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INTRODUCTION

Exposure to noise causes noise-induced hearing loss (NIHL) [1] and
two other auditory disorders, tinnitus and hyperacusis [2]. This
Comment will focus on answering the question, “What is the safe
noise exposure level to prevent NIHL?" The exposure-response
relationship between noise and hearing loss in humans has been
studied in the occupational setting for decades [3]. Based on
thousands of laboratory studies in a variety of animal models, the
mechanisms by which noise exposure causes NIHL are also well
understood, down to the ultrastructural, biochemical, and genetic
effects of noise on cochlear hair cells and synaptic junctions [4, 5].
The exposure-response relationships for tinnitus and hyperacusis
have not been established, though, and the mechanisms of injury
are not yet understood. Ninety per cent of people with tinnitus
also have hearing loss [6]. Knowledge of the safe noise exposure
level to prevent NIHL should also help people avoid developing
noise-induced tinnitus, and probably hyperacusis as well.

NOISE CAUSES HEARING LOSS
It has been known since the eighteenth century, if not earlier, that
men working in certain occupations- blacksmiths, stonemasons,
and bell ringers among them- couldn't hear well. After the
development of gunpowder, hearing loss became common in
soldiers and sailors [7]. The first report of occupational noise-
induced hearing loss (NIHL) is said to be that of Ramazzini in 1713
among coppersmiths in Venice [8]. During the industrial age,
hearing loss in workers making steam boilers was so common that
it became known as boilermaker’s disease [7]. The U.S. National
Institute for Occupational Safety and Health (NIOSH) was
established in 1970, and published recommended exposure limits
for occupational noise in 1972 [9]. These recommendations were
updated in 1998. NIOSH is part of the U.S. Centers for Disease
Control and Prevention (CDC) but it wasn’t until 2015 that CDC
recognized that noise exposure caused NIHL in the public, not just
in workers with occupational exposure [10].

The anatomy of the auditory system is illustrated in Fig. 1 [11].
The physiology of hearing and the details of mechanotransduction
are well described [12]. Sound waves collected and focused by the

external ear (pinna) cause vibrations in the ear drum (tympanic
membrane) which are communicated via three tiny bones in the
middle ear to the cochlea, where they cause distortion of cochlear
hair cells, the basic sensory organ of hearing. The hair cell
distortions in turn cause chemical changes transduced into
electrical impulses, which are transmitted via cochlear synapses
to the auditory nerve, and thence to the auditory processing
cortex in the brain where they are perceived as sound.

The mechanisms by which loud noise damages cochlear
structures are well-understood, down to the ultrastructural,
molecular, and genetic levels [4, 5]. The damage noise exposure
does to cochlear hair cells, the basic sensory receptors for hearing,
is shown at the bottom in Fig. 1. Animal research over the last two
decades has also demonstrated that noise damages cochlear
synapses [13], with recent confirmation of the same effects in
post-mortem studies of human temporal bone specimens [14].
This damage is thought to be the major cause of speech-in-noise
difficulty, the difficulty following one conversation among many
in a noisy environment. Speech-in-noise difficulty is called
hidden hearing loss because patients complaining of difficulties
understanding speech often have normal or near normal
audiograms. The prevalence of speech-in-noise difficulty is
reported to be 10-15% of the adult population, but since
speech-in-noise testing is not done during screening audiometry,
it may be higher [15].

The Equal Energy Hypothesis states that equal amounts of
sound energy will produce equal amounts of hearing impairment,
regardless of how the sound energy is distributed in time [9]. A
useful albeit imperfect analogy for the effect of noise exposure on
the ear is the effect of sun exposure on the skin. Both NIHL and
deep wrinkles and pigment changes are the results of exposures
to energy, the first of cochlear hair cells to sound energy and the
second of the skin to solar energy. Drooping of the skin (ptosis) is
part of normal aging, due to the downward force of gravity on
collagen fibers, but without sun exposure, the skin remains
smooth and unwrinkled into old age [16]. Without excessive noise
exposure, auditory sensitivity (hearing) remains normal into old
age [17]. The analogy is imperfect because ultraviolet components
of sunlight cause direct DNA damage in the skin, whereas noise
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Fig. 1 Top: Auditory structures from external ear (pinna) to auditory
nerve. Bottom: Normal and damaged hair cells. From Centers for
Disease Control and Prevention. How does loud noise cause hearing
loss? [11].

exposure can damage inner ear structures directly and also leads
to chemical changes damaging or killing cochlear hair cells.

Average noise exposure measurements obscure the impact of
brief high-intensity noise exposures, called impulse or impulsive
noise, which have a disproportionate impact on auditory health
[18, 19]. Intermittent noise exposure is difficult to study in the
occupational setting, and is subsumed into calculated recom-
mended averages for occupational noise exposure [9], but this
may underestimate the impact of non-Gaussian noise exposure
[18]. The effect of impulse noise on the public has not been
systematically studied, with only anecdotal news and case reports
of impulse noise exposure causing hearing loss, tinnitus, or
hyperacusis. For both occupational and non-occupational noise
exposure, greater attention must be paid to impulse noise. A
dermatologic analogy for the disproportionate impact of impul-
sive noise on hearing may be the fact that one severe sunburn in
childhood or adolescence has been correlated with the develop-
ment of melanoma in adult years [20].

NOISE INDUCED HEARING LOSS IS A MAJOR CAUSE OF
DISABILITY

NIHL is a major problem in the United States and the world.
Approximately 25% of American adults age 20-69 have noise-
induced hearing loss, half with no significant occupational noise
exposure [21]. According to the CDC, hearing loss is the third most
common chronic physical condition in the United States [22].
Globally, an estimated 5% of the world’s population has NIHL [1].
The 2019 Global Burden of Disease Study found that hearing loss
is the fourth leading cause of disability globally [23]. In the United
States and Europe, approximately 30-50% of adults over age 65
have hearing loss great enough to affect communication [24, 25].
The prevalence of hearing loss increases to approximately 80%
over age 80, with almost everyone reaching the tenth decade of
life having hearing loss [26].

There are many causes of hearing loss- infections, ototoxic
drugs, genetic diseases among them- but the most common
cause of hearing loss with age is NIHL, the result of a lifetime of
cumulative excess noise exposure [17, 27]. Hearing loss is not a
benign condition. In addition to communication difficulties, which
in younger individuals can affect success in school and in the
workplace leading to reduced lifetime earnings [28], hearing loss
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in older people is correlated with many adverse health effects.
These include increased risk of falls, social isolation, depression,
dementia, accidents, and hospitalization and death [29]. The only
current approved treatments for hearing loss are amplification
(with hearing aids) and cochlear implantation, the latter reserved
for the profoundly hearing impaired [29]. There is a stigma
associated with hearing loss [30] and a high non-usage rate for
those who have acquired hearing aids [31]. Unfortunately, hearing
aids do not restore normal hearing and do not provide an auditory
correction similar to the visual correction provided by lenses [32].
Hearing aids are also costly, and no country can afford to provide
them to all its citizens who need them. But even in countries
where hearing aids are provided by national health programs,
there are still many people who do not wear hearing aids [33].
Hearing aid non-use may be common because while hearing aids
help people hear better in quiet ambient noise situations,
amplification is less helpful in high ambient noise situations [34].
Newer digital hearing aids with tunability and frequency band
adjustment features are advertised as being more helpful than
older analog models, but as yet no published peer-reviewed
research has confirmed this. Perhaps more importantly, it is
obvious from looking at the photomicrographs in Fig. 1 that
delivering amplified sound waves to dead or damaged cochlear
hair cells is unlikely to help hearing as much as desired.

HEARING LOSS IS NOT PART OF NORMAL AGING

What is often called age-related hearing loss or presbycusis largely
represents the effects of cumulative lifetime noise exposure on
the ears [27]. Figure 2 shows that actual age-related hearing loss in
a population not exposed to loud noise is approximately only a
10 dB decrement at age 70 [17]. This hearing threshold level does
not meet standard criteria for hearing loss [35].

It has been postulated that factors other than noise exposure
are important causes of hearing loss with age, e.g., genetic factors,
exposure to ototoxic substances, diabetes, smoking, hypertension,
or atherosclerosis. These factors and others are indeed correlated
with hearing loss. However, studies done in the 1960s in isolated
populations not exposed to loud noise found preservation
of auditory sensitivity into old age. The best known of these
may be that by Rosen et al. in the Mabaan population of the
Sudan [36].

The importance of noise exposure as a cause of hearing loss
was subsequently demonstrated in the 1986 study by Goycoolea
et al. [37]. Using a natural experiment study design, they found
that hearing loss was more prevalent in Easter Island residents
who had left the remote, very quiet island to seek employment on
the noisier South American mainland than in those who had
remained at home. They concluded that noise exposure the most
important factor, stating that,

“With all factors being equal, except exposure to modern
civilization, our results showed that living in civilized societies
has a significant negative effect on hearing; the severity is directly
proportional to the years of exposure.”

The fact that noise was the most important contributor to
hearing loss in old age was confirmed by the 2020 study of
donated temporal bone specimens by Wu et al. [14]. They stated,

“...the larger, and more functionally significant, basal loss in
humans is largely noise-induced. If true, the bad news is that we
are all abusing our ears, to our significant functional detriment,
as we age.”

Most people living in industrialized societies are exposed to

everyday noise levels sufficient to cause NIHL [38, 39]. but are
almost entirely unaware that they are “abusing their ears.”

Journal of Exposure Science & Environmental Epidemiology



=10 Qg T T T T
10 PERCENTILE

10

20
[++]
°
30
o
8
w
© 40 L INDUSTRIAL SOCIETIES
2 BINSON AND SUTTON
— MALE
=== FEMALE
5 - maBaans
ROSEN ET AL AND
BERGMAN
60 |- « O e MALE OR
FEMALE
70 - 4000 Hz
1 ! 1 |
20 30 40 50 60 70
AGE — years

FIG. 11. HLs for young people from the studies of Mabaans and industrial-
ized societies, and the differences in HLs for the older age groups. Test fre-
quency, 4000 Hz. The raw data points for the Mabaans are plotted 10 dB
higher (re: 15-25-year-0ldS) than reported on assumption of audiometer
calibration error (see text).
Fig. 2 Hearing levels for Mabaans and industrialized societies.
Figure is reproduced with permission of the Acoustical Society of
America from ref. [17].

PREVENTING NOISE-INDUCED HEARING LOSS

Prevention of disease is better and less expensive than treatment
or rehabilitation [40]. The U.S. Centers for Disease Control and
Prevention state that “hearing loss from noise is 100% preven-
table” [41]. Again, what is the actual safe noise exposure level to
prevent noise-induced hearing loss (NIHL)? This cannot be the
NIOSH recommended exposure limit (REL) of 85 A-weighted
decibel (dbA) for occupational noise, first calculated in 1972 and
revised in 1998 [9]. Occupational noise exposure limits do not
prevent NIHL, even if they are often wrongly cited as safe for the
public or as the sound pressure level at which auditory damage
begins [42]. The NIOSH REL allows an 8% excess risk of
occupational NIHL; the 90 dBA U.S. Occupational Safety and
Health Administration permissible exposure limit allows a 25%
excess risk [9]. Even if members of the public are not exposed to
noise 8 h/day, 50 weeks/year, for 40 years, these are not safe noise
exposure levels, not for workers, certainly not for the public, and
especially not for children.

The only evidence-based safe noise exposure level to prevent
NIHL, the U.S. Environmental Protection Agency’s (EPA) calculated
70dB time-weighted daily average (Leq4) = 70) for the public
[43, 44], can no longer be considered safe, either. One reason the
EPA’s 70 dB level may not prevent NIHL is that, as discussed above,
disproportionate auditory damage can be caused by brief high-
intensity noise exposures obscured by average noise exposure
measurements, recommendations, or calculations. More
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importantly, everyday noise exposure now begins in early
childhood and continues at home and from recreational activities
during working years and then after retirement.

Consequently, both occupational noise exposure limits and the
EPA’s safe noise level must be revised downwards to reflect
increased non-occupational noise exposure. For both occupational
exposure limits and public noise exposure calculations, three
additional factors must be considered [45]: 1) cumulative lifetime
noise exposure, now approaching 80 years, not just 40-year adult
noise exposure histories; 2) detection of noise-induced auditory
damage by more sensitive methods than limited-frequency pure
tone audiometry, such as extended range audiometry, speech-in-
noise testing, and questions about tinnitus and hyperacusis [46];
and 3) use of a zero hearing threshold level rather than 15 dB
hearing threshold level used by NIOSH as the standard for normal
hearing [47].

WHAT IS THE ACTUAL SAFE NOISE EXPOSURE LEVEL TO
PREVENT NIHL?

Why does knowing the actual safe noise exposure level matter?
Without knowing the safe noise exposure level, it is impossible to
accurately advise both workers and the public on how to protect
their hearing. For the public, if a condition is an inevitable part of
normal physiological aging, e.g., thinning, graying hair, nothing
can be done to prevent it. If the condition is not inevitable, e.g.,
muscle weakness, obesity, hypertension, and diabetes, behavioral
changes can prevent or at least delay the onset of the condition
[27]. For NIHL, avoidance of loud noise exposure or use of hearing
protection devices can prevent the development of what is
commonly called age-related hearing loss.

How can we answer the question, “What is the actual safe noise
exposure level to prevent NIHL?” Due to modern ethical and legal
protections for human research subjects, one cannot design a
study purposefully exposing them to sufficient noise to damage
their hearing to assess how much noise exposure causes hearing
loss. A >80-year observational study correlating measured or
estimated lifetime noise exposure with hearing loss would be
costly and difficult to complete. Fortunately, historical studies may
provide an answer. Before modern research subject protections
were established, noise-induced temporary threshold shift (NITTS),
the temporary decrease in auditory sensitivity after loud noise
exposure, was used as a measure of auditory damage from noise
[48]. NITTS is seen immediately after noise exposure, but largely
resolves over time (See Fig. 3.).

With repeated exposures, NITTS eventually becomes noise-
induced permanent threshold shift, i.e, NIHL. This persistent
damage is suggested by the residual decrease in auditory
sensitivity at 24 h after exposure in the green line in Fig. 3.
Figure 3 also shows the audiometric notch, the concentration of
hearing loss around 4 kHz, which is considered pathognomonic
for NIHL [49].

NITTS is a real and measurable phenomenon. Additionally, any
auditory symptoms after noise exposure, including tinnitus, likely
indicate that permanent auditory damage has occurred [50]. The
sound pressure level needed for the human ear to recover from
NITTS, the effective quiet level, is approximately 55 dBA [51]. This
is probably the safe noise exposure level to prevent NIHL from a
single exposure, with 55-60 dB time-weighted average being the
actual safe noise exposure level for a day.

This analysis is not new. Almost 30 years ago, Kryter wrote,

“Several investigators, using human and animal subjects, have
found that recovery from Temporary Threshold Shift is reduced
when the level of background noise in periods between exposures
to more intense noise was no higher than L, 50-70 dB. Not until
the “noise” in the recovery periods was less than those levels did
full recovery continue. This maximum level, perhaps for humans

SPRINGER NATURE
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An example of the temporary threshold shift after
dB broadband noise exposure (115 dBA, 20 min)
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Fig. 3 Noise-induced temporary threshold shift. From ref. [56].
Published under Creative Commons CO 1.0 Universal Public Doman
Dedication.

around L,55 for an octave band and L,60 for broadband noise, is
called effective quiet, and presumably indicates a level, perhaps a
24-h, ELpeq 24 energy level, required for complete avoidance by
the average, and 50%ile, ear of sound induced permanent
threshold shifts during a lifetime [51].

The 55 dBA effective quiet level likely represents the sound
pressure level at which reversible intracellular chemical processes
involved in hearing are overwhelmed, eventually causing noise-
induced hearing loss. This hypothesis must be confirmed by
animal studies. Fifty-five dBA is approximately the sound pressure
level of human speech in a quiet environment [52]. It appears that
humans evolved to be able to communicate with each other
without damaging our hearing, but any sounds greater than the
relatively low sound pressure level of speech may cause auditory
damage.

CONCLUSION

Based on Kryter's analysis, the safe noise exposure level to prevent
NIHL is about 55-60dB time-weighted average for a day. Since
any temporary auditory discomfort, tinnitus, or NITTS likely
indicates that permanent auditory damage has occurred, it is
possible that the safe noise exposure level for impulse noise is also
only 55 dBA. These sound pressure levels are radically lower than
current occupational noise exposure recommendations, the EPA’s
calculated safe noise level, or any published guidance for public
noise exposure. There is no reason to question Kryter’s 30-year old
analysis of human data, but these proposed safe noise levels need
to be confirmed by laboratory studies using appropriate animal
models.

Terminology matters. The commonly used terms presbycusis
and age-related hearing loss misleadingly imply that hearing loss is
an inevitable part of normal aging. More accurate terms may be
Kryter's sociocusis [17] or noise-induced hearing loss in the elderly
(NIHL-E). The standard definition of noise, noise is unwanted sound,
does not accurately reflect the harm that noise does. Wanted
sound, e.g., at a rock concert or from power tool use, can cause
NIHL, and unwanted sound is stressful and has adverse non-
auditory health effects. A better definition is noise is unwanted
and/or harmful sound [53]. This new definition of noise opens the
abstract of the 2021 American Public Health Association policy
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statement Noise as a Public Health Hazard [54] and was adopted
for use in 2023 by the International Commission on Biological
Effects of Noise and added to its Constitution [55].

Three things- the new definition of noise, an understanding that
hearing loss with age is not part of normal physiological aging but
largely represents noise damage, and public awareness of a lower
safe noise exposure level to prevent NIHL- may prompt at least
some individuals to reduce noise exposure for themselves and
their children. Lower occupational noise exposure limits may lead
to recommendations or regulations for lower public noise
exposure. Even if wrongly cited as safe for the public, lower
occupational noise limits would also reduce public noise exposure.
CDC states that NIHL is the only type of hearing loss that is entirely
preventable. Prevention of disease is better and less expensive
than treatment. Knowledge that both wanted and unwanted
noise are harmful, combined with awareness of the actual safe
noise exposure level to prevent NIHL, may help both workers and
members of the public prevent NIHL.
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