge, only one longitu-
dinal study has examined changes in hearing in laboratory animals after
a noise-induced hearing loss. In middle-aged gerbils that sustained a
slight noise-induced hearing loss and were followed for most of their re-
maining lifetimes, no change in the amount of noise-induced hearing loss
was seen over time.

It is possible, however, that an individual’s awareness of the effects of
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noise on hearing may be delayed considerably after the noise exposure. As
illustrated in Chapter 2, young adults with a slight noise-induced high-
frequency hearing loss (e.g., 15–30 dB HL at 6000 Hz), one not likely to
cause much difficulty with communication if present at the time a young
adult might be discharged from military service, will likely exhibit greater
hearing loss as they age than young adults with normal hearing (0 dB HL)
at discharge. As demonstrated previously in Figures 2-6 and 2-7, a slight
noise-induced hearing loss of 20–30 dB HL incurred as a young adult, when
combined with a similar amount of hearing loss associated with aging
alone, can become a moderate hearing loss of 40–50 dB HL at an age of 50
or 60 years. This amount of hearing loss is often sufficient to interfere with
everyday communication, and it may make the individual more aware of
the effects of the earlier noise-induced hearing loss, especially in comparison
to same-aged peers without prior noise-induced hearing loss (who have
approximately half as much hearing loss).

5. What additional risk factors for noise-induced hearing loss or tinnitus
are supported by a good level of evidence?

In humans, no specific exogenous or endogenous factors were identi-
fied that correlated with increased susceptibility to noise-induced hearing
loss or tinnitus (Chapters 2 and 4). Exogenous factors for hearing loss
considered by the committee included exposure to aminoglycoside antibiot-
ics, cisplatin, diuretics, salicylates, solvents, carbon disulfide, carbon mon-
oxide, cigarette smoking, whole-body vibration, body temperature, exer-
cise, and electromagnetic fields. Some of these agents (e.g., aminoglycoside
antibiotics and cisplatin) are known to be ototoxins that may induce hear-
ing loss unrelated to noise exposure. Studies in humans of the effect on
hearing of exposure to any of these agents in combination with noise either
have not been done or have not produced conclusive results. Endogenous
factors considered by the committee included (old) age, gender, race, eye
color, and prior hearing loss, but these factors did not correlate with in-
creased susceptibility to noise-induced hearing loss.

The committee identified only one study in humans that had investi-
gated the association between tinnitus and combined exposures to noise
and other factors. Tinnitus risk factors, independent of noise exposure,
include hearing loss, head injury, middle ear disease, and certain medica-
tions (e.g., salicylates, aminoglycoside antibiotics).

6. When were the military services’ hearing conservation measures
adequate to protect the hearing of service members?

Data analyzed by the committee led to the conclusion that military
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hearing conservation programs, dating from the late 1970s, cannot be con-
sidered adequate to protect the hearing of service members. The committee
concluded that hearing conservation activities from World War II through
the 1970s would have been even less adequate to protect the hearing of
service members than programs in place since the 1980s, because only early
hearing protection devices of limited effectiveness were available and man-
datory hearing conservation measures were in place only in the Air Force
(Chapter 5).

Given that engineering measures to reduce noise levels and administra-
tive measures to reduce noise exposures may not be compatible with mili-
tary operations, use of hearing protection devices is often the primary
defense against noise-induced hearing loss for military personnel. The effec-
tiveness of these devices has increased substantially since World War II, but
still depends on how well and how often they are used. Data on the use of
hearing protection by military personnel are limited, but a handful of re-
ports over the past 30 years suggest that in some settings, only about half
of those who should have been using hearing protection devices were
doing so.

The services’ hearing conservation programs require annual measure-
ments of hearing thresholds for military personnel who are considered to be
exposed to hazardous noise. This surveillance effort alone will not prevent
noise-induced hearing loss, but it may serve to limit the loss if the detection
of temporary hearing losses or small permanent losses results in increased
use of hearing protection or reassignment of the individual to lower noise
environments. Available data show that records of hearing tests are being
collected for only about half of the Army and Air Force personnel in the
hearing conservation programs. Some personnel may not be receiving the
required tests, and some test results may not be reaching the central hearing
conservation registry system. The Navy and the Marine Corps do not re-
port the proportion of enrollees who are being tested each year. The per-
centage of military service members tested each year who have a significant
threshold shift (STS) has been approximately 10 percent in the Air Force
over the past 3 years, and close to 18 percent in the Army, Navy, and
Marine Corps, which is two to five times higher than rates considered
appropriate in industrial hearing conservation programs.

7. When did the audiometric measures used by the military services
become adequate to evaluate individual changes in hearing associated
with military service?

A review of service medical records for veterans who left military ser-
vice during the period from World War II to 2002 suggests that docu-
mented audiometric testing at entrance into and separation from service has
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been and remains limited, even in the most recent eras (Chapter 6). As
argued repeatedly in this report, it is critical to obtain an audiogram at
entry into and exit from military service to clearly establish whether noise-
induced hearing loss developed during military service. The service medical
records audited revealed that about 30 percent of personnel who left the
Navy and Marine Corps during the period from the early 1980s to 2002
had both an entry and separation audiogram within ±60 days of entry or
separation, whereas the percentages were even lower, typically less than 12
percent, for personnel who had served in either the Army or the Air Force.
As expected, the percentage of service medical records containing audio-
grams of any type was lowest for the period before 1950, except for the Air
Force, an early leader in requiring the collection of audiograms. The results
of the review of service medical records indicate that audiometric testing by
the military services has not been adequate, throughout the period from
World War II to the present, to evaluate changes in hearing associated with
military service for the majority of service members.

OPERATIONAL NEEDS SUGGESTED BY THE REPORT

The current irreversibility of noise-induced hearing loss and tinnitus
means that preventing these problems, or limiting their progression, is espe-
cially important. From the review of information on noise exposure in mili-
tary settings, hearing loss and tinnitus experienced by some service members,
and the hearing conservation activities of the military services, the committee
identified several steps that may enhance hearing protection for service mem-
bers and improve the effectiveness of the services’ hearing conservation pro-
grams. Although this report was prepared for the Department of Veterans
Affairs (VA), it is the Department of Defense and the individual military
services that can take these important steps to minimize the adverse effects of
noise exposure on military personnel and better document hearing loss or
tinnitus when either occurs during military service. The committee strongly
recommends the following practices be implemented:

1. Work to achieve more extensive and consistent use of hearing pro-
tection by military personnel.

2. Include questions about the presence and severity of tinnitus in
each ear on all audiometric records obtained from enlistment through the
end of military service. (In the remaining suggestions, audiograms and
audiometric records are assumed to include responses to questions about
the presence and severity of tinnitus.)

3. Enforce requirements for audiograms prior to noise exposure for
all new military service members at all basic training sites.

4. Enforce, and establish where they do not presently exist, require-
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ments for audiograms at the completion of military service to ensure that
any hearing loss or tinnitus arising during military service is adequately
documented. The Department of Defense and the Department of Veterans
Affairs should explore whether resources are available within the VA sys-
tem to aid the military services in conducting audiometric tests and tinnitus
assessments for personnel completing their military service.

5. Given the likely occurrence of maximum noise-induced hearing
loss at 6000 Hz, include the measurement of hearing thresholds at 8000 Hz
in all audiograms to allow for detection of the noise-notch pattern of hear-
ing loss associated with noise exposure.

6. Enforce hearing conservation requirements for annual monitoring
audiograms, as well as for follow-up audiograms if significant threshold
shift is detected in annual monitoring audiograms.

7. Continue to develop the Defense Occupational and Environmen-
tal Health Readiness System (DOEHRS) to improve its reporting capabili-
ties to match and exceed those available with the services’ previous sys-
tems. Further development of this system should include modification of
the hearing conservation component (DOEHRS-HC) to track reports of
tinnitus. It should also include implementation of the industrial hygiene
component (DOEHRS-IH) to provide information on exposures to haz-
ardous noise and other chemical, physical, biological, and ergonomic
hazards.

8. Develop mechanisms to provide VA personnel access to records
from DOEHRS-HC for review of disability claims for hearing loss or tinni-
tus that are not otherwise supported by audiometric records in the service
medical record.

RESEARCH NEEDS SUGGESTED BY THE REPORT

The committee also saw areas where further research would be valu-
able for improving understanding of broad scientific questions concerning
the relationship between noise exposure and hearing loss and tinnitus.
Research could also address more targeted questions concerning noise ex-
posure, hearing loss, tinnitus, and hearing conservation measures related to
military service.

Two broad scientific areas were of interest to the committee:

1. Further investigate, both in laboratory animals and humans, ex-
posures to fluctuating noise, impulse/impact noise, and combinations of
noise, as well as intermittent exposures to steady-state noise, to determine
the acoustic parameters associated with noise-induced hearing loss and
tinnitus.
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2. Further investigate the mechanism, natural history, epidemiology,
measurement, and treatment of noise-induced hearing loss and tinnitus.

Several avenues of research specifically related to military settings and
military personnel could be considered. Many are offered as a means to fill
the void for prospective, longitudinal, epidemiological data on noise-
induced hearing loss and tinnitus in military personnel.

1. Obtain valid estimates of the incidence, prevalence, and severity of
noise-induced hearing loss and tinnitus among military personnel, includ-
ing gender-specific estimates. If the reporting ability and completeness of
existing databases, such as DOEHRS-HC, improve, greater use might be
made of their data for analyses for personnel enrolled in hearing conserva-
tion programs.

2. Establish cohorts of military veterans with various documented
noise exposures, immediately upon discharge, and survey them periodically
for ototoxic exposures, subsequent nonmilitary noise exposures, and hear-
ing function, as well as presence and severity of tinnitus, in order to deter-
mine whether there is a delay in the effects of military noise exposure. These
cohorts will need to be followed through the remainder of members’ life-
times, but this longitudinal study will reveal elements of the natural history
of noise-induced hearing loss and tinnitus that otherwise will not be deter-
mined. The Millennium Cohort Study, which is designed to evaluate the
long-term health of people who have served in the military, might provide a
mechanism for conducting a longitudinal investigation of hearing health.

3. Conduct randomized trials of interventions within each military
branch to determine with greater certainty which approaches to hearing
conservation—including efforts to increase the use and effectiveness of hear-
ing protection devices, compliance with requirements for audiometric test-
ing, and the use of otoprotective medications—lead to lower incidence of
noise-induced hearing loss and tinnitus.

4. On a sample basis, determine noise levels for modern military ac-
tivities and also determine, with standard industrial hygiene methods, the
noise dose experienced by individual military personnel where dosimetry
has not been done.

5. Conduct real-world studies in military settings, including field and
garrison conditions, to assess the noise attenuation and utilization rates of
hearing protection devices, including the recently introduced earplugs that
provide level-dependent sound attenuation.
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116 STAT. 2822 PUBLIC LAW 107–330—DEC. 6, 2002

(2) by striking ‘‘total deafness’’ the second place it appears
and inserting ‘‘deafness’’.

SEC. 104. ASSESSMENT OF ACOUSTIC TRAUMA ASSOCIATED WITH
MILITARY SERVICE FROM WORLD WAR II TO PRESENT.

(a) ASSESSMENT BY NATIONAL ACADEMY OF SCIENCES.—The
Secretary of Veterans Affairs shall seek to enter into an agreement
with the National Academy of Sciences for the Academy to perform
the activities specified in this section. The Secretary shall seek
to enter into the agreement not later than 60 days after the date
of the enactment of this Act.

(b) DUTIES UNDER AGREEMENT.—Under the agreement under
subsection (a), the National Academy of Sciences shall do the fol-
lowing:

(1) Review and assess available data on hearing loss that
could reasonably be expected to have been incurred by members
of the Armed Forces during the period from the beginning
of World War II to the date of the enactment of this Act.

(2) Identify the different sources of acoustic trauma that
members of the Armed Forces could reasonably be expected
to have been exposed to during the period from the beginning
of World War II to the date of the enactment of this Act

(3) Determine how much exposure to each source of acoustic
trauma identified under paragraph (2) is required to cause
or contribute to hearing loss, hearing threshold shift, or
tinnitus, as the case may be, and at what noise level.

(4) Determine whether or not such hearing loss, hearing
threshold shift, or tinnitus, as the case may be, is—

(A) immediate or delayed onset;
(B) cumulative;
(C) progressive; or
(D) any combination of subparagraph (A), (B), and

(C).
(5) Identify age, occupational history, and other factors

which contribute to an individual’s noise-induced hearing loss.
(6) Identify—

(A) the period of time at which audiometric measures
used by the Armed Forces became adequate to evaluate
individual hearing threshold shift; and

(B) the period of time at which hearing conservation
measures to prevent individual hearing threshold shift
were available to members of the Armed Forces, shown
separately for each of the Army, Navy, Air Force, Marine
Corps, and Coast Guard, and, for each such service, shown
separately for members exposed to different sources of
acoustic trauma identified under paragraph (2).

(c) REPORT.—Not later than 180 days after the date of the
entry into the agreement referred to in subsection (a), the National
Academy of Sciences shall submit to the Secretary a report on
the activities of the National Academy of Sciences under the agree-
ment, including the results of the activities required by subsection
(b).

(d) REPORT ON ADMINISTRATION OF BENEFITS FOR HEARING
LOSS AND TINNITUS.—(1) Not later than 180 days after the date
of the enactment of this Act, the Secretary of Veterans Affairs
shall submit to the Committees on Veterans’ Affairs of the Senate
and the House of Representatives a report on the claims submitted

Contracts.

Deadlines.
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116 STAT. 2823PUBLIC LAW 107–330—DEC. 6, 2002

to the Secretary for disability compensation or health care for
hearing loss or tinnitus.

(2) The report under paragraph (1) shall include the following:
(A) The number of decisions issued by the Secretary in

each of fiscal years 2000, 2001, and 2002 on claims for disability
compensation for hearing loss, tinnitus, or both.

(B) Of the decisions referred to in subparagraph (A)—
(i) the number in which compensation was awarded,

and the number in which compensation was denied, set
forth by fiscal year; and

(ii) the total amount of disability compensation paid
on such claims during each such fiscal year.
(C) The total cost to the Department of Veterans Affairs

of adjudicating the claims referred to in subparagraph (A),
set forth in terms of full-time employee equivalents (FTEEs).

(D) The total number of veterans who sought treatment
in Department of Veterans Affairs health care facilities during
fiscal years specified in subparagraph (A) for hearing-related
disorders, set forth by the number of veterans per year.

(E) The health care furnished to veterans referred to in
subparagraph (D) for hearing-related disorders, including the
number of veterans furnished hearing aids and the cost of
furnishing such hearing aids.

TITLE II—MEMORIAL AFFAIRS

SEC. 201. PROHIBITION ON CERTAIN ADDITIONAL BENEFITS FOR PER-
SONS COMMITTING CAPITAL CRIMES.

(a) PRESIDENTIAL MEMORIAL CERTIFICATE.—Section 112 is
amended by adding at the end the following new subsection:

‘‘(c) A certificate may not be furnished under the program
under subsection (a) on behalf of a deceased person described in
section 2411(b) of this title.’’.

(b) FLAG TO DRAPE CASKET.—Section 2301 is amended—
(1) by redesignating subsection (g) as subsection (h); and
(2) by inserting after subsection (f) the following new sub-

section (g):
‘‘(g) A flag may not be furnished under this section in the

case of a person described in section 2411(b) of this title.’’.
(c) HEADSTONE OR MARKER FOR GRAVE.—Section 2306 is

amended by adding at the end the following new subsection:
‘‘(g)(1) A headstone or marker may not be furnished under

subsection (a) for the unmarked grave of a person described in
section 2411(b) of this title.

‘‘(2) A memorial headstone or marker may not be furnished
under subsection (b) for the purpose of commemorating a person
described in section 2411(b) of this title.

‘‘(3) A marker may not be furnished under subsection (d) for
the grave of a person described in section 2411(b) of this title.’’.

(d) EFFECTIVE DATE.—The amendments made by this section
shall apply with respect to deaths occurring on or after the date
of the enactment of this Act.

Applicability.
38 USC 112 note.
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MEETING I
MAY 12–13, 2004

The Keck Center of the National Academies
500 Fifth Street, N.W.

Washington, D.C.

Wednesday, May 12, 2004

11:30 a.m. Introductory Remarks
Larry Humes, Ph.D.
Chair, Committee on Noise-Induced Hearing Loss and

Tinnitus Associated with Military Service from World
War II to the Present

Introductions by Committee Members and Meeting Attendees

11:45 Study Context and Goals, Sponsor Perspective
Michael Hodgson, M.D., M.P.H.
Director, Occupational Health Program
Veterans Health Administration
Department of Veterans Affairs

Discussion

12:30 p.m. Lunch in meeting room

Appendix B

Agendas for Information-
Gathering Meetings
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1:15 Study Origins and Intent, Congressional Perspective
Mary Schoelen, J.D.
Deputy Staff Director (Benefits) and General Counsel
Senate Veterans Affairs Committee

Discussion

Military Services’ Brief Perspectives on Noise-Induced
Hearing Loss Issues and Hearing Conservation Programs
and History

2:00 Colonel David W. Chandler, Ph.D.
Director, Army Audiology and Speech Center
Consultant to the Army Surgeon General for Audiology

and Hearing Conservation
Walter Reed Army Medical Center

2:20 John Page
Occupational Audiology Team Leader
Navy Environmental Health Center

2:40 Major Joseph J. Narrigan, Au.D.
Deputy Commander
Air Force Medical Element
Andrews Air Force Base, MD

3:00 Commander Wade McConnell [by telephone]
Chief, Environmental Health Division
Office of Safety and Environmental Health
U.S. Coast Guard

3:20 Discussion

3:45 Adjourn Open Session

Thursday, May 13, 2004

10:00 a.m. Begin Open Session

Military Services’ Brief Perspectives on Noise-Induced
Hearing Loss Issues and Hearing Conservation Programs
and History (continued)

Al Lillibridge
Occupational Safety and Health Manager
U.S. Marine Corps

Discussion

10:30 Adjourn Open Session
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MEETING II
JULY 19–20, 2004

The Keck Center of the National Academies
500 Fifth Street, N.W.

Washington, D.C.

Monday, July 19, 2004

1:30 p.m. Introductory Remarks
Larry Humes, Ph.D.
Chair, Committee on Noise-Induced Hearing Loss and

Tinnitus Associated with Military Service

Introductions by Committee Members and Meeting Attendees

1:45 Military Services’ Data and Databases on Hearing, Hearing
Conservation Programs, and Noise

Department of Defense and Army Data and Databases
Douglas Ohlin, Ph.D.
Program Manager, Hearing Conservation
U.S. Army Center for Health Promotion and Preventive

Medicine

Navy Data and Databases
John Page (by telephone)
Occupational Audiology Team Leader
Navy Environmental Health Center

Discussion

4:00 Adjourn Open Session

Tuesday, July 20, 2004

9:15 a.m. Introductory Remarks
Larry Humes, Ph.D.
Chair, Committee on Noise-Induced Hearing Loss and

Tinnitus Associated with Military Service

Introductions by Committee Members and Meeting Attendees

9:20 Department of Veterans Affairs Claims Review and Exami-
nations for Hearing Loss and Tinnitus
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Veterans Health Administration:
Kyle Dennis, Ph.D.
Audiology and Speech Pathology National Program

Office

Judy Schafer, Ph.D.
Audiologist, VA Medical Center, Washington, D.C.

Veterans Benefits Administration:
Bradley Flohr
Chief, Judicial/Advisory Review, Compensation and

Pension

Discussion

11:30 Adjourn Open Session

MEETING IV
DECEMBER 6–7, 2004

The Keck Center of the National Academies
500 Fifth Street, N.W.

Washington, D.C.

Tuesday, December 7, 2004

8:00 a.m. Continental Breakfast

8:30 Introductory Remarks
Larry Humes, Ph.D.
Chair, Committee on Noise-Induced Hearing Loss and

Tinnitus Associated with Military Service

Introductions by Committee Members and Meeting Attendees

8:40 Shipboard Noise and Hearing Conservation Issues
Kurt Yankaskas
Branch Manager, Human Systems Integration Programs
Naval Sea Systems Command

9:20 Air Force Hearing Conservation Program
Major Robert Pluta, USAF
Chief, Hearing Conservation Data Registry

10:00 Break
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10:15 Presentations by Veterans
Arnold Mathias
Ansell (Mac) MacMillan
Carroll Williams
John Warwick
Rick Weidman
David Kayal

Discussion

12:00 p.m. Adjourn Open Session
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Appendix C

Definitions

Audiogram: Graph of hearing threshold level as a function of frequency
(ANSI, 1995).

Baseline audiogram: The initial audiogram to which subsequent audio-
grams are compared for the calculation of significant threshold shift. The
Occupational Safety and Health Administration requires that a baseline
audiogram be obtained from an examination administered before employ-
ment or within the first 30 days of employment and that is preceded by a
period of at least 12 hours of quiet.

Continuous noise: Noise with negligibly small fluctuations of level within
the period of observation (ANSI, 1995).

Cross-sectional study: A study that examines the relationship between
diseases (or other health-related characteristics) and other variables of in-
terest as they exist in a defined population at one particular time (Last,
1995).

Decibel (dB): The unit used to express the level of sound. The decibel is a
logarithm of a ratio of two quantities, the denominator of which has been
specified such that 0 dB approximates the threshold of hearing in the middle
frequencies for young adults. The reference quantity in the denominator of
the ratio is either a sound pressure of 20 micropascals (µPa) or a sound
intensity of 10–12 watts/m2.
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Exchange rate: An increment of decibels that requires the halving of expo-
sure time, or a decrement of decibels that allows the doubling of exposure
time for a given noise dose. For example, a 3-dB exchange rate requires that
noise exposure time be halved for each 3-dB increase in noise level. With a
5-dB exchange rate, exposure time may be doubled for each 5-dB decrease
in noise level.

Frequency: The number of times that a periodic process, such as a sound
wave, repeats each second.

Hearing threshold level (HTL): For a specified signal, the amount in deci-
bels by which the hearing threshold for a listener exceeds a specified refer-
ence equivalent threshold level (ANSI, 1994).

Hertz (Hz): A unit of frequency equal to one cycle per second.

Impact noise: Impact noise is generated by the collision of one mass in
motion with a second mass that may be in motion or at rest (ANSI, 1994).

Impulsive noise: Impulsive noise is characterized by a sharp rise and rapid
decay in sound levels and is less than 1 second in duration, with 1 second
between successive stimuli. For the purpose of this document, it refers to
impact or impulse noise.

Intermittent noise: Noise levels that are interrupted by intervals of rela-
tively low sound levels.

Inverse square law: A law in physics stating that the magnitude of a
physical quantity varies inversely with the square of its distance from its
source. For sound, sound level will diminish by 6 dB from a point source for
every doubling of distance.

Longitudinal study: An epidemiological study in which subsets of a defined
population can be identified who are, have been, or in the future may be
exposed or not exposed, or exposed in different degrees, to a factor or
factors hypothesized to influence the probability of occurrence of a given
disease or other outcome. The main feature of longitudinal studies is obser-
vation of large numbers of people over a long period with comparison of
incidence rates in groups that differ in exposure levels (after Last, 1995).

Noise: (1) Undesired sound. By extension, noise is any unwarranted dis-
turbance within a useful frequency band, such as undesired electric waves
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in a transmission channel or device. (2) Erratic, intermittent, or statistically
random oscillation (ANSI, 1994).

Noise dose: The noise exposure expressed as a percentage of the allow-
able daily exposure. For the Occupational Safety and Health Administra-
tion, which uses a 5-dB exchange rate (per 29 C.F.R. 1910.95) and a
permissible exposure limit of 90 dBA, a 100-percent dose equals an 8-hour
exposure to a continuous 90 dBA noise. A 50-percent dose (requiring en-
rollment in a hearing conservation program) corresponds to an 8-hour
exposure to 85 dBA or a 4-hour exposure to 90 dBA. Different permissible
exposure limits and exchange rates will change the dose computations
accordingly (Berger et al., 2000).

Noise reduction rating (NRR): A single value in decibels that indicates a
hearing protector’s noise reduction capabilities, averaged across the range
of audible frequencies, as measured under optimum laboratory conditions.
By law, the NRR must appear on the label of all devices sold as personal
hearing protectors in the United States.

Permanent threshold shift (PTS): Permanent increase, measured in deci-
bels, in the threshold of audibility for an ear (ANSI, 1995).

Prevalence: The number of events (e.g., instances of a given disease or other
condition) in a given population at a designated time (Last, 1995).

Prevalence rate (a proportion): The total number of individuals who have
an attribute or disease at a particular time (or during a particular period)
divided by the population at risk of having the attribute or disease at this
point in time or midway through the period (Last, 1995).

Significant threshold shift: A shift in hearing threshold, outside the range
of audiometric testing variability (±5 dB), that warrants follow-up action to
prevent further hearing loss. The National Institute for Occupational Safety
and Health defines significant threshold shift as an increase in the HTL of
15 dB or more at any frequency (500, 1000, 2000, 3000, 4000, or 6000
Hz) in either ear, which is confirmed for the same ear and frequency by a
second test within 30 days of the first test (NIOSH, 1998).

Sound: Auditory sensation evoked by an oscillation in pressure, stress,
particle displacement, particle velocity, and so on, in a medium with inter-
nal forces (e.g., elastic or viscous) (after ANSI, 1994).
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Sound pressure: Root-mean-square instantaneous sound pressure at a
point, during a given time interval. Sound pressure is measured in pascals
(Pa) (ANSI, 1994).

Sound pressure level (SPL): Ten times the logarithm to the base 10 of the
ratio of the time-mean-square pressure of a sound, in a stated frequency
band, to the square of the reference sound pressure in gases of 20 Pa. Sound
pressure levels are measured in decibels (ANSI, 1994).

Steady-state noise: Ongoing noise, the intensity of which remains at a
measurable level without interruptions over an indefinite or specified pe-
riod of time.

Temporary threshold shift (TTS): Temporary increase, measured in deci-
bels, in the threshold of audibility for an ear (ANSI, 1995).

Threshold: The minimum sound pressure level of a pure tone that can be
heard by an individual at least 50 percent of the time.

Time-weighted average (TWA): An A-weighted average sound level nor-
malized to 8 hours, meaning that the average level over the time period that
is observed is adjusted (i.e., normalized) to correspond to the sound level,
which if present during a continuous 8-hour period would provide the same
noise dose as the measured average level, for the specified exchange rate.
For example, an average sound level of 100 dBA measured during a period
of 4 hours using a 5-dB exchange rate corresponds to a TWA of 95 dBA
(Berger et al., 2000).

Varying noise: Noise for which the level varies substantially during the
period of observation (ANSI, 1995).

Weighted sound pressure levels: Two weighting curves are commonly
applied to measures of sound levels to account for the way the ear responds
to sound (ANSI, 1994):

A-weighting (dBA): A measurement scale that approximates the loud-
ness of sound relative to a 40 dB SPL 1000-Hertz (Hz) reference tone.
A-weighting emphasizes the frequencies between 1000 and 4000 Hz
and reduces the contributions from frequencies below 500 Hz.

C-weighting (dBC): A measurement scale that approximates the loud-
ness of tones relative to a 100 dB SPL 1000-Hz reference tone. C-
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weighting allows for relatively flat sound pressure measurements by
including lower frequency sounds than does the A-weighting scale.
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TABLE D-1 Toluene Exposure as a Risk Factor for Noise-Induced
Hearing Loss

Exposures and Source
Citation Design Population of Exposure Data

a. Human Studies
192 employees from 14

German rotogravure
printing plants with 4
examinations

Subjects at each
examination:

Exam 1: 333
Exam 2: 278
Exam 3: 241
Exam 4: 216

Stratification
Toluene exposure: low vs

high (based on
worksite)

Job tenure: short vs long
Noise exposure: low

(< 82 dBA) vs high
(≥ 82 dBA)

124 male rotogravure
printing workers, Sao
Paulo, Brazil

Mean age: 34 yrs (range
21–58 yrs)

Employed at least 1 yr
Mean tenure: 7 yrs

(range 1–25 yrs)

Schaper
et al.
(2003)

Morata
et al.
(1997)

Medical, psychological
examinations

Toluene and noise
exposure measured 2
times per yr for each
subject

Historical records for
past exposure estimates

Toluene:
Mean study exposure:
  High: 26 ppm
  Low: 3 ppm
Lifetime weighted

average daily exposure
(for current exposure
groups)

   High: 45 ppm
   Low: 10 ppm
Biomarkers of exposure:

hippuric acid, o-cresol

Noise: lifetime average
daily exposure

Current high noise:
82 dBA

Current low noise:
81 dBA

Solvent exposure:
TWA exposure evaluation

for toluene, ethanol, and
ethyl acetate

Toluene levels (air): 0.14
to 919 mg/m3

109 workers monitored
for hippuric acid and
creatinine in their urine

Noise exposure:
Continuous noise, 71 to

93 dBA; dosimetry for
individual workers

Longitudinal
study,
1996–2001

Cross-sectional
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Outcome Measure Results Comments

Subjects were volunteers;
some loss to follow-up

No unexposed control
group

Little difference in noise
exposure for high and
low toluene exposure

93% of subjects reported
no exposure to major
sources of
nonoccupational noise
(e.g., firearms,
motorcycles, etc.)

11% of those exposed to
noise > 85 dBA used
hearing protection

No sig effect on auditory
thresholds for toluene
intensity, exposure
duration, or interactions

Sig effect of current noise
intensity (F = 4.5, p = .04)

No statistical interactions
between noise and toluene

Concentration of toluene in
air was not sig associated
w/ hearing loss

Level of biological marker
for toluene exposure
(urinary hippuric acid) sig
associated w/ hearing loss
(OR = 1.76, 95% CI
1.00–2.98)

Hearing thresholds
Hearing loss: thresholds

> 25 dB

Tested at 0.125–12 kHz

Age adjustment based on
ISO 7029 (1984)
before repeated
measures analysis

High-freq hearing loss:
notch in a freq b/t 3
and 6 kHz or
thresholds poorest in
this freq range

Normal hearing: no
single threshold > 25
dB

Pure-tone audiometry:
0.5–8 kHz

continued
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Morata
et al.
(1993)

Davis et al.
(2002)

Cross-sectional

Experimental

190 male printing and
paint manufacturing
workers, Brazil

Employed at least 1 yr
Mean employment:
Printing: 8 to 13 yrs
Paint mfg: 6 yrs

Exposure groups
Noise only (printing): 50
Noise and toluene

(printing): 51
Mixed solvents, no excess

noise (paint mfg): 39
Unexposed (printing): 50

33 chinchillas, in 6
exposure groups

6 adult rats as control
group

Noise only group: 88–97
dBA (continuous); dose
209–335% (5-dB
exchange rate)

Noise and toluene group:
88–98 dBA; dose 140–
350% (5-dB exchange
rate); toluene TWA
75–600 ppm

Mixed solvents group: no
dose data; toluene
concentration 10–70
ppm (11 samples)

Interviewed for work,
exposure, and medical
histories

10-day exposures

Toluene: 2000 ppm
Noise: 500 Hz octave

band noise, 97.5 dB
SPL

Background noise < 60
dBA

22 chinchillas (monaural)
Group 1: 8 h toluene,

background noise only
Group 2: no toluene, 8 h

noise
Group 3: 8 h toluene, 8 h

noise
Group 4: control group

TABLE D-1 continued

Exposures and Source
Citation Design Population of Exposure Data

b. Animal Studies
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Outcome Measure Results Comments

Normal hearing
Worst threshold at 3–8

kHz (avg left and right
ears): 0–25 dB; average
of 0.5, 1, 2 kHz ≤ 25
dB

High-freq hearing loss
Categories based on

worst threshold at 3–8
kHz (avg left and right
ears) and average of
0.5, 1, 2 kHz ≤ 25 dB:
(I) 30–40 dB, (II) 45–
55 dB, (III) ≥ 60 dB

(IV) average of 0.5, 1, 2
kHz > 25 dB

Other hearing loss
Unilateral, conductive

Pure-tone audiometry:
0.5–8 kHz

Otoscopy, immittance
audiometry

Chinchillas
ABR threshold shifts

(pre- vs postexposure)
Tested at 0.5, 1, 2, 4, 8,

16 kHz
Postexposure testing on

days 1, 3, 7, 14, and
30

Prevalence of high-freq
hearing loss:

8% unexposed
26% noise
53% noise and toluene
18% mixture of solvents

Relative risk of high-freq
hearing loss:

Noise only: 4.1 (95% CI
1.4–12.2)

Noise and toluene: 10.9
(95% CI 4.1–28.9)

Solvents only: 5.0 (95% CI
1.5–17.5)

Chinchillas
Noise effects, but no

ototoxicity

Noise: 12 dB permanent
threshold shift at 2 and
4 kHz

Analysis of variance: no sig
main effect for toluene
alone or interaction of
toluene w/ noise

Noise and solvent
exposures in the
different groups were
not equivalent

Without a group exposed
to only toluene, could
not assess whether
effect of combined
exposure was additive
or multiplicative

Differences in liver
metabolism of toluene
suggest that rats and
mice are better models
for human ototoxicity
than chinchillas

continued
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Johnson
et al.
(1990)

Experimental 49 young male rats

Exposure groups:
Controls: 10
Noise: 10
Toluene: 10
Noise followed by

toluene: 10
Noise, rest, toluene: 9

11 chinchillas (binaural)
Group 5: 12 h toluene,

8 h noise; noise from
2 h after start to 2 h
before end of toluene
exposure

Group 6: 12 h toluene,
background noise only

Rat comparison group
6 adult rats exposed to

toluene at 2000 ppm, 8
h / day for 5 days

Only background noise

Toluene: 1000 ppm, 16
h/d, 7 d/w (11:00 am
to 3:00 am)

Noise: 10 h/d, 7 d/w
Continuously varying

signal: 2 kHz wide
noise band, sweeping
from 3 to 30 kHz at
freq of 0.5 Hz

Equivalent to sound level
of 100 dB

Controls: no noise or
toluene

Noise: 4 wks
Toluene:  2 wks
Noise followed by

toluene: 4 wks noise, 2
wks toluene

Noise, rest, toluene: 4
wks noise, 4 wks rest,
2 wks toluene

TABLE D-1 continued

Exposures and Source
Citation Design Population of Exposure Data
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Additive effects from
noise and toluene

Exposure to toluene after
noise may produce
smaller losses than
exposure to noise after
toluene

Rats
Sig permanent threshold

shift w/ shorter toluene
exposure

Threshold shifts of 20 and
15 dB at 16 and 32 kHz,
respectively

Effect of noise followed by
toluene, w/ or w/o rest,
was larger than exposure
to noise or toluene alone
at 6.3, 12.5, and 20.0 kHz

Noise: higher thresholds
than controls at 6.3 (9 dB,
p < .05), 12.5 (26 dB, p <
.001), and 20.0 kHz (18
dB, p < .001)

Toluene: higher thresholds
than controls at all freq
(1.6 to 12.5 kHz, 15–32
dB, p < .001; 20.0 kHz,
15 dB, p < .01)

Noise followed by toluene:
higher thresholds than
controls at all freq (1.6
kHz, 8 dB, p < .05; 3.15
to 20.0 kHz, 34–45 dB,
p < .001)

Rats
ABR threshold shifts

(pre- vs postexposure)
Tested at 8, 16, 32 kHz
Postexposure testing on

day 30

ABR thresholds at 1.6,
3.15, 6.3, 12.5, 20.0
kHz

Measured at 1–5 wks
after termination of
exposure

Outcome Measure Results Comments

continued
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Johnson
et al.
(1988)

Experimental 39 male rats

Exposure groups:
Controls: 10
Group T (toluene only)

12
Group N (noise only): 8
Group T+N (toluene

followed by noise): 9

Toluene: 1000 ppm, 16
h/d, 5 d/wk (3 pm to
7 am)

Noise: 10 h/d, 7 d/wk
Continuously varying

signal: 2 kHz wide
noise band, sweeping
from 3 to 30 kHz at a
freq of 0.5 Hz

Equivalent sound level
100 dB

Controls: no toluene or
noise

Group T: 2 wks toluene
Group N: 4 wks noise
Group T+N: 2 wks

toluene; 4 wks noise

TABLE D-1 continued

Exposures and Source
Citation Design Population of Exposure Data

NOTES: ABR, auditory brainstem response; CI, confidence interval; OR, odds ratio; TWA,
time-weighted average.



APPENDIX  D 231

ABR threshold shifts at
1.6, 3.15, 6.3, 12.5,
20.0 kHz

Controls: at age 5 mos
Group T: 2–5 days after

termination of
exposure; repeated
1 and 6 mos later

Group N: 2–5 days after
termination of
exposure

Group T+N: 2–5 days
after termination of
noise exposure,
repeated 6 mos later

Group T: Higher thresholds
than controls at all freq
(p < .001); greatest differ-
ence (40 dB) at 12.5 kHz;
improvement at most
frequencies at 1 mo (5–10
dB) and 6 mo (5 dB)

Group N: Higher thresholds
than controls; greatest
difference at highest freqs
(6.3, 12.5, and 20.0 kHz;
p < .001); maximum
difference (50 dB) at 12.5
kHz

Group T+N: Higher
thresholds than controls at
all freq (p < .001); for
most animals, threshold
exceeded maximum
stimulus intensity at 12.5
and 20.0 kHz

For any exposure, threshold
shift greatest at 6.3 and
12.5 kHz; after 6 mos,
greatest at 12.5 kHz

Combined exposure (toluene
followed by noise)
produced greater shifts at
3.15 (p < .01) and 6.3
kHz (p < .0001) than
summed losses for single
exposures

Outcome Measure Results Comments
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CO: 1200 ppm

Octave band noise w/
center frequency of
13.6 kHz (9.6–19.2
kHz)

Background noise: ~ 50
dBA

CO only

Noise only:
95 dB for 4 h
100 dB for 2 h
105 dB for 1 hr

Noise plus CO:
95 dB for 4 h,
100 dB for 2 h
105 dB for 1 hr

Control: Air only

CO: 1200 ppm
Noise: 105 dB

Noise only: 4 h
Noise plus CO: 4 h

TABLE D-2 Carbon Monoxide as a Risk Factor for Noise-Induced
Hearing Loss in Animals

Citation Design Population Exposures

Rao and
Fechter
(2000)

Experimental

A: Combined
exposure

B: Increased
duration of
exposure

Rats

8 exposure groups: in
each, n = 6

Random assignment

2 exposure groups: in
each, n = 6
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Outcome Measure Results Comments

CAP thresholds for 11
pure tones between 2
and 40 kHz

4-wk recovery period

CAP thresholds for 11
pure tones between 2
and 40 kHz

4-wk recovery period

Exposure groups
significantly different from
each other (F(8, 45) =
13.04, p < .05)

Sig interaction b/t freq and
exposure (F(80, 450) =
4.35, p < .05)

Potentiation of threshold
elevation for combined
exposure does not increase
beyond 100 dB for 2h

95 dB for 4h
Combined exposure: 6 dB

threshold elevation above
noise only; difference not
sig at any frequency

100 dB for 2h
Combined exposure: sig

elevation over noise only
at all frequencies (p < .05)

105 dB for 1h
Combined exposure: sig

elevation over noise only
at all frequencies (p < .05);
greater dysfunction at
lower freq than w/ other
exposures

Noise only: sig elevation
over thresholds for 95 dB
(4h), 100 dB (2h) (p < .05)

CO only
No sig difference from

exposure to air only
F(1,10) = 1.72, p > .05

Combined exposure:
threshold elevations not
sig diff from noise only

Combined exposure:
threshold elevations 15 dB
greater than for 105 dB +
CO for 1h

Rats more resistant to
CO than humans (30
min LD50 = 5000 ppm
for rats; 1500 ppm
immediately dangerous
for humans)

continued
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Fechter et
al. (2000)

Experimental

A: Variation of
CO dose

B: Variation of
noise dose

CO: varied exposures
Noise: 100 dB octave

band noise w/ center
frequency of 13.6
kHz

Background noise: < 35
dB

CO only: 1200 ppm,
8 h

Noise only: 8 h
Noise plus CO (5

exposure groups): 8 h
noise and CO at 300,
500, 700, 1200, or
1500 ppm

Control: air only

CO: 1200 ppm
Noise: Octave band

noise w/ center
frequency of 13.6
kHz

CO only: 4 h
Noise only:

95 dB: 2 h
100 dB: 2 h
100 dB: 4 h

Noise plus CO:
95 dB: 2 h

100 dB: 2 h
100 dB: 4 h

Control: Air only

Rats

8 exposure groups: in
each, n = 8

Random assignment

8 exposure groups: in
each, n = 6

Random assignment

TABLE D-2 continued

Citation Design Population Exposures
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CAP thresholds for 11
pure tones between 2
and 40 kHz

4-wk recovery period

CAP thresholds for 11
pure tones between 2
and 40 kHz

4-wk recovery period

Noise plus CO
Potentiation of noise effects

by CO exposure emerges
at CO exposures of 500
ppm and increases as CO
level increases

Sig elevation of thresholds
over exposure to noise
only with exposures to
CO levels > 300 ppm

Thresholds at lower
frequencies affected only
w/ CO levels ≥ 1200 ppm;

CO only
No effect on auditory

function

Nonlinear relationship b/t
noise severity and
potentiation of threshold
elevation by CO

Potentiation of noise effects
by CO exposure greatest
w/ noise exposure of 100
dB for 2 h

For noise exposure of 100
dB for 4 h, no additional
effect at higher freq from
CO exposure; sig
differences at some lower
freq

Sig difference from controls
for noise exposure of 100
dB for 2 or 4 h, w/ or w/o
CO

Outcome Measure Results Comments

continued
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Chen and
Fechter
(1999)

C: Repeated
exposures

Experimental

A: Response to
CO and high-
frequency vs
low-frequency
noise

4 exposure groups: in
each, n = 8

Random assignment

Rats

Exposure groups:

High-freq noise
CO: n = 4
Noise: n = 7
Noise plus CO: n = 7
Air: n = 7

Low-freq noise
CO: n = 4
Noise: n = 4
Noise plus CO: n = 4
Air: n = 7

Random assignment

CO level: 1200 ppm
Noise exposure: Octave

band noise w/ center
frequency of 13.6 kHz

Exposure duration: 5
successive days:

CO only
Noise only: 95 dB, 2 h
Noise plus CO
Control: Air only

CO level: 1200 ppm
Noise exposure: 8h,

octave band noise
High freq: 9.6–19.2 kHz

at 100 dB (Ln)
Low freq: 2.4–4.8 kHz at

115 dB (Ln)

TABLE D-2 continued

Citation Design Population Exposures
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CAP thresholds for 11
pure tones between 2
and 40 kHz

4-wk recovery period

CAP and CM threshold
shifts at freq from 2 to
40 kHz

4-wk recovery period

Sig elevation of thresholds
for noise plus CO
exposure compared with
noise only

No effect of repeated
exposure to CO only

High-freq noise
Noise plus CO produced sig

greater CAP threshold
shifts than noise alone
(p < .05); greater
potentiation at higher freq

Noise alone produced sig
CAP threshold shifts from
air alone at freq > 8 kHz

CO alone produced no CAP
threshold shifts from air
alone

CM elevations for noise and
noise plus CO, at all freq,
w/ greater elevations at
high freq and for
combined exposure

Low-freq noise
Noise plus CO produced sig

greater threshold shifts
than noise alone (p < .05);
somewhat greater
potentiation at low freq

Noise alone produced sig
CAP threshold shifts at all
freq

CO alone produced no CAP
threshold shifts

CM elevations for noise plus
CO over noise alone at all
freq, w/ greater differences
at low freq; sig differences
at only three freq

Outcome Measure Results Comments

continued
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B: Response to
CO w/ varied
noise
exposure

C:  Comparison
of potentia-
tion measured
by CAP and
CM

D: Recovery of
auditory
thresholds
over time

E: Hearing loss
potentiation
and CO
concentration

Exposure groups:

Noise
Noise plus CO

Exposure groups:

Noise
Noise plus CO

Exposure groups for each
recovery period:

1 wk
Noise: n = 4
Noise plus CO: n = 3
4 wks
Noise: n = 7
Noise plus CO: n = 7

Air: n = 7

CO: 1200 ppm
Noise: octave band noises

at 100 dB (Ln)
9.6–19.2 kHz
4.8–9.6 kHz
2.4–4.8 kHz
1.2–2.4 kHz

CO levels: 300, 500, 700,
1200, 1500 ppm

High frequency noise:
9.6–19.2 kHz

Low frequency noise:
2.4–4.8 kHz

CO level: 1200 ppm
Noise: 9.6–19.2 kHz at

100 dB (Ln)

CO level: 0–1500 ppm
Noise: 8 h, 9.6–19.2 kHz

at 100 dB (Ln)

TABLE D-2 continued

Citation Design Population Exposures
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CAP and CM threshold
shifts in three freq
ranges:

Low: 2–8 kHz
Mid: 12–20 kHz
High: 24–40 kHz

Difference in mean CAP
or CM between noise
plus CO and noise
alone

High-frequency noise:
measured at freq
> 8kHz

Low-frequency noise:
measured at 2–6 kHz

CAP thresholds measured
at 1 wk, 2 wks, and
4 wks after exposure

Average CAP thresholds
measured at 2–8 kHz,
12–20 kHz, and 24–40
kHz

4-wk recovery period

Noise plus CO: CAP
threshold shifts and CM
elevations greater than
noise alone, especially at
high and mid frequencies,
for 9.6–19.2 kHz and 4.8–
9.6 kHz bands

Noise alone: only 9.6–19.2
kHz noise band caused
significant CAP threshold
shifts and CM elevations

Potentiations shown by CAP
and CM are correlated
and similar

Thresholds sig higher than
controls for noise plus CO
and noise alone at freq
> 8 kHz

Noise plus CO: No sig
difference b/t 1 wk and
4 wks

Noise alone: Lower
thresholds at 4 wks than
at 1 wk; sig differences at
12, 16, 30, 35 kHz;
remain sig higher than
controls at > 8 kHz

Greater potentiation with
higher CO levels; CO
effect varies across freq
ranges

Potentiation of hearing loss
begins at CO level of 300–
500 ppm for freq > 8 kHz

Outcome Measure Results Comments

continued



240 APPENDIX  D

Young et al.
(1987)

Experimental 16 male rats

4 exposure groups: in
each, n = 4

CO: 210 min, 1200 ppm
Noise: 120 min, 110

dBA; peak intensity at
4–8 kHz w/ roll-off of
16 dB/octave

CO only
Noise only
Noise plus CO: 90 min

of CO before noise
onset

Control: air only

TABLE D-2 continued

Citation Design Population Exposures

NOTES: CAP, compound action potential; CM, cochlear monophonic; CO, carbon monox-
ide; LD50, lethal dose 50 (for 50% of a population).
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Reflex modulation
audiometry: detection
sensitivity thresholds at
10 and 40 kHz

Thresholds measured
before exposure and at
1 wk and 3 wks
postexposure

CO only: no evidence of
worse auditory
functioning after exposure

Noise only: worse thresholds
after exposure (p < .01);
10 kHz worse than 40
kHz at 1 wk

Noise plus CO: thresholds
worse than noise alone;
greater shift at 40 kHz
than 10 kHz; sig
interaction effect at
1 week (p < .05); not sig
at 3 wks

Control: thresholds
unchanged

CO levels higher than
those likely in
occupational settings

Outcome Measure Results Comments
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TABLE D-3 Smoking as a Risk Factor for Noise-Induced Hearing Loss

Exposures and Source
Citation Design Population of Exposure Data

Ferrite and
Santana
(2005)

Palmer et al.
(2004)

Cross-sectional

Cross-sectional

535 male metal plant
workers participating
in hearing screening
and enrolled in health
promotion program

Northeast Brazil

Exclusions: women; age >
55 yrs; missing
audiometric data;
hearing loss
inconsistent with noise
damage

12,907 men and women
10,418 with responses on

hearing
Britain, 1997–1998

Age: 16–64 yrs

Postal survey of
randomly selected
members of armed
forces and persons
from age-sex registers
of 163 general
practitioners in Britain

Questionnaire: socio-
demographics, life-
style, occupational and
health-related data,
and smoking

Noise exposure
Based on job-noise matrix:
Exposed: jobs w/ 81–93

dBA
Nonexposed: jobs w/

< 81 dBA

Pre-employment noise
exposure assessed

Total duration of
exposure: 0 < 4 yrs and
≥ 4 yrs

Smoking
Nonsmokers (never

smoked or < 6 months)
Ever-smokers (current or

past smokers)

Age categories
20–40 yrs, 41–55 yrs

Survey questionnaire:
exposure to vibration,
time spent working in
noisy jobs, smoking
history, and hearing
aid use

Noise
Time spent working in

noisy places (a need to
shout to be heard;
considered equivalent to
at least 85–90 dBA)

Smoking history
Smoker: smoked at least

once/day for at least 1
month

Current smokers
Former smokers
Lifelong nonsmokers
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Outcome Measure Results Comments

Hearing loss: hearing
threshold > 25 dB HL
at 3, 4, 6, or 8 kHz

Pure-tone hearing
thresholds measured at
0.25, 0.5, 1, 2, 3, 4, 6,
8 kHz

Self-reported hearing
difficulties assessed by
response to—

“How well can you hear
a person who is talking
to you when he is
sitting on your right
[left] side in a quiet
room?”

Severe difficulty in worse
ear, or wore hearing
aid

Moderate difficulty in
worse ear

Normal: no or slight
difficulty

Smoking w/ noise exposure,
was sig. associated w/
greater hearing loss
compared w/ younger
nonsmokers not exposed
to noise

Younger workers: PR = 4.85
(90% CI 2.49–9.46)

Older workers: PR = 7.65
(90% CI 4.43–13.23)

Smoking alone not sig
associated with greater
hearing loss in younger
workers (PR = 1.27, 90%
CI: 0.37–4.32)

Prevalence of hearing loss:
Older noise-exposed

smokers: 46%
Younger noise-exposed

smokers: 29%
Older nonsmokers not

exposed to noise: 24%
Younger nonsmokers not

exposed to noise: 6%

Combined exposure to noise
and smoking was
consistent with an additive
effect

Current vs nonsmokers with
moderate to severe hearing
difficulty

No work noise:  PR = 1.5
(95% CI 1.1–2.1)

1–5 yrs work in noise: PR =
3.3 (95% CI 2.4 to 4.5)

> 5 yrs work in noise: PR =
5.7 (95% CI 4.4 to 7.1)

(PRs age- and sex-adjusted)

No other known ototoxic
agents in the workplace

Smoking, noise exposure,
and age examined as
dichotomous variables

No information on use of
hearing protection

Possibility of selection
bias from exclusion of
workers without
existing audiometric
test data

Nonoccupational noise
exposure not
considered

Response rate was 58%;
response rate higher
for women and older
subjects

No dose-response effect
tested for smoking or
noise

Use of hearing protection
not determined

continued
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Mizoue et
al. (2003)

Starck et al.
(1999)

Cross-sectional

Cross-sectional

4,624 male steel
company workers

Japan, 1999

Age: < 61 yrs

Current smokers: 56%
Working in potentially

high noise levels: 29%

Exclusions: no auditory
examination,
incomplete smoking
history, ex-smoker

199 professional forest
workers

171 shipyard workers
Finland

Mean age:
Forest workers: 43 yrs
Shipyard workers: 38 yrs

Exclusions: hearing loss
from ear diseases or
severe head injuries

Noise exposure
Company worksite

records for workers
who had hearing tests

Worksite noise levels
measured twice/yr

Smoking history
As reported at periodic

audiometric tests
Nonsmoker: never

smoked
Ex-smoker
Current smoker

Cigarettes per day:
< 15, 15–24, ≥ 25

Age groups
< 40, 40–49, 50–60 yrs

Questions to establish
work history and use
of hearing protection,
smoking history

Medical records
reviewed, overall
health status,
otological examination

Noise exposure
A-weighted noise level

for average working
day for both groups:
100 dB

Effective exposure with
hearing protectors
(measured for each
worker)

Forest workers: 95 dB
Shipyard workers: 85 dB

Smoking
Nonsmokers: never

smoked or quit > 10
yrs ago

Smokers

TABLE D-3 continued

Exposures and Source
Citation Design Population of Exposure Data
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Hearing loss (worse ear)
Low frequency: pure-tone

threshold > 25 dB HL
at 1 kHz

High frequency: pure-
tone threshold > 40 dB
HL at 4 kHz

Pure-tone air conduction
audiometric tests:

Workers w/o significant
noise exposure: 1, 4
kHz

Workers in noisy
environments (> 85
dBA): 0.5, 1, 2, 4, 8
kHz

Hearing level at 4 kHz

Measured hearing level
compared with
expected level (ISO-
1999), calculated on
the basis of age, noise
level (A-wt), and
duration of exposure
(50% estimate)

Age correction of hearing
levels with ISO 1999
(1990) model

Combined effect of noise
and smoking on high-
frequency hearing loss is
comparable to sum of
their independent effects

4 kHz comparisons w/ non-
smokers not exposed to
noise

Smokers exposed to occ
noise: PRR = 2.56 (95%
CI 2.12 to 3.07)

Smokers not exposed to
noise: PRR = 1.57 (95%
CI 1.31 to 1.89)

Nonsmokers exposed to
noise: PRR= 1.77 (95% CI
1.36 to 2.30)

Smoking not associated with
low-frequency hearing loss

Variation in hearing loss
explained (linear
regression)

Forest workers
Age: 26%
Noise exposure: 10%
Smoking: 1% (p=ns)

Shipyard workers
Age: 48%
Noise exposure: 15%
Smoking: 3% (p < .05)

Hearing levels for smokers
and nonsmokers not
significantly different

No control for past
occupational noise
exposure or leisure
time noise exposure

No information on ear
disease or injuries that
might have affected
hearing

PRR calculated by
Cochran-Mantel-
Haenszel method, w/
age stratification

All workers exposed to
noise; differed in noise
levels and duration of
exposure

Outcome Measure Results Comments

continued
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Cruickshanks
et al.
(1998)

Virokannas
and
Anttonen
(1995)

Population-
based, cross-
sectional

Cross-sectional

Questionnaire and
examination

Noise exposure
History of occupational

noise exposure: having
to speak in a loud
voice to be heard;
farmer driving tractor
w/o cab, or military
service with noise
(pilot, aircraft or tank
crew, ship engine
room, use of grenades,
mortars, multiperson
weapons systems)

Smoking status at
examination

Nonsmoker: < 100
cigarettes (lifetime)

Ex-smoker
Current smoker
Amount smoked
Pack-years

Clinical examination and
questions on exposure
to noise, smoking
history, use of ear
protectors

Principal noise sources:
Snowmobiles: 92–104

dBA
Chainsaws: 96–103 dBA
Gunshots: under 80 dBA

(annual equivalent)

Noise exposure
(based on cumulative
hrs of use of noisy
tools and vehicles)

Mild: 0–3,700 h
Moderate: 3,701–8,700 h
Heavy: 8,701–15,000 h

3,753 adults, ages 48–92
yrs

Beaver Dam, Wisconsin,
1993–1995

Mean age: 66 yrs
58% women

433 reindeer herders
Northern Finland, 1988

Mean age: 43 yrs (range
18–64 yrs)

Exclusions: accidental
exposure to explosion;
suffered ear disease;
abnormal findings for
tympanic membrane

TABLE D-3 continued

Exposures and Source
Citation Design Population of Exposure Data
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Hearing loss:
Average hearing

threshold at 0.5, 1, 2,
and 4 kHz > 25 dB HL
(worse ear)

Mild: > 25, ≤ 40 dB HL
Moderate: > 40, ≤ 60 dB

HL
Marked: > 60 dB HL

Pure-tone hearing
thresholds(audiometers
calibrated to ISO 389
standard)

Frequencies tested: 0.5,
1, 2, 3, 4, 6, 8 kHz

Age adjustment:
measured hearing
thresholds transformed
to values at age 18
(ISO 7029)

Current smokers had sig
increased risk of hearing
loss compared w/
nonsmokers among those
w/ and w/o occupational
noise exposure

W/ occupational noise: OR =
1.85 (95% CI 1.33–2.57)

W/o occupational noise:
OR = 1.53 (95% CI 1.03–
2.29)

Analysis of Covariance
Covariant: exposure time to

noise
Significant effect of heavy or

very heavy lifetime
smoking on age-adjusted
hearing thresholds:

3 kHz (right p = .044, left
p = .001)

4 kHz (right p = .055, left
p = .086)

Not significant at other
frequencies

Self-reported smoking
may have been
understated

Very heavy and heavy
smokers tended to use
noisier tools than the
moderate and
nonsmokers

Non-, moderate, and
heavy smokers used
hearing protectors
more often (61–64%)
than very heavy
smokers (47%)

Outcome Measure Results Comments

continued
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Lifetime smoking
(number of cigarettes)
Moderate: > 0 to

< 36,000
Heavy: 36,000 to

< 144,000
Very heavy: 144,000

or more

Survey: history of
working habits, use
of ear protectors,
history of vibration
syndrome, smoking
history

Complete medical
evaluation

Noise exposure
Time-weighted median

inside earmuffs: 99
dBA (91 dBA average
inside muffs, 103
dBA outside muffs);
measured for sample
of 6 workers

Smoking
Smoker: smoked w/in

past 10 yrs
Nonsmoker: never

smoked or no smoking
in past 10 yrs

199 professional forest
workers

Northeastern Finland
(1970s ?)

Exclusions: bilateral ear
disease

Cross-sectionalPyykko
et al.
(1988)

TABLE D-3 continued

Exposures and Source
Citation Design Population of Exposure Data

NOTES: CI, confidence interval; OR, odds ratio; PR, prevalence ratio; PRR, prevalence rate
ratio.
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Mean hearing threshold
of both ears at 4 kHz

Age correction based on
A-weighted noise levels
and duration of
exposure

Smoking not sig correlated
with sensorineural hearing
loss at 4 kHz

Outcome Measure Results Comments
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TABLE D-4 Progression of Hearing Loss After Noise-Induced Hearing Loss

Exposures and Source
Citation Design Population of Exposure Data

Lee et al.
(2005)

Longitudinal
cohort

188 participants (91
women, 97 men); 376
ears

Participation for at least
3 yrs (mean 6.4 yrs)

Ages at entry: 60–81 yrs
(mean 68 yrs)

Recruitment through
advertisements and
referral, began in 1987

Conventional thresholds
tested annually

Exclusions: conductive
hearing loss, active
otologic/neurologic
disease

Longitudinal study of
presbyacusis, Medical
University of South
Carolina

Questionnaire:  noise
history, medication
use, self-evaluation of
hearing handicap

History of noise
exposure:

   56 of 85 men
   18 of 78 women
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Outcome Measure Results Comments

Rate of change in pure-
tone hearing thresholds
(0.25, 0.5, 1, 2, 3, 4,
6, 8 kHz) (slope from
linear regression of
changes for each ear)

Testing also done for
extended high
frequencies

No significant difference in
rate of threshold change at
1–2 kHz for noise-exposed
and unexposed

Rate of change at 6–8 kHz
lower for noise-exposed
than unexposed males;
lower at 2 kHz for noise-
exposed females

Hearing thresholds at 2–8 kHz
were significantly higher
(7.7 to 12.1 dB, p < 0.05)
for noise-exposed men

Noise-exposed women had
smaller threshold
elevations (2.2 to 7.6 dB)

Overall, men had significantly
poorer initial thresholds
than women at 2–8 kHz

Rates of change at 0.25–2
kHz had positive
correlations w/ initial
thresholds at higher
frequencies

Rates of change at 3–8 kHz
had negative correlations
w/ initial thresholds at
those frequencies

continued
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Cruickshanks
et al.
(2003)

Rosenhall
(2003)

Longitudinal
cohort

Mixed
longitudinal
and cross-
sectional
cohort

Baseline (1993)
3,753 participants, ages

48 to 92 years

1,925 w/o hearing loss
[PTA (0.5, 1,2,4 kHz) in

both ears ≤ 25 dB]
Mean age: 61 yrs

1,631 w/ hearing loss
[PTA (0.5, 1,2,4 kHz)

in either ear > 25 dB
and < 100 dB in
worse ear]

Mean age: 71 yrs

5-yr follow-up (1998)
2,800 participants

Losses to death, refusal,
loss to follow-up;
losses greater among
persons w/ hearing loss

Epidemiology of Hearing
Loss Study, Beaver
Dam, WI

Gerontological and
geriatric population
study, Gothenburg,
Sweden

Total population:
616 men
869 women

Cohorts
1. 1971, 70 yr olds;

seven exams, to age 90
yrs; cohort
supplemented
beginning at age 85

2. 1976, 70 yr olds;
second exam at 75 yrs

4. 1990–1991, 75 yr olds
5. 1992–1993, 70 yr olds

Questionnaires:
occupation and
exposure to
occupational noise,
leisure noise, military
service

Questionnaires:
occupation and
exposure to
occupational noise

TABLE D-4 continued

Exposures and Source
Citation Design Population of Exposure Data
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Incident hearing loss
PTA (0.5, 1, 2, 4 kHz) in

either ear > 25 dB at
follow-up

Progression of hearing
loss

PTA (0.5, 1, 2, 4 kHz) >
5 dB increase over
baseline level

Change in pure-tone
hearing thresholds
(0.25, 0.5, 1, 2, 4, 6, 8
kHz) from age 70 to
age 75 yrs

Incident hearing loss
All: 21% (95% CI 19.4–23.4)
Men (age-adj): 31% (CI

26.8–34.6)

Current or former
occupation (age-, sex-adj):
Mgmt/profess:  OR = 1.00
Production:  OR = 1.92
(95% CI 1.10 – 3.37)
Operations/fabricators: OR
= 1.92 (95% CI 1.26–2.93)

Self-reported occupational
noise exposure: not
significant

Progression of hearing loss
All: 53.5% (CI 50.2–56.4)
Men (age-adj): 51.5%  (CI

47.0–55.2)

Occupation: no significant
assoc between likely noise
exposure and progression

Greater increases in hearing
thresholds at 1, 2, 8 kHz
for men exposed to noise
than men not exposed

Increases at 4 kHz similar
for exposed and non-
exposed

Less change between ages 75
and 79; similar changes
for exposed and non-
exposed

No measures of
statistical significance
reported

Outcome Measure Results Comments

continued
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Gates et al.
(2000)

Longitudinal
cohort

203 male members of the
initial Framingham
Heart Study cohort
with audiometric tests
from examinations E15
and E22

E15
No notch (N0): 75 right

ears (RE), 68 left ears
(LE)

Small notch (N1): 50 RE,
47 LE

Large notch (N2): 78 RE,
88 LE

Mean age at E15:  64 yrs

Exclusions:  men w/ 20
dB difference in PTA
b/t right and left ears

Represented by
presence and
characteristics of
audiometric notch at
Examination E15

Notch determined from
two-part function for
linear pattern at
lower frequencies and
vertically oriented,
concave parabolic
form at higher
frequencies (2–8 kHz)

Depth-of-notch
categories:

N0: < 15 dB
N1: 15 dB–35 dB
N2: ≥ 35 dB

N1: possible noise
damage

N2: probable noise
damage

TABLE D-4 continued

Exposures and Source
Citation Design Population of Exposure Data

NOTES: CI, confidence interval; LE, left ear; OR, odds ratio; PTA, pure-tone average; RE,
right ear.
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15-year change (E22–
E15) in audiometric
threshold for 8
frequencies: 0.25–8
kHz

(each ear assessed
separately)

Secondary analysis
included as predictor
variables
cardiovascular disease
events (lifetime),
smoking history (E15–
E22), number of
prescription
medications used
regularly (E15–E22)

0.25, 0.5, 1 kHz:  threshold
shifts not significantly
different across notch
groups

2 kHz: notch groups are
significantly different;
(e.g.,

LE shifts:  N0 = 12.4; N1 =
16.0; N2 = 18.8; p =
0.0018)

4, 6 kHz: N2 shifts
significantly smaller than
N0, N1

8 kHz: N1 shift significantly
greater than N0 or N2;
N0 and N2 not
significantly different

With E15 thresholds as
covariates, notch category
was significant only at 2
kHz (p < .001)

Similar patterns for right
and left ears

Results adjusted for age,
smoking, medications

Outcome Measure Results Comments

Actual noise exposures
during E15–E22
interval not
documented; presumed
no additional
occupational noise
exposure for most
subjects and little
recreational exposure

Past noise exposure
inferred from presence
of audiometric notch

Possible survival bias
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TABLE D-5 Features of Studies Included in Analysis of Hearing
Loss Among Military Personnel

Timing
of Data

Citation Design Collection Study Population Stratification

a. Air Force Studies
Sutherland

and
Gasaway
(1976)

Sutherland
and
Gasaway
(1978)

Thomas
(1995)

Cross-
sectional

Cross-
sectional

Longitudi-
nal and
cross-
sectional
reporting

Jan–June 1975
Data from AF Form

1490 (annual
hearing conserva-
tion audiogram),
received Jan–Jun
1975

1 June 1975–31
May 1976

Data from AF Form
1490 (annual
hearing conserva-
tion audiogram)
for test dates w/in
study period

Not specified

Data from Air Force
hearing conserva-
tion program test
results

56,951 USAF per-
sonnel (men
only?)

48,262 military
8,689 civilians

Personnel tested as
part of the hearing
conservation
program

117,454 USAF
personnel (men
only?)

99,318 military
18,136 civilians

Received annual
hearing conserva-
tion audiogram
during 1-yr study
period (one
record/person)

6,655 persons in
hearing conserva-
tion program
(8 bases)

3,029 military
2,859 civilians

6,207 men
365 women

Only personnel with
at least 4 sequen-
tial audiograms

Age (yrs)
18–24; 25–34;
35–44; 45–54;
55–64

Age (yrs)
18–24; 25–34;
35–44; 45–54;
55–64

Tests 1–4
(mean age for

personnel at
each test)
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Audiometric Zero, Summary
Frequencies Audiometer, and Measures Comments,
Tested Earphones Reported* Conclusions

0.5, 1, 2, 3, 4,
6 kHz

0.5, 1, 2, 3, 4,
6 kHz

0.5, 1, 2, 3, 4,
6 kHz

ANSI, 1969

TDH-39 earphones
w/ MX-41/AR
cushions

ANSI, 1969

TDH-39 earphones
w/ MX-41/AR
cushions

Not specified

Median hearing thresh-
old levels (military
and civilians reported
separately)

% distribution of HTLs
for each frequency

% STS

Median hearing thresh-
old levels (military
and civilians reported
separately)

% distribution of HTLs
for each frequency

% STS

Mean hearing threshold
levels (ears not re-
ported separately)

(military and civilians
reported separately)

% worse on subsequent
test

% better or worse on
subsequent test

Hearing levels of
military noise-
exposed USAF
personnel better
than USAF civilians
and U.S. population
(except at ages
18–24, 0.5 kHz,
left ear).

Noise-exposed USAF
military personnel
show better hearing
than noise-exposed
USAF civilians and
general U.S. popu-
lation

Total personnel in
hearing conserva-
tion program was
14,166

Less variability in
women’s HTLs than
men’s (combined
military and
civilian)

Analysis of variability
of HTLs classifies
USAF hearing
conservation pro-
gram as unaccept-
able to marginal

continued
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TABLE D-5 continued

Timing
of Data

Citation Design Collection Study Population Stratification

b. Army Studies

Walden et
al. (1971)

Walden et
al. (1975)

Peters and
Ford
(1983)

Cross-
sectional

(pilot
study)

Cross-
sectional

Cross-
sectional

1971
(Sept–Nov?)

June 1974–Sept
1974

Feb–Aug 1982

2,726 men

Active duty
Officers and enlisted

Included recruits,
advanced trainees,
regular personnel
from infantry,
armor, artillery,
pilots

Convenience sample
from 6 bases

3,000 enlisted men
(10 bases; 1,000

each infantry,
armor, and artil-
lery)

75% of active duty
spent in desig-
nated branch

300 male inductees
(3 bases)

Random selection

145 aviators (all
men?)

Ft. Rucker; officers
and warrant
officers

Age range 24–45 yrs
(mean 32 yrs)

54% w/ substantial
exposure to small
arms and artillery
fire

Random sample

Age (yrs)
16–20; 21–25;
26–30; 31–35;
36–40; 41–45;
46–50; 51–55

LOS (yrs): 0–2;
2–4; 4–6; 6–8;
8–10; 10–15;
15–20; 20–25;
25–30; (w/in
branches: < 4,
4–10, > 10
yrs)

Branch
LOS (yrs):

1.5–2.4;
2.5–7.4;
7.5–12.4;
12.5–17.4;
17.5–22.4

Flight hours
50–400; 401–
600; 601–800;
801–1000;
1001–2000;
2001–3000;
3001–4000;
4001–5000;
5001–6000;
6001–7000
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Audiometric Zero, Summary
Frequencies Audiometer, and Measures Comments,
Tested Earphones Reported* Conclusions

0.25, 0.5, 1, 2,
4, 6 kHz

0.25, 0.5, 1,
1.5, 2, 3, 4,
6, 8 kHz

< 81 dBA
exposure in
14 hours
before test

2, 3, 4, 6 kHz

ISO, 1964

Portable audiom-
eters w/ minimum
threshold of -10
dB HL

ANSI, 1969

Manual testing w/
audiometers and
test booths avail-
able at each base

TDH-39 earphones
w/ MX-41/AR
cushions

ANSI, 1969

Grason-Stadler
audiometer,
Model 1701 w/
TDH 49 ear-
phones or
Grason-Stadler
GSI 10 w/ TDH
50P earphones

Mean hearing thresh-
olds (standard devia-
tion)

% distribution by
hearing profile

Mean hearing thresh-
olds (standard devia-
tion)

% distribution by
hearing profile (stan-
dard error)

Mean and median
hearing thresholds
(standard deviation,
standard error)

Higher % with hear-
ing impairment w/
longer active duty
service

Higher thresholds
seen as early as first
4–6 months of
active duty

Authors cite need for
longitudinal study

Hearing ability de-
creases as time-in-
service increases

Clinically significant
losses:  20–30% at
≥ 2 yrs LOS; >
50% at ≥ 15 yrs
LOS

Middle to high fre-
quencies most
affected

Assigned hearing
profile category not
correct for many

Mean thresholds
lower (better) than
aviators in Walden
et al. (1971)

Thresholds higher for
left ear at 2, 4 kHz,
higher for right ear
at 6 kHz

Significant effect of
flight hours (50–
400; 401–3000;
3001–6000 hrs) on
left-ear threshold
differences between
4 and 2 kHz

continued
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Chandler
and
Fletcher
(1983)

Ohlin
(1992)

Retro-
spective
analysis
of longi-
tudinal
data

Cross-
sectional

Date not specified

Reference and
current audio-
grams (w/in past
12 mos)

1989

Hearing conserva-
tion program
reports

Last test in 1989

DD Form 2215:
1,284 tests

DD Form 2216:
1,625 tests

209 men in six
engineering MOS

(1) Basic engineers;
(2) carpenters,
plumbers, electri-
cians; (3) heavy
equipment opera-
tor/ mechanic;
(4) maintenance
(wheeled vehicle);
(5) truck driver;
(6) petroleum
supply and storage

Exclusions: history
of nonoccupational
noise hazards,
head or acoustic
trauma, middle-ear
pathology, or
family history of
hearing loss

Age range: 18–50 yrs

2,903 enlisted men
(10 bases: 985

Infantry; 963
Armor; 959
Artillery)

Random selection
from registry for
hearing conserva-
tion program

3,534 inductees
(1 base)
Test results from

feasibility study
for reference
audiograms

No otologic exami-
nations

MOS

LOS (yrs)
1.5–2.4;
2.5–7.4;
7.5–12.4;
12.5–17.4;
17.5–22.4 yrs

Branch (w/o
LOS)

TABLE D-5 continued

Timing
of Data

Citation Design Collection Study Population Stratification
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0.5, 1, 2, 3, 4,
6 kc/s

0.5, 1, 3, 4, 6
kHz

(no quiet
period re-
quired before
DD Form
2216 test)

ANSI, 1969

No information on
audiometer or
earphones

Standard hearing
conservation
program
calibration

HEARS micropro-
cessor audiom-
eters; group
testing

Circumaural test
earphones
(Audiocups)

Mean hearing threshold
levels (current)

Change from reference
thresholds (graphed
data only)

Mean hearing thresh-
olds (average of left
and right ears)
(standard error)

% distribution by
hearing profile (stan-
dard error)

No remarkable differ-
ences among MOS
groups

Better current HTLs
at 3, 4, and 6 kc/s
by 23–34 dB, than
1954 data for
comparably aged
men working in
industry may reflect
exclusions for other
causes of hearing
loss in military
population

59% of enlisted
combat arms per-
sonnel from
sampled bases in
HEARS in 1989

Entrance standards
stricter as of 1 Aug
87 (AR 40-501)

No data on race or
nonoccupational
noise

Systematic increase in
HTLs with increase
in LOS, w/ approx
50% of hearing loss
attributed to aging

Differences among
branches not clini-
cally significant

Improvements over
1974 levels for all
LOSs

Audiometric Zero, Summary
Frequencies Audiometer, and Measures Comments,
Tested Earphones Reported* Conclusions

continued
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c. Navy and Marine Corps Studies

Henselman
et al.
(1995)

Robertson
et al.
(1978)

Cross-
sectional

Cross-
sectional

1989

Records from hear-
ing conservation
program tests
(high-noise MOS)
and periodic
physical examina-
tions (low-noise
MOS)

“[N]early three
years”
(mid 1970s? dates
not specified)

39,006 enlisted men
from high-noise-
exposure MOS
(infantry, armor,
artillery)

18,730 enlisted men
from low-noise-
exposure MOS
(administration,
supply and ser-
vices, medical,
visual informa-
tion, electronic
maintenance and
calibration, public
affairs, automated
data processing,
topography,
intelligence)

Age range: 17–56 yrs

3,050 enlisted
sailors:

1,561 in “experi-
mental” ratings
(high noise expo-
sure expected:
airman, fireman,
equipment opera-
tor, machinist
mate, engineman,
boiler tech, avia-
tion mechanic,
aviation machinist
mate, aviation
boatswain mate,
aviation ordnance
man)

Race (white
black, other),
LOS (yrs): by
yr for 0–14.9
yrs; 15–19.9;
20–24.9 yrs

LOS (yrs)
For ratings: 1–2;

2–3; 3–4; 4–5;
5–10; 10–15;
15–20; 20–25
yrs

For apprentices:
1–2; 2–3; 3–4
yrs

TABLE D-5 continued

Timing
of Data

Citation Design Collection Study Population Stratification
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0.5, 1, 2, 3, 4,
6 kHz

0.5, 1, 2, 3, 4,
6, 8 kHz

Standard hearing
conservation
program calibra-
tion

Tracor RA 600AM
microprocessor
audiometer

TDH-39 earphones
with ear cushions

ANSI, 1969

Manual audiometry

No information on
audiometer or
earphones

Age-corrected threshold
average (1, 2, 3, and
4 kHz; left and right
ears averaged)

Age correction from
ISO-1999, database B

“Average” hearing
threshold levels
(standard deviation)

% of subjects with
significant high- and
low-frequency hear-
ing losses (≥ 30 dB)

Analyzed records
cover 25% of total
personnel in high-
noise MOS and
18% of personnel
in low-noise MOS

Exposure categories
based on current
MOS; no informa-
tion on noise-
exposure history

No control for nonoc-
cupational noise

Significant difference
in average thresh-
olds between high-
and low-noise
groups, but differ-
ences were < 5 dB

37% of experimental
group and 23% of
control group had
significant high-freq
hearing losses at
≥ 5 yrs of service

USMC high-freq
losses described as
generally greater
than Navy; only
those for Navy EO
rating similar to
USMC

Audiometric Zero, Summary
Frequencies Audiometer, and Measures Comments,
Tested Earphones Reported* Conclusions

continued
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Goldenberg
(1977)

Cross-
sectional

13-month period

(early 1970s?
date not specified)

1,489 in “control”
ratings (low
noise exposure
expected:
hospitalman,
dentalman, hospi-
tal corpsman,
dental tech, mess
management
spec., yeoman,
personnelman,
disbursing clerk,
training device
tech, aviation
maintenance
admin)

361 apprentices
(airman, fireman,
hospitalman,
dentalman)

121 recruits
298 women (9%

overall: 18% of
recruits: 16% of
control; 1.7% of
experimental)

“Subjects were
identified by
computer”

Exclusions: conduc-
tive hearing loss

11,577 men (Marine
Corps enlisted
personnel and
officers)

Consecutive unique
test subjects at
one site

No otologic exami-
nation

Age (yrs)
< 18; 18–24;
25–34; 35–44;
45–54; 55–64

TABLE D-5 continued

Timing
of Data

Citation Design Collection Study Population Stratification
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0.5, 1, 2, 3, 4,
6 kHz

ISO (1964)

Rudmose ARJ-4A
audiometer, 10-
man booth

TDH-39 earphones

If questionable self-
recording audio-
gram, retested in
1-man booth w/
Beltone 15 CW
audiometer, TDH-
39 earphones

Median hearing thresh-
olds (better ear only;
graphed data)

% w/ > 25 dB and %
w/ > 45 dB loss at
avg of speech fre-
quencies (0.5, 1, 2
kHz) or high frequen-
cies (3, 4, 6 kHz)

Marine Corps data
similar to USPHS
for civilians

Markedly higher
thresholds at ages
35–44 yrs and older

Audiometric Zero, Summary
Frequencies Audiometer, and Measures Comments,
Tested Earphones Reported* Conclusions

continued
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Bohnker et
al. (2002)

Glorig and
Roberts
(1965)

Cross-
sectional

Cross-
sectional

68,632 enlisted
personnel w/
“monitoring”
audiogram reports
from hearing
conservation
program

Navy men = 51,643
Marine men =

12,251
Navy women =

4,184
Marine women =

554

Analysis based on
20–25% sample
of 152,590
records

6,672 persons
examined

Noninstitutionalized
civilians, ages
18–79 yrs

Nationally represen-
tative random
sample

Tests between
1995–1999

Hearing conserva-
tion program
reports

Data entered begin-
ning 1999

Oct 1959–Dec 1962

Service (USN/
USMC), gen-
der, and age
(yrs)
17–24; 25–29;
30–34; 35–39;
40–44; 45–49;
≥ 50

Sex and age (yrs)
18–24; 24–34;
35–44; 45–54;
55–64; 65–74;
75–79

*Left ears and right ears reported separately unless otherwise noted.
NOTE: EO, equipment operator; HEARS; Hearing Evaluation Automated Registry System [Army] ;
HTL, hearing threshold level; LOS, length of service; MOS, military occupational specialty; NEHC,
Navy Environmental Health Center; OSHA, Occupational Safety and Health Administration; STS,
significant threshold shift; USPHS, U.S. Public Health Service.

TABLE D-5 continued

Timing
of Data

Citation Design Collection Study Population Stratification

d. U.S. Adult Population
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0.5, 1, 2, 3, 4,
6 kHz

0.5, 1, 2, 3, 4,
6 kcps

Not reported; refer-
ence to testing
according to
NEHC guidance

ASA, 1951

Beltone audiom-
eters, TDH-39
earphones w/
MX-41/AR
cushions

Minimum threshold:
–10 dB HL

Mean hearing thresh-
olds (standard
deviation)

Median hearing
thresholds
(method for calculat-
ing 95% confidence
intervals described)

% distribution by
hearing threshold
categories

Mean thresholds for
USN and USMC
were generally
worse than OSHA
age-adjusted values

Women had lower
thresholds than men
w/in each service at
corresponding ages

No noise-exposure
history

Hearing levels higher
w/ age from young-
est to oldest

Audiometric Zero, Summary
Frequencies Audiometer, and Measures Comments,
Tested Earphones Reported* Conclusions
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TABLE D-6 Studies on Prevalence of Tinnitus and Prevalence of Tinnitus
with Hearing Loss

Definition of
Definition Hearing Level or

Study Design, Population of Tinnitus Hearing Loss

a. Community-based Studies

Sindhusake et al.
(2003a,b, 2004)

Blue Mountains
Hearing Study,
Australia, 1997

Hoffman and Reed
(2004)

Tambs et al. (2003)

Nord-Trøndelag
Hearing Loss
Study, Norway,
1995–1997

Cross-sectional

2,015 persons, ages
55+ yrs (mean 70
yrs)

Residents of 2
suburban postal
code areas

Cross-sectional

51,975 persons,
ages 20–101 yrs
(mean: 50 yrs)

Residents of Nord-
Trøndelag County

Tinnitus
Sounds persisting

for 5 minutes or
longer during the
past yr

Tinnitus
Bothered by ringing

in the ears

Hearing level
Lower frequencies:

PTA for 0.5, 1, 2,
and 4 kHz

Higher frequencies:
PTA for 4, 6, and
8 kHz

Hearing loss
PTA for 0.5, 1, 2,

and 4 kHz >
25 dB HL in
better ear

Pure-tone testing at
0.25, 0.5, 1, 2, 4,
6, 8 kHz (3 kHz
if 20 dB differ-
ence b/t 2 and 4
kHz)

Hearing loss
PTA for 0.5, 1, 2,

and 4 kHz in
worse ear:

≤ 25 dB HL
> 25, ≤ 40 dB HL
> 40 dB HL
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Noise Exposure Prevalence of
and Source of Prevalence Tinnitus, by
Exposure Data of Tinnitus Hearing Level Comments

Questionnaire on
noise exposure

Duration (yrs) and
level of occupa-
tional noise
(quiet; tolerable;
“unable to hear
speech”)

Noise during mili-
tary service

Leisure noise (e.g.,
gunfire)

Questionnaire on
noise exposure

Occupational noise:
difficult to have a
conversation; type
of work; exposed
to staple gun,
hammering, chain
saw, blasting, etc;

Other noise: impulse
noise (y/n); brass
band; personal
stereo

Hearing loss
35% w/ tinnitus

Normal hearing
27% w/ tinnitus

Odds ratio for
tinnitus

≤ 25 dB HL
Men: 1.0
Women: 1.0

> 25, ≤ 40 dB HL
Men: 2.84 (95% CI

2.55–3.16)
Women: 2.78 (95%

CI 2.45–3.15)

> 40 dB HL
Men: 4.18 (95% CI

3.66–4.77)
Women: 5.40 (95%

CI (4.67–6.24)

75% participation
rate for eligibles

Possible response
bias

Participation rates
were 65% for
men; 73% for
women; < 50%
for ages < 30 yrs;
≥ 75% for ages
50–80 yrs

30% w/ tinnitus

Age- and sex-
standardized to
Australian
population

15% w/ tinnitus

continued
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TABLE D-6 continued

Definition of
Definition Hearing Level or

Study Design, Population of Tinnitus Hearing Loss

Nondahl et al.
(2002)

Epidemiology of
Hearing Loss
Study, Beaver
Dam, WI
1993–2000

Palmer et al., (2002)

United Kingdom,
1997–1998

Cross-sectional and
longitudinal

Baseline
3,737 participants,

ages 48 to 92
years

5-yr follow-up
2,558 participants

(75% of those w/o
significant tinnitus
at baseline)

Cross-sectional

12,907 responses
from adults, ages
16–64 yrs

Postal survey using
random sample
from age-sex
registers for 34
general medical
practices, plus
members of the
armed services

Significant tinnitus
“buzzing, ringing,
or noise” in the
ears in the past
year, rated as at
least moderately
severe or causing
problems w/ sleep
or both

Excludes tinnitus
rated mild or of
unknown severity
and not causing
problems w/ sleep

Tinnitus
Noises lasting

longer than 5
minutes during
the past 12
months

Persistent tinnitus
Occurring most or

all of the time

Hearing loss
PTA of thresholds
at 0.5, 1, 2, and 4
kHz > 25 dB HL
in worse ear

Pure-tone testing at
0.25, 0.5, 1, 2, 3,
4, 6, 8 kHz

No hearing
difficulty

Report of no or
slight difficulty
hearing a person
talking in a quiet
room w/ better
ear

Severe hearing
difficulty

Use of a hearing aid
or report of
severe difficulty
hearing or inabil-
ity to hear a
person talking in
a quiet room

Intermediate hearing
difficulty

All others

No audiometric
testing done
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Noise Exposure Prevalence of
and Source of Prevalence Tinnitus, by
Exposure Data of Tinnitus Hearing Level Comments

Occupational noise
history

 - full-time job
required using
loud voice to be
heard at 2 ft;

 - farmer who drove
tractor w/out cab
at least half of the
time; or

 - military duties on
aircraft; tracked
vehicle, ship
engine room; on
weapons range
≥ 7 times per yr;
used grenades,
mortars, or
shoulder-held
grenade launchers;
used weapons
system requiring
more than one
operator

Questionnaire
response on
number of years
working in noisy
places (need to
shout to be heard)

Baseline (significant
tinnitus)

8% [8.2%; 95% CI
7.4–9.1]

Severe: 1.5%
Moderate or causing

sleep problems:
6.7%

5-yr Incidence
6% [5.7%; 95% CI

4.8–6.6]

Persistent tinnitus
Men: 6%
Women: 3%

Baseline
w/ hearing loss
12% w/ significant

tinnitus

w/o hearing loss
5% w/ significant

tinnitus

W/ severe hearing
difficulty

Men: 16.1% w/
persistent tinnitus
(age-standardized)

Women: 33% w/
persistent tinnitus

W/ no hearing
difficulty

Men:  5.0% w/
persistent tinnitus

Women: 3% w/
persistent tinnitus

Possible response
bias (58% re-
sponse rate)

continued
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TABLE D-6 continued

Definition of
Definition Hearing Level or

Study Design, Population of Tinnitus Hearing Loss

Adams et al. (1999)

National Health
Interview Survey,
United States,
1996

Hoffman and Reed
(2004)

Adams and Marano
(1995)

Disability Supple-
ment, National
Health Interview
Survey, United
States, 1994–1995

Hoffman and Reed
(2004)

Adams and Benson
(1991)

Hearing Supple-
ment, National
Health Interview
Survey, United
States, 1990

Cross-sectional

63,402 persons, all
ages

Nationally represen-
tative random
sample; nonin-
stitutionalized
population; ex-
cludes armed
forces and nursing
home residents

Cross-sectional,
household
interviews

99,435 adults, ages
20 yrs and older

Subset of partici-
pants in national
sample of nonin-
stitutionalized
population; ex-
cludes armed
forces and nursing
home residents

Excludes proxy re-
sponses on tinnitus

Cross-sectional,
household
interviews

59,343 adults, ages
20 yrs and older

Subset of partici-
pants in national
sample of nonin-
stitutionalized
population; ex-
cludes armed
forces and nursing
home residents

Excludes proxy re-
sponses on tinnitus

“Does [household
member] now
have tinnitus or
ringing in the
ears?”

“Does [household
member] have
ringing, roaring or
buzzing in the ears
or head now that
has lasted for at
least 3 months?”

“At any time over the
past 12 months,
have you ever
noticed ringing in
the ears, or have
you been bothered
by other funny
noises in your ears
or head?”

If yes:
Occurs all the time/

every few days/
less often

Bothered quite a bit/
just a little/ not at
all

Moderate or worse
hearing loss
(subjective assess-
ment, criteria not
specified)

Uses hearing aid

Moderate or worse
hearing loss
(subjective assess-
ment, criteria not
specified)
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Noise Exposure Prevalence of
and Source of Prevalence Tinnitus, by
Exposure Data of Tinnitus Hearing Level Comments

No exposure data

No exposure data

3% w/ tinnitus

Age
< 45 yrs: 1%
45–64 yrs: 6%
65+ yrs: 9%

18+ yrs: 4%
45+ yrs: 7%

4% w/ tinnitus

8% w/ tinnitus

Moderate or worse
hearing loss

32% w/ tinnitus

Uses hearing aid
12% w/ tinnitus

Moderate or worse
hearing loss

42% w/ tinnitus

94% participation
rate

Unknown effect of
exclusion of
proxy responses
on representative-
ness of data
(40,570 adult
proxy responses)

Unknown effect of
exclusion of
proxy responses
on representative-
ness of data
(27,364 proxy
responses)

continued
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Coles (1996)

Tier B, National
Study of Hearing,
United Kingdom

Medical Research
Council’s Institute
of Hearing Re-
search, (1981)

Coles (1984)

Tier A, National
Study of Hearing,
United Kingdom,
1978–1982

Cross-sectional

3,234 people se-
lected in stratified
random sample
from postal sur-
vey responses

Stratification to
ensure larger
proportion of
persons w/hearing
disorders and
tinnitus

Cross-sectional
(multiple samples)

Postal survey, re-
sponses from
random samples
of adults, age 17+
yrs, from 4 cities:

Prepilot: 522
Pilot: 5,000 (74%)
Phase I: 8,069
Phase II: 7,645

Prolonged spontane-
ous tinnitus:
lasting at least 5
minutes and not
temporarily in-
duced by noise,
drugs, or ear or
respiratory illness

Prolonged spontane-
ous tinnitus
lasting at least 5
minutes and not
temporarily in-
duced by noise,
drugs, or ear or
respiratory illness

Prepilot
Ever noticed noises

in your head

Spontaneous
tinnitus

Pilot
Ringing or buzzing

lasting 5 minutes
or more, exclud-
ing those occur-
ring only after
exposure to loud
noise

Phase I
Ever have noises

lasting 5 minutes
or more, exclud-
ing those occur-
ring only after
exposure to loud
noise

Hearing threshold
levels

TABLE D-6 continued

Definition of
Definition Hearing Level or

Study Design, Population of Tinnitus Hearing Loss
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Little or no occupa-
tional noise expo-
sure: 8% w/
tinnitus

High lifetime noise
dose: 21% w/
tinnitus

Prolonged,
spontaneous

10%

Any tinnitus
34% to 39%

Brief or
nonspontaneous

23% to 27%

Spontaneous
11% to 18%

Moderately or
severely annoying:
5%

Sleep-disturbing:
5%

Severe effect on
quality of life: 1%

Severe effect on
ability to lead a
normal life: 0.5%

Presence of moder-
ately or severely
annoying tinnitus

HTL 10–19 dB vs
HTL < 10 dB

OR=2

HTL >80 dB vs
HTL < 10 dB

OR= 27

Controlling for
hearing thresholds
eliminates associa-
tions w/ age,
noise exposure, or
socioeconomic
status

80% response rate

7% of all adults
have sought a
doctor’s help for
tinnitus

Noise Exposure Prevalence of
and Source of Prevalence Tinnitus, by
Exposure Data of Tinnitus Hearing Level Comments

continued
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Parving et al. (1993)

Copenhagen Male
Study, Denmark,
1985–1986

Rosenhall and
Karlsson (1991)

Gothenburg, Swe-
den, 1971–1976

Cross-sectional
assessment of
tinnitus

3,387 men, ages 53–
75 in 1985–86

Participants in a
prospective cohort
study of cardio-
vascular health

Repeated cross-
sectional assess-
ments of defined
cohorts

Cohorts
F01: 377 initial

members; born
1901–02; first
examined in 1971

F06: 297 initial
members; born
1906–07; first
examined in 1976

Gerontological and
geriatric popula-
tion study

Phase II
“Nowadays” noises

lasting 5 minutes
or more, exclud-
ing those occur-
ring only after
exposure to loud
noise

Tinnitus of greater
than 5 minutes
duration

Tinnitus (buzzing):
none, occasional,

continuous

Self-assessed hearing
ability: do you
think your hear-
ing is affected?

Pure-tone thresholds
at 0.25, 0.5, 1, 2,
4, and 8 kHz

TABLE D-6 continued

Definition of
Definition Hearing Level or

Study Design, Population of Tinnitus Hearing Loss
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17% w/ tinnitus

Continuous tinnitus
F01
Age 70: 8%
Age 75: 12%
Age 79: 11%

F06
Age 70: 12%

Occasional tinnitus
F01
Age 70: 20%
Age 75: 17%
Age 80: 30%

F06
Age 70: 19%

Significantly higher
prevalence of
tinnitus if hearing
affected (X2, p <
0.001)

Hearing affected:
Yes: 27% w/ tinnitus
No: 11% w/ tinnitus

Noise Exposure Prevalence of
and Source of Prevalence Tinnitus, by
Exposure Data of Tinnitus Hearing Level Comments

continued
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Axelsson and
Ringdahl (1989)

Gothenburg,
Sweden, 1980s

Roberts (1968)

Health Examination
Survey, United
States, 1960–1962

Cross-sectional

2,378 responses
from adults, ages
20–79 yrs

Postal survey using
age-stratified
random sample
from city popula-
tion register

Cross-sectional

6,672 adults, ages
18–79 yrs

Nationally represen-
tative random
sample; nonin-
stitutionalized
population; ex-
cludes armed
forces and nursing
home residents

Do you suffer from
tinnitus?

(never/seldom/
often/always)

Additional character-
ization of tinnitus
only for those
responding “often”
or “always”

“At any time over
the past few years,
have you ever
noticed ringing
(tinnitus) in your
ears of have you
been bothered by
other funny noises
in your ears?”

If yes, how often
(every few days /
less often)

If yes, do they
bother you (quite
a bit / just a little)

Severe and mild
tinnitus not ex-
plicitly defined

Subjective hearing:
 - normal
 - some hearing loss
 - marked hearing

loss
 - deaf

Average thresholds
Better than normal:

–5 dB HL or
better

Normal: –4 dB to
15 dB HL

Some hearing im-
pairment: 16 dB
HL or worse

Average of thresh-
olds at 0.5, 1, and
2 kcps (audiomet-
ric zero:  ASA,
1951)

Testing at 0.5, 1, 2,
3, 4, 6 kcps

TABLE D-6 continued

Definition of
Definition Hearing Level or

Study Design, Population of Tinnitus Hearing Loss
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No exposure data

Tinnitus
Always:  6%
Often:  8%
Seldom/never: 86%

32% w/ tinnitus

Severe: 6%
Mild: 27%

W/ better than
normal hearing

3% w/ tinnitus

W/ some hearing
impairment

22% w/ tinnitus

Response rate: 66%
(usable responses)

Noise Exposure Prevalence of
and Source of Prevalence Tinnitus, by
Exposure Data of Tinnitus Hearing Level Comments

continued
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Sulkowski et al.
(1999)

Poland

Griest and Bishop
(1996)

Oregon, 1971–1990,
1992

Cross-sectional

261 male drop-forge
operators

Age range: 18–61
yrs (mean: 31 yrs)

Employment: 1–28
yrs (mean: 10 yrs)

169 age-matched
controls from
low-noise factory
areas (mean age:
35 yrs)

Exclusions: ear
disease or pre-
employment noise
exposure

Longitudinal
(retrospective
cohort)

138 men in steel
foundry hearing
conservation
program

Initial ages: 18 to
41 yrs (mean 28
yrs)

No exclusions for
other tinnitus risk
factors

No definition
provided

Interview to deter-
mine presence and
characteristics of
tinnitus

Tinnitus reported at
annual audiogram

(never / 1–2 times /
3+ times)

Tinnitus reported on
1992 question-
naire:

Ever hear ringing
noises or other
sounds

When first aware
How often (rarely /

several times a
month / several
times a week /
several times a
day / always
there)

How long (only a
few minutes /
several hours /
several days /
always there)

Pure-tone audiomet-
ric testing before
the beginning of
the workday

Annual audiograms
starting in 1971

Threshold at 4 kHz
for men 20–29 yrs
in 1971

TABLE D-6 continued

Definition of
Definition Hearing Level or

Study Design, Population of Tinnitus Hearing Loss

b. Industrial Workers
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Noise survey; 0.34
impulses per
second

Hearing protectors
not worn
regularly

Noise levels: TWA
of 85 to 101 dBA

Exposure of ≥ 85
dBA for 10 yrs or
more

Sound surveys and
dosimetry from 2
to 4 hour expo-
sures

Hearing protection
use recorded

Noise-exposed
70% w/ tinnitus

Controls
4% w/ tinnitus

Tinnitus reports at
audiograms

Never: 62%
1–2 times: 17%
3+ times: 20%

Tinnitus reports on
questionnaire

Never: 39%
Rarely / several

times a month:
43%

Several times a week
or more: 17%

Significant associa-
tion between
frequency of
tinnitus reports at
audiogram and
report of tinnitus
several times a
week or more in
questionnaire (X2,
p < 0.0001)

Tinnitus at baseline
not excluded

For 20- to 29-yr
olds at baseline,
no significant
differences be-
tween those
reporting any
tinnitus and no
tinnitus in mili-
tary, recreational,
or other occupa-
tional noise
exposure

Noise Exposure Prevalence of
and Source of Prevalence Tinnitus, by
Exposure Data of Tinnitus Hearing Level Comments

continued
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TABLE D-6 continued

Definition of
Definition Hearing Level or

Study Design, Population of Tinnitus Hearing Loss

Gabriels et al.
(1996)

Western Australia

Phoon et al. (1993)

Singapore, 1990

Cross-sectional

38,725 otologically
normal, noise-
exposed workers
given baseline
hearing tests
required by work-
ers compensation
program

Age range:16–55+
yrs

Noise exposure:
0–25+ yrs

Exclusions:
indications of hear-

ing loss from
injury or disease

Cross-sectional

647 workers from
808 workers
identified as
having noise-
induced hearing
loss through
annual monitoring
audiograms

Mean age: 39 yrs

Exclusions: ear
disease, ear drum
abnormality,
conductive hear-
ing loss

Tinnitus: Yes to
“Do you ever
have ringing
noises . . . which
last more than 5
minutes?” (yes/
no / maybe)

Interview at follow-
up examination:

Any tinnitus w/in
past 6 months?

Frequency:
all the time/ once a

day/ ≥ once a
week/ < once a
week/ not sure

Noise-induced
hearing loss

Age-corrected “per-
centage loss of
hearing” > 0%

Percentage loss of
hearing calculated
from Australian
National Acoustic
Laboratory tables
specific for age
and sex

Tested at 0.5, 1,
1.5, 2, 3, 4, 6, 8
kHz; 16 hrs of
prior quiet

Hearing loss
(average of
thresholds at 1, 2,
3 kHz)

Early: ≤ 25 dB HL
Intermediate: > 25,

< 50 dB HL
Late: ≥ 50 dB HL
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Noise Exposure Prevalence of
and Source of Prevalence Tinnitus, by
Exposure Data of Tinnitus Hearing Level Comments

Workplace exposure
of 8-hr TWA of
90 dBA, or peak
140 dB

Assumed to be 8-hr
time weighted
average ≥ 85 dBA
(basis for require-
ment for annual
testing)

18% w/ tinnitus

10% maybe tinnitus

23% w/ tinnitus

No significant
differences by age,
duration of noise
exposure

W/ tinnitus (n=151)
Once a day or

more: 34%
< once a week: 39%

Excluded cases
42% w/ tinnitus

>10% NIHL
37% w/ tinnitus

0% NIHL
16% w/ tinnitus

Hearing loss
Early: 20% w/

tinnitus
Intermediate: 30%

w/ tinnitus
Late: 27%

w/ tinnitus

Prevalence signifi-
cantly lower in
early hearing loss
cases than inter-
mediate and
late cases
(X2, p = 0.02)

No significant
differences for age
or number of
years of noise
exposure

Consulted a doctor:
14%

Interfered w/ sleep:
14%

Interfered w/ some
daily activity:
30%

continued
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Neuberger et al.
(1992)

Austria, 1984–1986

Kamal et al. (1989)

Egypt

Chung et al. (1984)

British Columbia

Cross-sectional

110,647 noise-
exposed factory
workers

Documented noise-
exposure history:
> 4 hr daily, > 85
dBA for ≥ 6
months

Ages 15–65 yrs
(median: 38 yrs)

Exclusions: insuffi-
cient or unspeci-
fied noise
exposure

Cross-sectional

88 forge hammering
workers

Age range: 30–60
yrs

Noise exposure:
9–25 yrs

Exclusions: ear
infections

Cross-sectional

33,168 workers in
industrial hearing
conservation
programs

Exclusions: history
of ear disease,
head injury, ear
surgery, relative
w/ hereditary
hearing loss;
current day-to-day
changes in hear-
ing, ruptured ear
drum

No definition
provided

No definition
provided

Interview to obtain
tinnitus reports

From medical his-
tory interview:
“do you now have
ringing in your
ears?”

(instruction to
interviewers:
tinnitus present
more than mo-
mentarily and at
least recurring if
not continuous)

Roeser speech
impairment index
= 0.5 (HL 3 kHz)
+ HL 1 kHz – 15

Impairment: Index
> 10%

Pure-tone thresholds
at 0.25 to 8 kHz

(only results for left
ears included in
analysis)

Pure-tone audiomet-
ric testing at 0.25,
0.5, 1, 2, 4, 6, 8
kHz

Each worker tested
before and after a
work shift

Audiometric surveil-
lance records for
annual testing for
hearing conserva-
tion programs

TABLE D-6 continued

Definition of
Definition Hearing Level or

Study Design, Population of Tinnitus Hearing Loss
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Median noise expo-
sure: 90.5 dBA
SPL

Worksite records of
A-weighted noise
levels

Self-report of previ-
ous noise expo-
sure

Self-reported hear-
ing protector use:
seldom (< 10% of
work time),
occasional (10–
50%), or continu-
ous (> 50%)

Noise measured at
workers’ ears

Background: 92–94
dBA

Hammer: 120–135
dBA

No hearing protec-
tion used

Assumed to be 8-hr
TWA ≥ 85 dBA
(basis for require-
ment for annual
testing)

Reports on shooting
history

7% w/ tinnitus

Rates described as
higher w/ increas-
ing hearing loss
and w/ history of
ear disease or
head injury

88% w/ tinnitus

7% w/ tinnitus

No association w/
age, smoking
history (current or
past), or shooting
history after
controlling for
hearing thresholds

All thresholds ≤ 25
dB HL:

3% w/ tinnitus

93% exposed to
steady-state noise

Noise levels re-
corded w/ most
recent audiogram
attributed to prior
periods of noise-
exposed work
(attribution justi-
fied by low work-
force turnover)

Noise Exposure Prevalence of
and Source of Prevalence Tinnitus, by
Exposure Data of Tinnitus Hearing Level Comments

continued
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Attias et al. (2002)

Israel

Ylikoski and
Ylikoski (1994)

Finland

Christiansson and
Wintzell (1993)

Sweden, Nov 1986–
Feb 1987

Cross-sectional

2,200 male soldiers

Random selection of
noise-exposed
personnel rou-
tinely screened for
hearing problems

Age:  22–50 yrs

Cross-sectional

699 male Finnish
army officers

Age-stratified ran-
dom sample

Mean age: 39.8 yrs
(median 41.0,
range 25–61)

Exclusions: incom-
plete audiometric
or questionnaire
data; apparent ear
disease

Cross-sectional

204 male infantry
officers (entire
unit)

Providing training in
use of small
(rifles, machine
guns) and heavy
firearms (recoilless
rifles, mortars)

Exclusions: acute,
chronic, secretory
otitis

Do you experience
or hear sounds
when no sound
source appears to
be present?

Interview to deter-
mine tinnitus
onset, variability,
impact

Continuous tinnitus:
occurred practically

always, steady-
state character

Questionnaire:
occurrence of
tinnitus

No information on
persistence

(no questions or
definitions
provided)

Noise-induced
hearing loss

Average threshold at
2–8 kHz ≥ 25 dB
HL

Pure-tone audiomet-
ric testing

Hearing loss, worse
ear

Slight:  > 20 dB,
≤ 40 dB at any
freq 3–8 kHz; and
≤ 20 dB at 0.5, 1,
2 kHz

Moderate:  41 dB–
64 dB at any freq
3–8 kHz; and
≤ 20 dB at 0.5, 1,
2 kHz

Severe:  ≥ 65 dB at
any freq 3–8 kHz;
and ≤ 20 dB at
0.5, 1, 2 kHz

Disabling: > 20 dB
at any freq 0.5, 1,
2 kHz

Audiometric testing
at 0.25 to 8 kHz

TABLE D-6 continued

Definition of
Definition Hearing Level or

Study Design, Population of Tinnitus Hearing Loss

c. Military Personnel
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Interview to deter-
mine previous
noise exposure

Questionnaire to
establish exposure
to weapons fire

Questionnaire on
type of service,
previous impulse
noise exposure,
use of hearing
protectors

Sound pressure
levels for weapons
measured at
gunner’s ear and
likely position of
instructor

14% w/ tinnitus

Continuous tinnitus:
9%
Occasional tinnitus:
34%

Correlations:
Number of weapons

impulses: r =
0.27, p < 0.001

Small-caliber weap-
ons: r = 0.26,
p < 0.001

Large-caliber weap-
ons: r = 0.1,
p < 0.005

Frequent use of
hearing protec-
tors: r = –0.17,
p < 0.001

17% w/ “annoyance
of tinnitus”

Ever exposed to
heavy detonations:

Yes: 26% w/ tinnitus
No:  5% w/ tinnitus
(X2, p < 0.001)

Age (yrs)
< 30 11%
31–40 19%
41–50 16%
> 50 24%

Normal hearing
3% w/ tinnitus

Hearing loss
19% w/ tinnitus

Normal hearing
2% continuous

tinnitus
33% occasional

tinnitus

Slight/moderate loss
3% continuous
31% occasional

Severe loss
20% continuous
32% occasional

Disabling loss
26% continuous
43% occasional

Data on other noise
exposure may be
incomplete

Possible recall bias
in link between
tinnitus and
exposure to heavy
detonations

Noise Exposure Prevalence of
and Source of Prevalence Tinnitus, by
Exposure Data of Tinnitus Hearing Level Comments

continued
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TABLE D-6 continued

Definition of
Definition Hearing Level or

Study Design, Population of Tinnitus Hearing Loss

d. Acoustic Trauma

Mrena et al. (2002)

Finland, 1999

Temmel et al.
(1999)

Austrian military
service, Jan 1995–
June 1996

Longitudinal

Former conscripts,
Finnish Defense
Forces

418 soldiers treated
for acoustic
trauma July
1984–April 1989,
all w/ tinnitus

122 w/ persistent
tinnitus at dis-
charge, 1984–
1989

101 reached in 1999
(83%), 66 still w/
tinnitus

Mean age at expo-
sure: 21 yrs
(18.8–30.4)

Age at follow-up
30–41 yrs

Duration of tinni-
tus: 12 yrs (9.8–
14.3)

No prior tinnitus

Cross-sectional

81 male acoustic
trauma patients

Mean age: 22 yrs

Treated 3 days after
exposure

Exclusions: hearing
threshold > 20 dB
HL at any fre-
quency at start of
service; illnesses,
conditions that
might affect
auditory system

Tinnitus Handicap
Questionnaire

Rating scales for
intensity, level
of annoyance
(0–100, least to
most)

No questions/
definition
provided

Hearing loss:
threshold > 20 dB
HL at any fre-
quency at dis-
charge

6 cases w/ hearing
loss on entering
military service

No indication of
audiometric
testing at follow-
up

Acute acoustic
trauma: acute
acoustic exposure
producing tempo-
rary or permanent
pure-tone thresh-
old shift

Hearing loss:
threshold > 20 dB
HL

Hearing thresholds
at 0.125–8 kHz
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Noise Exposure Prevalence of
and Source of Prevalence Tinnitus, by
Exposure Data of Tinnitus Hearing Level Comments

Assault rifle: 42
cases

Bazooka: 3 cases
Single cases: hand-

guns, cannons,
grenades

73% had fired the
weapon

2 cases wore hear-
ing protection
(ear plugs)

Other exposure
history from
medical records

80% not wearing
hearing protection
(accidental dis-
charges, loss of
protectors, etc.)

At discharge
29% (122 of 418)

w/ tinnitus

At follow-up (10–15
yrs)

66% (66 of 101) w/
tinnitus

84% w/ tinnitus

Normal hearing
4 cases (at time of

discharge)

Greater hearing
impairment asso-
ciated w/ greater
tinnitus distur-
bance

Perceived problems
33% tinnitus worse

than hearing loss
33% hearing loss

worse than
tinnitus

Hearing loss
83% w/ tinnitus
No hearing loss
100% w/ tinnitus

75% had hearing
loss at frequencies
above 2 kHz

79% response (52
of 66)

No significant
differences for:

a. blank/live ammu-
nition

b. number of shots
c. use of hearing

protection

continued
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Man and Naggan
(1981)

Israel

Melinek et al.
(1976)

Israel, 1967–1970

Cross-sectional

102 patients w/
acoustic trauma;
81 w/ tinnitus

Age: 18–35

Selected for evi-
dence of “coch-
lear trauma”
(high-frequency
hearing loss?)

Exclusions: head
injury, history of
ear disease

Cross-sectional and
longitudinal

433 soldiers treated
for acute acoustic
trauma

313 transferred to
noncombat unit

120 continued in
field units

Inclusion criteria:
Age 18 to 25 yrs;

abrupt onset of
tinnitus or hear-
ing loss w/in 2
mos; audiometric
grade of 2+ in at
least one ear;
diagnostic audi-
ometry 1 wk or
more after expo-
sure; no history of
prior industrial
noise exposure;
no history of ear
disease; audiomet-
ric follow-up w/in
1 to 24 mos

No definition
provided

Audiometric testing,
ISO calibration

Worst threshold: 6
kHz for 76%

Ears pooled

Acute acoustic
trauma: abrupt
onset of symp-
toms (tinnitus or
hearing loss)
generally associ-
ated w/ unusually
loud impact noise

Severity grouping
Normal: all thresh-

olds except 8 kHz
≤ 15 dB

Mild: thresholds
20–25 dB at 4
kHz and up to 30
dB or more at 6
kHz

Moderate: thresh-
olds ≥ 20 dB at 4
kHz w/ or w/out
elevated thresh-
olds at 3 kHz

Severe: thresholds of
≥ 45 dB at 4 kHz
w/ thresholds ≥
35 dB at 2 kHz or
thresholds of ≥ 25
dB at 1 kHz

TABLE D-6 continued

Definition of
Definition Hearing Level or

Study Design, Population of Tinnitus Hearing Loss
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Questionnaire on
noise exposure
and complaints
about hearing,
tinnitus

No ear protection
used

79% of subjects

Always present:
70% (of ears)

Sometimes present:
30% (of ears)

Tinnitus matched at
frequencies be-
tween 4 and 8
kHz (37% at 6;
23% at 4; 24%
at 8)

61% (of ears) w/
tinnitus

Change in subjective
symptoms (includ-
ing tinnitus) at
follow-up:

Transferred
Deterioration: 2%
Improvement: 34%

Continued field unit
Deterioration: 15%
Improvement: 22%

Higher intensity
tinnitus associated
w/ greater hearing
loss (r = 0.71,
p < 0.001)

Normal
42%
Mild AT
60%
Moderate AT
66%
Severe
66%

No statistical asso-
ciation between
tinnitus level and
disturbed sleep or
concentration

Potential selection
effect from use of
clinic population

Some hearing loss
may have existed
before acoustic
trauma

Lower initial sever-
ity rating for
group continuing
in field units

Statistical signifi-
cance of differ-
ences not reported

Noise Exposure Prevalence of
and Source of Prevalence Tinnitus, by
Exposure Data of Tinnitus Hearing Level Comments

continued
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Salmivalli (1967)

Finland, 1963

Analysis based on
ears because of
differences in
severity

Cross-sectional

197 male infantry
and artillery
soldiers (officers
and enlisted)
exposed to gunfire
or blast

basis for selection
not specified

No questions or
definitions
provided

Pure-tone audiomet-
ric testing at 0.5,
1, 2, 4, 8 kHz; at
3 and 6 kHz for
some subjects

Severity grades
I: narrow dip,

thresholds ≤ 30
dB HL

II: thresholds 30–60
dB HL only at
frequencies above
2 kcps

III: thresholds > 60
dB HL above 2
kcps or elevated
at 0.5 to 2 kcps

IV: thresholds
elevated at 0.5 to
1 kcps

Pure-tone testing at
0.25, 0.5, 1, 1.5,
2, 3, 4, 6, 8, 12,
kc/ sec

TABLE D-6 continued

Definition of
Definition Hearing Level or

Study Design, Population of Tinnitus Hearing Loss

NOTE: AT, acoustic trauma; CI, confidence interval; NIHL, noise-induced hearing loss; OR,
odds ratio; PTA, pure-tone average; TWA, time-weighted average.
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Noise levels mea-
sured under field
conditions

No estimate of
rounds fired by
individuals

No overall preva-
lence reported

Prevalence of
tinnitus

Normal: 15.7%
I:   33%
II:  25%
III: 35%
IV: 56%

Prevalence of tinni-
tus after firing

Normal: 41%
I:   49%
II:  49%
III: 57%
IV: 64%

Noise Exposure Prevalence of
and Source of Prevalence Tinnitus, by
Exposure Data of Tinnitus Hearing Level Comments
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Appendix E

Results from Alternative Analyses of
Data on Reports of Audiometric

Testing in Service Medical Records

Chapter 6 reports the results of a review of service medical records to
assess the availability of audiometric test records dating from a service
member’s entry into and separation from military service. The analysis
reported in Chapter 6 used a ±60-day window around entry and separation
dates to determine the percentage of service medical records in which these
audiometric records were present. To assess the effect of the ±60-day win-
dow, an alternative analysis was conducted using a ±120-day window. The
results of that alternative analysis are shown below.

TABLE E-1 Percentages of Service Medical Records (95% Confidence
Intervals) with Reports of Audiometric Examinations Within 120 Days of
Entry into Active Duty (n = 3,212)

1970–
Regulation Regulation

Branch Before 1950 1950–1969 Date Date–1993 1994–2002

Army 1 (0–2) 10 (5–14) 45 (39–52) 42 (36–49) 54 (48–60)
Air Force * 27 (17–37) 43 (36–50) 43 (37–50) 43 (36–50)
Marine Corps 0 17 (7–28) 48 (41–56) 62 (55–69) 76 (71–82)
Navy 1 (0–4) 11 (5–17) 48 (41–55) 66 (59–72) 76 (71–81)

*Fewer than 40 records in denominator.
NOTE: The time periods reflect the era of the service member’s release from active duty.
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TABLE E-3 Percentages of Service Medical Records (95% Confidence
Intervals) with Reports of Audiometric Examinations Within 120 Days of
Entrance into and Release from Active Duty (n = 3,210)

1970–
Regulation Regulation

Branch Before 1950 1950–1969 Date Date–1993 1994–2002

Army 1 (0–2) 7 (3–11) 28 (22–34) 22 (16–27) 19 (14–23)
Air Force * 23 (14–33) 25 (19–31) 16 (11–21) 9 (5–13)
Marine Corps 0 2 (0–6) 38 (31–45) 44 (37–51) 51 (45–57)
Navy 0 2 (0–5) 33 (26–40) 46 (39–53) 52 (46–58)

*Fewer than 40 records in the denominator.
NOTE: The time periods reflect the era of the service member’s release from active duty.

TABLE E-2 Percentages of Service Medical Records (95% Confidence
Intervals) with Reports of Audiometric Examinations Within 120 Days of
Release from Active Duty (n = 3,226)

1970–
Regulation Regulation

Branch Before 1950 1950–1969 Date Date–1993 1994–2002

Army 3 (0–6) 16 (10–21) 52 (45–59) 47 (40–54) 34 (28–40)
Air Force * 41 (30–51) 49 (42–56) 38 (31–45) 17 (12–22)
Marine Corps 0 4 (0–9) 65 (57–72) 69 (62–76) 60 (54–66)
Navy 0 11 (5–17) 61 (54–68) 67 (61–74) 66 (61–72)

*Fewer than 40 records in the denominator.
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