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Abstract—Airborne ultrasound is used for various purposes both
in industrial and public settings, as well as being produced as a by-
product by a range of sources. The International Radiation Pro-
tection Association (IRPA) published interim guidelines on limit-
ing human exposure to airborne ultrasound in 1984, based on
the limited scientific evidence that was available at that time. In
order to investigate whether research since 1984 requires the de-
velopment of revised exposure guidelines we considered (a) within
the context of ultrasound exposure the relevance to health of the
biological endpoints/mechanisms listed in the IRPA guidelines,
(b) the validity of the exposure limits, and (c) whether there are bi-
ological endpoints/mechanisms not covered in the guidelines. The
analysis of the available evidence showed that the biological end-
points that form the basis of the guidelines are relevant to health
and the guidelines provide limits of exposure based on the evidence
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that was available at the time. However, the IRPA limits and their as-
sociated dosimetry were based on limited evidence, which may not be
considered as scientifically substantiated. Further, there is no sub-
stantiated evidence of biological endpoints/mechanisms not covered
by the IRPA guidelines. These two observations could mean that
IRPA’s limits are too low or too high. Research since the IRPA
guidelines has made some improvements in the knowledge base,
but there are still significant data gaps that need to be resolved
before a formal revision of the guidelines can be made by
ICNIRP, including research needs related to health outcomes
and improved dosimetry. This statement makes a number of rec-
ommendations for future research on airborne ultrasound.
Health Phys. 00(0):000-000; 2024
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INTRODUCTION

ULTRASOUND CONSISTS of mechanical (acoustic) waves, his-
torically characterized as frequencies above the upper human
audible limit (ICNIRP 1985). This limit varies in the human
population, and for people with normal hearing there is a steep
rise in hearing threshold over the octave of 10-20 kHz, with
this rise less pronounced in children (Rodriguez-Valiente et al.
2014), some of whom can hear up to at least 28 kHz (Ueda
et al. 2016; Ashihara et al. 2006). Ultrasound always requires
at least one medium to propagate and is broadly categorized
into ultrasound that travels in the air, termed airborne ultra-
sound, and ultrasound that travels in condensed media such
as solids, liquids, and biological tissue (HPA 2010).

Duck and Leighton (2018) classified ultrasound into
three bands:

* US(A), 17.8 to 500 kHz—In this band, acoustic cavita-
tion (i.e., the generation of bubbles) and its associated
forces form the dominant process resulting in biological
effects in liquids and soft tissues, whereas health effects
from airborne ultrasound have been reported but are far
less researched;
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* US(B), 500 kHz to 100 MHz—This band includes ther-
apeutic and diagnostic biomedical applications, where
the bioeffects are dominated by tissue heating; and

e US(C), above 100 MHz—In this band bioeffects are
dominated by radiation forces.

The topic of this statement is the effect of airborne ul-
trasound in the US(A) range. There are currently no appli-
cations of airborne ultrasound that we know of in the US
(B) and US(C) bands. These frequencies are strongly ab-
sorbed in air (Bass et al. 1990) suggesting sources would
need to be close to the body to deliver high amplitudes to
tissue. Consequently, the effects of US(B) and US(C) will
not be considered further here but should be considered in
the future if such applications arise.

Airborne ultrasound is produced in industry by various
applications, such as cleaning, drilling, welding, and emul-
sifying, and is used in various commercial products, such as
pest repellents, burglar alarms, remote controls, and guid-
ance devices for the blind (Toivo et al. 2017; Pawlaczyk
and Dudarewicz 2020). Airborne ultrasound can also be
produced as a by-product by various sources, such as com-
pressors, pneumatic tools, high-speed machinery, and jet
engines (Pawlaczyk and Dudarewicz 2020). There is a wide
variety of devices by which the public is exposed to airborne
ultrasound (Leighton 2016; Mapp 2018; Fletcher et al.
2018a; Scholkmann 2019).

The World Health Organization (WHO) reviewed the
physical characteristics of airborne ultrasound and the sci-
entific evidence on possible effects on human health in
1982 (WHO 1982). Based on the evidence presented in
the 1982 WHO review, the International Non-lonizing Ra-
diation Committee (INIRC) of the International Radiation
Protection Association (IRPA) published in 1984 interim
guidelines on limiting exposure to airborne ultrasound for
workers and the general public (IRPA 1984). Since then,
there has been some national advice on limiting airborne ul-
trasound (e.g., Health Canada 1991; ACGIH 2004) but no
further international guidance on this topic.

The International Commission on Non-lonizing Radi-
ation Protection (ICNIRP) provides scientifically-based ad-
vice and guidance on protection against adverse effects of
non-ionizing radiation, including ultrasound (ICNIRP 2020a).
ICNIRP has published statements specifically on the use of
ultrasound for diagnostic and cosmetic purposes (ICNIRP
2017, 2020b). However, these did not consider airborne ul-
trasound because it is not relevant to these purposes, and
ICNIRP has not published statements on ultrasound beyond
these purposes. The aim of this paper is to investigate
whether the available data on airborne ultrasound requires
revision of the IRPA (1984) exposure guidelines and to
identify data gaps for further research that will assist in re-
vising the guidelines.
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Detailed measurement procedures are beyond the scope
of this document and are discussed elsewhere (IEC 2013).

METHODS

In order to investigate whether the available data from
research on the effects of airborne ultrasound requires the
development of revised exposure guidelines the following
topics were considered:

» The relevance to health of effects of airborne ultrasound
exposure on biological endpoints and mechanisms that
form the basis for the 1984 IRPA guidelines;

* The validity of the exposure limits in the 1984 IRPA
guidelines; and

*  Whether there are biological endpoints/mechanisms that
are not covered by the 1984 IRPA guidelines.

Each of these topics will be discussed in the following
sections.

Question 1: Are the effects of airborne ultrasound on
biological endpoints/mechanisms that form the basis for
the 1984 IRPA guidelines relevant to health?

The first consideration in determining the validity of the

1984 IRPA guidelines is whether there is evidence that the bi-
ological endpoints/mechanisms that form the basis of the
guidelines may not be relevant to health. In this context, the
term “relevant to health” is only used to signify that the bio-
logical endpoints or mechanisms have some known associa-
tion to an adverse health outcome or have been used as a bio-
marker for a particular disease (ICNIRP 2020b). Therefore,
the first consideration is whether there is evidence since the
publication of the 1984 IRPA guidelines that the biological
endpoints/mechanisms that were used are, in fact, not associ-
ated with adverse health outcomes. It is important to note that
we are asking whether the endpoints/mechanisms are relevant
to health given the “ultrasound exposure” and not just whether
the endpoints/mechanisms themselves are relevant to health.

Biological endpoints
The IRPA guidelines are based on the following biological

endpoints, which were identified in the 1982 WHO review:

 Skin and tissue heating;

» Adverse auditory effects;

» Non-specific symptoms; and
» Physiological effects.

Skin and tissue heating. Extremely high sound pres-
sures levels (SPLs)'” of airborne ultrasound (greater than
approximately 155 dB) result in excessive body heating that

"Unless otherwise stated, the sound pressure level (SPL) in this document
is given as the logarithmic measure of the effective sound pressure (P) rel-
ative to the reference sound pressure (Py) of 20 wPa, expressed in dB
[SPL = 20 log (P/Py)].
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can cause acute harmful effects, including pain and burns
(Health Canada 1991). In humans, exposure at 140-150 dB
causes vibration of ear canal/nasal hairs and local warming
(Parrack 1966). There has been no research since the IRPA
guidelines, which raises doubt about the need to consider ad-
verse effects of excessive heating.

Adverse auditory effects. High-frequency audible com-
ponents are often present with airborne ultrasound. Pro-
longed exposure to high-intensity audible sound can cause
adverse auditory effects, such as hearing impairment or tin-
nitus, depending on the duration of exposure (Neitzel and
Fligor 2019). Consequently, an SPL of 80 dB(A) for audible
sound is chosen as the minimum level of protection in the
EU and other countries (ISO 1999 2013; Health and Safety
Executive 2005). Adverse auditory effects (including from
audible ultrasound) are well documented and can be mea-
sured as temporary or permanent threshold shifts (TTS or
PTS), i.e., temporary or permanent decrease in hearing sen-
sitivity (Pawlaczyk and Dudarewicz 2020). TTS has also
been reported to occur at subharmonic frequencies of pure
tone ultrasound at 150 dB (Parrack 1966). There has been
no substantiated evidence since the IRPA guidelines that
raises doubt about the need to consider adverse effects of
ultrasound-induced TTS or PTS.

Non-specific symptoms. The term symptomatic or
subjective effects has been used to cover a long and unre-
stricted list of non-specific symptoms, by definition self-
reported, that do not fit into any of the other 3 categories.
Symptoms can be non-specific, meaning that they may re-
sult from various causes and can sometimes be medically
unexplainable, or they can be specific for an underlying dis-
ease. Examples of non-specific symptoms are headaches,
fatigue, and dizziness, and here we will also regard feelings
such as discomfort and annoyance as non-specific symp-
toms, although pathological processes or ill-health are not
always the cause. Severe symptoms are clearly relevant for
health. Experiencing slight symptoms for a short time may
not be perceived as a severe impairment of health-related
quality of life by most people. However, if even slight
symptoms are repeatedly experienced or if they persist for
a long time, they may result in high level of annoyance.
For example, in the environmental noise guidelines of the
WHO for the European Region (WHO 2018), high annoy-
ance from audible noise was 1 out of 5 critical outcomes
to be considered in the derivation of the guidelines. Based
on the results of the WHO noise guidelines, the European
Environmental Agency estimated about 22 million disabil-
ity adjusted life years (DALY?) attributable to high annoyance
from transportation noise in Europe every year (EEA 2020). In
conclusion, high annoyance is clearly treated as health-
relevant by society. However, experiencing subtle symp-
toms from ultrasound exposure for a limited time or in a

rare setting may not directly be considered to be health rel-
evant, unless it is the consequence of an underlying dis-
ease triggered by ultrasound exposure.

Non-specific symptoms have been reported as occurring
during and persisting (up to hours) after ultrasound exposure
and consist of, for example, fatigue, headache, nausea, tinni-
tus, and vomiting as well as an unpleasant sensation of fullness
or pressure in the ears, at a sound pressure level of 110 dB
(Acton and Carson 1967). Since a mixture of audible and
non-audible ultrasound was applied in this study, it remains
unclear whether non-specific symptoms are the direct result
of audible or inaudible ultrasound.

In summary, there have been a limited number of stud-
ies since the IRPA guidelines that have investigated air-
borne ultrasound and non-specific symptoms, but these
do not raise doubt about the need to consider the possibil-
ity of ultrasound-induced adverse effects of non-specific
symptoms.

Physiological effects. In some animal studies, physio-
logical changes were observed at SPLs ranging from 95 to
130 dB at frequencies from 10 kHz to 54 kHz (compiled
in Acton 1974). Limited studies comparing workers with
prolonged exposure to airborne ultrasound above 110 dB
with workers without ultrasound exposure also reported dif-
ferences in blood pressure, blood sugar levels, electrolyte
imbalance, as well as stress level (WHO 1982). The changes
seem to be due to audible sound. Transient physiological ef-
fects within the normal range are not relevant for health un-
less they are the consequences of an underlying disease.
There has been no substantiated evidence since the IRPA
1984 guidelines that raises doubt about the need to consider
that ultrasound may cause a physiological response that is
relevant to health.

Biological mechanisms. The 1982 WHO review and
subsequent 1984 IRPA guidelines list two biological mech-
anisms that may lead to adverse health effects:

» Energy absorption and conversion into thermal energy; and
» Frequency down conversion in the ear.

Energy absorption: When acoustic energy is absorbed
into the body it is dissipated as heat in tissue. However, less
than 1% of the energy in airborne ultrasound is transmitted
into normal skin (excluding sensory organs) and the rest is
reflected.

Frequency down conversion: The impedance matching
properties of the ear at audio frequencies allows for a very
efficient coupling of acoustic energy into the ear. However,
hearing of very high frequency sound (VHEFS, 11.2 kHz to
17.8 kHz) and ultrasound appears to be restricted by less ef-
ficient impedance matching of the middle ear at these higher
frequencies (Masterton et al. 1969; Hemila et al. 1995) and

www.health-physics.com


http://www.health-physics.com

PISTGHIL A+2ZH8RAAAYO/FOAEIDYIASALLAIPOOAEIEAHIDI/AD AUMYTXOMADUO

INXYOHISABZIU T +eYNIOITWNOTZTARY HARSHINAUE Aq Sa1sAyd-yreay/woo mm| sfeulnol//:dny woly papeojumod

¥20¢/12/S0 uo

4 Health Physics

potential frequency limitations due to the architecture of the
cochlea (Ruggero and Temchin 2020). Hearing threshold
levels, therefore, increase with increasing frequency above
about 4 kHz (Salleh et al. 2013). In addition, the frequency
down conversion mechanism can lead to ultrasound-
induced audio frequency excitation of the auditory system.
This, as well as the energy absorption mechanism, will be
discussed further below. There has been no research since
the IRPA guidelines that raises doubt about the need to con-
sider the adverse effects of these biological mechanisms.

Question 1 conclusion. The biological endpoints and
mechanisms that are used as the basis for limiting airborne
ultrasound exposure in the 1984 IRPA guidelines remain
relevant to health. We next need to consider the validity of
the exposure limits in the guidelines.

Question 2: Are the exposure limits in the 1984 IRPA
guidelines valid?

The validity of the exposure limits in the IRPA guide-
lines was considered by asking the following:

a. Whether there are exposure limits for all the biological
endpoints/mechanisms identified in the 1982 WHO
review;

b. Whether the limits are valid; and

c. Whether the dosimetric quantities used for the limits
are valid.

Question 2(a)—For all the biological endpoints/mechanisms
that form the basis of the IRPA guidelines, are
exposure limits listed in the guidelines?

The IRPA guidelines specify SPL limits for continuous
occupational and general public exposure to airborne ultra-
sound (IRPA 1984). Although not explicitly stated,'® it ap-
pears that a criterion for the prediction of adverse auditory
effects and non-specific symptoms due to airborne noise
from ultrasonic sources proposed by Acton (1968, 1975)
was adapted and adopted by IRPA. This criterion was to
limit the one third octave band (TOB)' SPL of continuous
(8 h shifts) occupational ultrasound exposure in the overall

"“The limits for continuous occupational exposure as proposed by the
IRPA guidelines and Acton (1975) are identical (in Acton 1975) only
the limits up to center frequencies of 40 kHz are specified). In the IRPA
guidelines only the following general statement is given: “A recommended
occupational exposure limit of 110 dB for frequencies above 20 kHz
seems well justified from the available data (WHO 1982). What seems
to differ in many standards is " "® exposure limit at 20 kHz mid frequency
of one-third octave band. Presently available data do not provide a thresh-
old for effects in this frequency band. Acton (1975) recommends an SPL
of 75 dB for the one octave band with mid frequency of 20 kHz ... The
SPL of 75 dB seems appropriate from presently available data.” (All dBs
in this quote were stated re 20 Pa and refer to occupational exposure.)
TOB specifies the frequency band that includes all frequencies within
one third octave. The lower and higher bound of the frequency range of
a TOB are separated by a factor of 2*1/3 or 10"1/10, depending on which
base is used for defining the TOB. This may lead to some ambiguity.

Month 2024, Volume 00, Number 00

frequency range from approximately 17.6 to 17.8 kHz
(lower frequency of TOB centered at 20 kHz) to approxi-
mately 126 kHz (highest frequency of TOB centered at
100 kHz). For short-term occupational exposures up to 4 h
per day, slightly higher limits are permitted (duration <1 h:
49 dB, 1 h < duration <2 h: +6 dB, 2 h < duration
<4 h + 3 dB). For the general public, the limits for continu-
ous exposure include a reduction factor of 5 dB at TOB cen-
tered at 20 kHz and 10 dB at higher frequencies. The limits
are summarized in Fig. 1. Notes:

1. The markers indicate the permitted RMS SPL in TOB
centered at 20, 25, 31.5, 40, 50, 63, 80, and 100 kHz
for general public (x) and occupational (0) exposure;

2. For short-term occupational exposure, slight elevations
of the SPL are permitted (indicated by grey (o) markers,
for details see legend); and

3. The grey vertical lines indicate the approximate fre-
quencies that separate the TOB.

The occupational limits are designed to prevent ad-
verse auditory and non-specific symptoms (Acton 1968,
1975) from exposure to energy in the TOB centered at
20 kHz (75 dB). They correlate with potential (theoretical)
damage thresholds for exposure to energy in the TOB cen-
tered at 25 kHz and above (where 110 dB is stated) and with
a statement in the 1982 WHO review that no adverse effects
have been observed in adults at SPL of up to 120 dB. Stud-
ies that informed the IRPA guidelines are either discussed in
the Appendix or in the quoted references therein.

Other effects are described as speculative statements in
the WHO review (such as conjecture about altered blood
sugar levels and electrolyte imbalance, effects for which
there is little evidence to date). An overview of human stud-
ies that were considered when the IRPA guidelines were de-
veloped is provided in Table 1.

In the WHO review and IRPA guidelines and the cited
references therein, the following mechanisms potentially re-
lated to the endpoints listed in Table 1 were addressed.
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Fig. 1. IRPA interim guidelines on limits for human exposure of air-

borne ultrasound (IRPA 1984).
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High frequency hearing ability of population subgroups

that extends into the lower end of the ultrasound TOB cen-
tered at 20 kHz: Non-specific symptoms were reported by
workers exposed to broadband noise containing audible
and ultrasonic frequencies emitted by industrial machinery
in a wide range of SPLs. Observational studies (Acton and
Carson 1967; Acton 1968) found that these effects were only
reported if the audible and ultrasonic broadband noise spec-
trum of the machines contained a SPL exceeding 75-78 dB
in the TOB centered at 16 kHz or lower frequencies, which
should be audible for most workers with normal hearing
(Henry and Fast 1984). Supporting evidence that the effect
is related to perceiving the sound stems from laboratory exper-
iments that used a narrow band exposure source (Acton and
Carson 1967; Grigor’eva 1966). In order to also prevent non-
specific symptoms in the 20 kHz TOB, a limit SPL of 75 dB
was proposed by Acton (1975) and was set in the guidelines.

Frequency down conversion by even order subhar-
monic frequency generation at the tympanic membrane:
Hearing damage thresholds in the ultrasonic range have
not been identified but hearing TTS at frequencies that are
close to the first subharmonic of distinct (single frequency)
exposure frequencies at 17; 21; 24; 26 and 37 kHz were ob-
served in unpublished small-scale experiments in the 1950s
(as reported by Parrack 1966) at SPLs from 148 to 154 dB.
These results have been interpreted in the context of subhar-
monic frequency generation in the middle ear which was ob-
served in animal experiments on rodents (Dallos and Linnell
1966a and b; Davis et al. 1949) at exposure levels exceeding
a threshold SPL of approximately 110 dB. Therefore, occupa-
tional SPL limits of 110 dB at TOB centered at 25 kHz and
above were suggested to prevent possible hearing damage by
this potential frequency down conversion mechanism (Acton
1975). These limits were adopted by the IRPA guidelines.

Energy absorption and conversion into thermal energy:
Owing to the high impedance mismatch between air and
skin, a conversion of airborne ultrasonic energy into adverse
skin and tissue temperature elevations can only occur at
very high SPLs that far exceed the limit values of the IRPA
guidelines. Therefore, the current limits are considered to be
protective against excessive heating. The lowest SPL for
slight perceptible heating in humans was observed at
140 dB and higher [slight heating in skin clefts mentioned
by Acton (1974) and originally cited by Parrack (1962)].
Far higher SPLs are suggested for mild heating of the hu-
man body surface (SPL > = 159) (Parrack 1951). However,
these results are poorly documented and experimental con-
ditions (e.g., frequency spectrum of SPL, exposure parame-
ters and duration, etc.) as well as the magnitude of the ef-
fects are unknown.

Question 2(a) conclusion. Although no specific set of
limits exists for each outcome, the limits cover all relevant

endpoints and potential mechanisms listed in the IRPA
guidelines and references cited therein.

Question 2(b)}—Are the limits in the IRPA guidelines valid?
Both the WHO (1982) and IRPA (1984) acknowledged

that the evidence on the effects of airborne ultrasound at the
time was limited for all the listed effects and very limited or
non-existent for some effects, to such an extent as to pre-
clude making authoritative statements on effect thresholds
for the biological endpoints (and even less on the mecha-
nisms). They highlighted the need for more research to fill
the knowledge gaps. In 2016, it was noted that, in the inter-
vening 32 years, that call for more research was not met, such
that judgements are based on far too little data (Leighton
2016); the limited research has also been identified in a more
recent review (Pawlaczyk and Dudarewicz 2020).

The approach currently applied by ICNIRP is to derive
exposure limit recommendations from known thresholds for
scientifically substantiated adverse health effects induced
by the considered non-ionizing radiation exposure (ICNIRP
2020a and b). The few human studies (see Table 1) and ani-
mal experimental studies that form the scientific basis of the
WHO review and the subsequent IRPA guidelines have a
number of limitations, including:

» Co-exposure from industrial environment and audible
noise in observational studies (e.g., Acton and Carson
1967; Acton 1968; Crabtree and Forshaw 1977; Skillern
1965; Knight 1968);

* Not being based on ultrasound exposure (e.g., Dallos and
Linnell 1966a and b; Davis et al. 1949; von Gierke 1950);

* Incomplete documentation or unpublished work (e.g.,
Parrack 1966, 1962; von Gierke 1950; Knight 1968);

» Methodological limitations, such as no randomization,
no sham exposure in the control group or no blinding
in experimental studies or insufficient information on
study design, methodology, or results (all studies);

* Restricted population (mostly industry personnel), which
does not represent the possible sensitivity distribution of
humans to ultrasound and insufficient sample size (all
studies); and

» Not being independently replicated (all studies).

Therefore, the limits of the IRPA interim guidelines do
not satisfy the ICNIRP principles for guideline develop-
ment; this, however, does not necessarily mean that the
IRPA limits are not protective. In the meantime, a few new
human studies on the effect of ultrasound on endpoints con-
sidered by IRPA (see Table 2), as well as studies providing
indirect evidence at the audible frequencies of VHFS and
hearing threshold data have been published. These studies
must be considered as well when assessing the validity of
the IRPA limits.
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Limits for preventing potential adverse auditory ef-
fects. In the 1982 WHO review it is noted that “there has
been a lack of suitable hearing test equipment and of a stan-
dard for describing normal hearing above 8 kHz; thus, thresh-
old shift evaluation above 10 kHz is questionable.” The find-
ing that no TTS was observed in a small sample of industry
workers after a workday close to ultrasonic machinery with
high output powers (Acton and Carson 1967) is, therefore,
not considered as sufficiently substantiated to conclude that
the investigated SPL do not lead to adverse auditory effects.

In observational studies (not included in IRPA 1984 and
more recently) using high-frequency audiometry with fre-
quencies up to 20 kHz, HTL differences at frequencies above
10 kHz have been observed between subjects exposed to ul-
trasonic machinery and control subjects (Grzesik and Pluta
1983, 1986; Macca et al. 2015) which tended to increase with
increasing exposure duration. In all these studies on indus-
trial workers, significant co-exposure to high frequency
sound in the audio range was present. In order to mitigate
the potential bias related to noise co-exposure, Dudarewicz
et al. (2022) used a control group that was matched to daily
noise exposure level (A-weighted SPL equivalent to contin-
uous 8-h shifts), age, sex, as well as tenure (as proxy for in-
dustrial noise exposure duration). In their cross-sectional
study HTL as well as transient-evoked otoacoustic emis-
sions (TEOAE) and distortion-product otoacoustic emis-
sions (DPOAE) of workers with and without ultrasound
exposure during work shifts (but with similar A-weighted
audible noise co-exposure SPL) were compared. The au-
thors observed no statistically significant difference in mean
HTL at frequencies up to 3 kHz but statistically signifi-
cantly higher mean HTLs at frequencies from 4 kHz to
12.5 kHz were observed in the exposed group compared
to control. Additionally, statistically significantly lower am-
plitudes of DPOAE and TEOAE were observed in all tested
frequencies, indicating a substantially worse hearing ability
in the ultrasound exposed group. Altogether, these observa-
tional studies provide consistent evidence that prolonged
exposure to airborne ultrasonic energy might be associated
with reduced high frequency hearing sensitivity, which might
be an early indicator for noise induced hearing loss
(Mehrpavar et al. 2014). However, co-exposure with sound
of certain properties (e.g., VHF audible components that
are attenuated when the A-weighting filter is applied) as a
confounder cannot yet be definitively ruled out.

In experimental studies, only the effects of short-term
exposure were investigated. In one experimental study on
a limited number of volunteers exposed to amplitude mod-
ulated and unmodulated 40 kHz ultrasound emitted by a
haptic device (the SPL at the subjects’ ears was not mea-
sured, and 120 dB was assessed in the ear of a head and
torso simulator, max. 41 minutes total exposure duration
distributed across different exposure conditions and tests),

Month 2024, Volume 00, Number 00

no statistically significant shifts in hearing threshold level
or subclinical measures for hearing impairment (auditory
brainstem response, frequency following response and
speech perception in noise) were observed (Carcagno et al.
2019). The only experimental indication of a hearing dam-
age threshold of purely ultrasonic exposure was reported
by Parrack?® who referred to “small scale” investigations
with distinct frequencies performed in the 1950s. Apart
from the investigated ultrasound frequencies (17; 21; 24;
26 and 37 kHz), SPLs of approximately 150 dB, exposure
duration of 5 minutes and the fact that the induced TTS of
less than 30 dB at subharmonic frequencies recovered
quickly, no experimental details or information about the in-
vestigated population (number, age, sex) is provided. There-
fore, the reported finding of a potentially adverse effect of
ultrasound exposure is based on a study that is not method-
ologically sound. To our knowledge there have not been any
attempts to reproduce these results.

However, there is mechanistic evidence that supports
these findings. In experiments on rodents such as guinea
pigs and chinchillas first conducted by Davis et al. (1949)
even-order subharmonic generation with fundamental fre-
quencies up to 18 kHz was observed if a threshold SPL of
approximately 110 — 120 dB in the ear canal was exceeded.
By subsequent destruction of the cochlea and removal of the
stapes and from the finding that subharmonics are radiated
from the eardrum, the origin of even order subharmonic
generation could convincingly be delimited to the middle
ear, more precisely the tympanic membrane together with
the attached malleus (Dallos and Linnell 1966a and b). A
more recent investigation of this phenomenon in gerbils ex-
tends the applied fundamental frequency range to ultrasonic
frequencies up to 40 kHz (40 kHz is still audible to gerbils)
and provides additional confidence in the finding that the
middle ear of certain rodents generates even order subhar-
monic frequencies upon exceeding a threshold SPL in the
order of 110 dB (Huang et al. 2012). However, this exten-
sive study also quantified that the efficiency of transferring
the subharmonic frequency generated in the middle ear into
the cochlea is similar to, or slightly higher than, the one of a
pure tone with the same frequency applied at the ear canal.

The mechanistic evidence from animal experiments is
consistent but it is unclear whether the quantifications can
be transferred to humans experiencing high SPL in the ul-
trasonic frequency range. Early work from the 1950s using
audio frequencies suggests that the effect also appears in hu-
man ears, as subharmonic emissions could be detected if a
higher threshold SPL of approximately 140 dB was ex-
ceeded (von Gierke 1950). A nonlinear response of the

*Parrack HO. Physiological and psychological effects of noise. In: Pro-
ceedings 2nd Annual National Noise Abatement symposium (abstract
listed in Cordell, 1968); 1951.
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human eardrum, which is a prerequisite for subharmonic
frequency generation at that site, appears to be in line with
early theoretical considerations (Kobrak 1948; Pong and
Marcaccio 1963). A study on four cadaveric human ears
suggests the onset of compressive nonlinearity at the tym-
panic membrane (measured by laser-doppler vibrometry at
the umbo) at 130 dB SPL (10 kHz) with falling tendency
at higher frequencies (Cheng et al. 2021). However, no
subharmonic frequency generation could be detected in that
study, possibly due to too low SPL in the ear canal. As no
ultrasonic frequencies were used in these limited human
studies, the results do not necessarily apply to ultrasound.
This would require new experiments on humans to confirm
or refute the mechanistic evidence and to provide actual
threshold data of effect appearance in the ultrasonic fre-
quency range. Work on determining the mechanism for gen-
eration of subharmonics and ultraharmonics in humans and
their importance relative to other possible mechanisms in
generating adverse effects would be useful. However, conduct-
ing human studies in which potentially hazardous SPLs are
applied is not compliant with modern ethical standards.

Limits for preventing non-specific symptoms. The
results from early observational and experimental studies
were used to determine the IRPA (1984) exposure limits
(see Table 1). The exposure sources in the observational
studies (Acton and Carson 1967; Acton 1968; Crabtree
and Forshaw 1977; Skillern 1965; Knight 1968) were part
of an industrial environment, where co-exposure to chemicals
and other environmental factors cannot be excluded. The in-
vestigated industrial ultrasound exposure sources also emit-
ted a significant amount of noise in the audio frequency
range, which represents an important confounder. Indeed,
the onset of non-specific symptoms observed in Acton
and Carson (1967) and Acton (1968) correlates with the
presence of audible components in the lower frequency
range, since these effects were only reported if the audible
and ultrasonic broadband noise spectrum of the machines
contained a SPL of more than 75-78 dB in the TOB cen-
tered at 16 kHz or lower frequencies. This finding is sup-
ported by evidence from laboratory human experiments
using more controlled narrow band exposure sources: In ex-
periments on three women exposed to the sound of a Galton
whistle, health complaints were only reported by two sub-
jects who were able to perceive a 16 kHz pure tone only if
the ultrasound spectrum of the whistle contained a SPL
greater than 75 dB in the TOB centered at 16 kHz (Acton
and Carson 1967).

After the publication of the IRPA 1984 guidelines, mainly
experimental studies but also some observational studies
have been published that are relevant for the endpoint of
non-specific symptoms (see Table 2). Statistically signifi-
cantly higher self-reported ratings of asthenia, vertigo, and

tingling of the limbs between the exposed and unexposed
group were reported in an observational (cross-sectional)
study on industry workers (Macca 2015). In another
cross-sectional study (reported as a conference paper by
Ueda et al. 2014) on 35 participants (age between 20 and
50 years) in the vicinity of a pest repellent system with a
SPL between 100 and 120 dB and purely ultrasonic emission
at 19 kHz and higher harmonics, it was reported by all partic-
ipants that the emitted ultrasound could be heard and more
than half of them felt discomfort from the perceived sound
(evaluation based on a questionnaire). After relocation of
the device accompanied by a reduction of the SPL of at least
12 dB, the sound could not be perceived anymore.

In a laboratory experiment, using an ultrasonic washer
as exposure source (maximum emission at 25 kHz and au-
dio frequency subharmonics at 12.5 kHz), even at the low-
est applied levels [broadband SPL of 80 dB(lin)] the test
subjects reported considerable annoyance and discomfort
ratings which increased with increasing SPL (Holmberg
et al. 1995). An experimental investigation on 38 young,
otologically normal adults exposed to VHFS in the audio-
frequency range (randomized order of stimuli presentation),
suggests that the usable dynamic range (the SPL difference
between adverse effect threshold and the hearing threshold
level at a specific frequency) for comfortable hearing de-
creases with increasing frequency (Kurakata et al. 2013).
This is supported by the results of an experiment on adults
that previously experienced effects self-attributed to VHFS
(symptomatic group, n = 10) and asymptomatic adults
(n=32) (Fletcher et al. 2018b). The subjects of both groups
were exposed to 82-92 dB SPL VHF audible sound applied
by circumaural headphones. For each individual a stimulus
frequency that corresponds to a hearing threshold level of
approximately 63 dB SPL was chosen and the stimulus in-
tensity was set 25 dB above the individual hearing threshold
level. As reference, the authors used a 1 kHz tone with a
SPL also 25 dB above the individual hearing threshold
level. The overall discomfort ratings (assessed by using a
rating questionnaire) of both groups were slightly, but statis-
tically significantly higher than in the audible 1-kHz refer-
ence condition. For the symptomatic group only, statistically
significant elevated scores were obtained for both annoyance
and inability to concentrate, when compared to the reference
stimulus.

Similar experimental data on the frequency dependence
of the usable dynamic range for non-specific symptoms
have not been identified for the ultrasound frequencies in
the 20 kHz TOB and above and only little narrative or ob-
servational data is currently available. Some publications re-
port that hearing perceptions in the ultrasound range are
more or less unpleasant (as soon as the sound is perceived)
and that the dynamic range of comfortable hearing is quite
narrow in the low frequency ultrasound range (Leighton
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2016; Kiihler et al. 2019). In a single-blinded human exper-
iment on ultrasound-induced brain-activation, Kiihler et al.
(2019) determined hearing thresholds of single frequency
ultrasonic signals (up to 24.2 kHz) with up to 115 dB SPL
applied monaurally in the ear canal of the left ear. No quan-
titative evaluation of non-specific symptoms was performed,
but almost all of the test subjects that heard the applied ultra-
sound, described the hearing sensation as displeasing. In a
more recent single-blinded experimental study that applied
a sequence of sham-exposure, ultrasound exposure 5 dB
above the individual hearing threshold level (HTL) and ul-
trasound exposure 10 dB below the individual HTL (both
at 21.5 kHz, the order of ultrasound exposure levels being
randomized), statistically significant higher ratings of un-
pleasant perception upon ultrasound exposure above indi-
vidual HTL compared to ultrasound exposure below HTL
were reported (Weichenberger et al. 2022).

In the studies reported above, the appearance of non-
specific symptoms was closely related with the hearing per-
ception itself. Therefore, a nocebo effect cannot be excluded,
which means that self-reported effects as well as potentially-
related objectively measurable effects may occur simply be-
cause those exposed expect or fear that the detected exposure
may be unpleasant or harmful. If the exposure is clearly audi-
ble, blinding will be impossible, but when the exposure is
not, or may not be, audible, the gold standard is randomized
double-blind experiments. Double blind means that the par-
ticipant and the experimenter in contact with the participant
do not know when the participants are exposed at different
exposure levels or to sham, and ideally after exposure they
should report whether they perceived any signal. Fletcher
et al. (2018c), using a double-blind randomized provocation
design, investigated whether exposure to inaudible ultrasound
(20 kHz, SPL 84 dB) or sham provoked non-specific symp-
toms in volunteers that self-identified as experiencing symp-
toms from ultrasound (symptomatic group) and asymptomatic
volunteers. The study provides no evidence that inaudible ul-
trasound provoked non-specific symptoms, noting that the ex-
posure was limited to 84 dB SPL. However, the authors did re-
port evidence of a small nocebo effect (linked to the expecta-
tion of being exposed) in a separate experiment without actual
ultrasound exposure. The nocebo effect size appears to be
small compared to some of the self-reported effects in observa-
tional studies, although the transfer from an experimental set-
ting with a short exposure time to a long-term exposure setting
of observational studies is clearly limited. In a single-blind ran-
domized study, Ascone et al. (2021) investigated whether
exposure to inaudible ultrasound from commercial devices
for 28 nights (22.4 kHz, target level below 90 dB SPL) or
sham exposure is associated with self-reported behavioral
effects, including non-specific symptoms and sleep quality.
The authors reported no consistent evidence of ultrasound
effects on self-reported behavior but there were instances

Month 2024, Volume 00, Number 00

of symptoms in the sham condition pointing to a possible
nocebo effect driven by the expectation of being exposed.

The results from these newer controlled and blinded
experimental studies are in line with the older studies, sug-
gesting that effects on non-specific symptoms only occur
when the ultrasound is being perceived at least for SPLs be-
low around 100 dB. Consequently, studies on hearing thresh-
olds for ultrasound are of interest. Already before 1982/1984
there was evidence from a double-blind study that young in-
dividuals can hear 18-kHz tones at 60-70 dB quasi free-field
SPL (Henry and Fast 1984), which is within the 20 kHz TOB
but considerably below the limits of 75 dB SPL (for occupa-
tional exposures) or 70 dB SPL (for the general public). Re-
cent hearing threshold data that were obtained in free field
settings (only free field data is considered here, because the
exposure limit is also a free field quantity) suggest that some
very sensitive adult individuals are able to perceive amplitude
modulated pure tone ultrasound in the order of 28 dB SPL at
18 kHz and 66 dB SPL at 20 kHz (Ashihara 2007) which is
far below IRPA’s 20 kHz TOB limits of 75 dB SPL (occupa-
tional) or 70 dB SPL (general public). It has also been shown
that the hearing range of some individuals extends into TOB
with center frequencies higher than 20 kHz. Ashihara et al.
(2006) reported minimum hearing thresholds at 88 dB SPL
or higher for 24 kHz tones and Ashihara (2007) found that
3 out of 32 ears which were individually tested had measur-
able hearing thresholds below 100 dB SPL at 28 kHz.

No hearing thresholds at 30 kHz could be measured,
but it remained unclear if the maximum applied SPL of
100 dB was insufficient to induce auditory perceptions. Ueda
et al. (2016) investigated the hearing thresholds in children
and found hearing threshold levels lower than 100 dB SPL
at 26 kHz for 40% of the subjects, and examples of very sen-
sitive children that can even hear frequencies of 30 kHz and
above (Ueda et al. 2014). In a blinded experiment using a
haptic array as narrow band exposure source, one of the
nine subjects that took part in the study could correctly de-
tect the exposure status even at 40 kHz frequency at an SPL
0f 120 dB (Carcagno et al. 2019); whether ultrasound detec-
tion or other cues were responsible for this result is not en-
tirely clear. The experimental data provided in Ashihara
et al. (2006) suggests that the hearing threshold at ultra-
sound frequencies can be at least slightly influenced by
the presence of ambient noise in the audio frequency range
and it is likely that especially the minimum values are most
affected. It is unclear whether this might also have an im-
pact on the threshold for causing non-specific symptoms.

The IRPA limit at 75 dB SPL in the 20 kHz TOB is a
simple extension of the criterion originally proposed for
the 16 kHz TOB and aims at preventing the perception of ul-
trasound, in order to avoid non-specific symptoms. To fur-
ther justify the originally proposed criterion, the ISO noise
rating curve NR85 was extrapolated to 16 kHz (Acton
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1968). Whereas NR85 might have been applicable to very
noisy industrial environments for voice-frequency and often
broadband noise, application to signals above 17.8 kHz (es-
pecially tonal signals) in quiet spaces of the general public
such as libraries and schools (where problems have been ob-
served in a case report; Leighton et al. 2020) goes even be-
yond the extrapolation into the 16 kHz TOB, and its appli-
cation may not be valid. The studies on which the IRPA
limit at the 20 kHz TOB are based on were restricted to a
small sample of industry workers, which is further problem-
atic because the observed non-specific symptom threshold
level in the order of 75-78 dB SPL in the 16 kHz TOB
(which is the basis of the 75 dB SPL limit in the 20-kHz
TOB) cannot necessarily be generalized to the general pub-
lic. Results from newer studies provide supporting evidence
that the onset of non-specific symptoms is related to the
hearing threshold which varies substantially between indi-
viduals and can be lower than the IRPA limits. Data from
a broader portion of the population suggest that a segment
of it has a lower hearing threshold than industry workers
that were investigated in the studies considered in the IRPA
guidelines, although no ultrasound hearing threshold data
are available for direct comparison. Consequently, the IRPA
(1984) limits for preventing non-specific symptoms (such
as fatigue, headaches that may be related to annoyance
and discomfort) might be non-protective for a part of the
population with a lower ultrasound hearing threshold. Fur-
ther, data specific to children would be required to generate
guidelines for public exposure. A few studies have indicated
that the symptoms may be due to a nocebo effect, which is
in line with general knowledge about nocebo effects. How-
ever, evidence for a nocebo effect does not exclude other
mechanisms. A provoking nature of the ultrasound may also
be an explanation, i.e., ultrasound might also provoke the
reaction by a mechanism other than the nocebo effect (for
instance because the sound might be perceived as very un-
pleasant, which ultimately might cause such effects under
prolonged exposure by another mechanism). The few obser-
vations published to date consistently report that ultrasound
is often perceived as displeasing or unpleasant as soon as
the sound is heard, which suggests (but does not necessarily
prove) that potentially adverse non-specific symptoms will
only manifest if the sound is heard. This is supported by
the few well-controlled blinded studies with inaudible ultra-
sound, in which no ultrasound-induced effects were reported
at low SPLs (Fletcher et al. 2018b; Ascone et al. 2021).

If ultrasound hearing thresholds are measurable, they
might be a reasonable proxy for the lower boundary of the
possible onset of non-specific symptoms due to ultrasound
exposure. To date, there has been only one investigation on
how the appearance of self-reported effects (in this study
pleasantness/unpleasantness and perceived impact on cog-
nitive tasks) is related to the HTL (Weichenberger et al.

2022) and there are no investigations on the impact of psy-
choacoustic parameters like loudness, sharpness and fluctu-
ation strength, and related sound field properties. In order to
validate the working hypothesis that the individual hearing
threshold can indeed be used as a proxy for the lowest pos-
sible threshold for developing non-specific symptoms,
more psychoacoustic research with audible ultrasound is
needed, although the lack of blinding will always remain
an issue. To confirm that this proxy is conservative, the very
limited database requires further blinded randomized prov-
ocation trials that investigate non-specific symptoms in the
inaudible ultrasonic range. Studies should compare symp-
tomatic and asymptomatic individuals and include adequate
numbers of subjects that reflect properties of the whole pop-
ulation, including children.

Physiological effects. In laboratory experiments on four
to five subjects using narrow band exposure sources with cen-
ter frequencies of 20 kHz and mainly inaudible 110-115 dB
SPL, no auditory or physiological changes (compared to unex-
posed control) could be elicited, whereas auditory and physio-
logical reactions were observed if audible signals at frequen-
cies of 5 kHz were used as positive control (Grigor'eva 1966).
In more recent studies on audible VHFS (Fletcher et al.
2018b) and inaudible ultrasound (Fletcher et al. 2018c),
the galvanic skin response of each subject was assessed as
a measure of the level of anxiety. There were statistically
significant galvanic skin responses reported only in the
symptomatic group during the VHFS exposure, whereas
no statistically significant difference in the galvanic skin re-
sponse between symptomatic and asymptomatic subjects
was found for inaudible ultrasound, which was applied at
low levels (84 dB SPL). From these few studies it appears
there is no direct evidence that the limits are not protective
against physiological effects, but the very limited database
requires further research.

Elevation of limits for short term exposure. As dis-
cussed above and shown in Fig. 1, slight elevations of the
SPLs are permitted for short-term occupational exposure.
There is no data justifying the IRPA guidelines recommen-
dation to use a relaxation of 3 dB per doubling of exposure
time for occupational exposure. Apparently, this trade-off
practice is transposed from recommendations for workday
exposures to lower frequency occupational noise (typically
below 8 kHz). In order to prevent hearing impairment,
in 1977 the ILO recommended using a warning limit of
85 dB(A) and a danger limit of 90 dB(A), both assessed
as A-weighted SPL energy equivalent to continuous 8-h ex-
posure as well as special provisions for more intense (and
short time) exposures (ILO 1977). The elevations in ILO
(1977) do not address the endpoint of non-specific symp-
toms where psychoacoustic parameters might be relevant
(Fastl 2005) and it is also not clear if an inherently linear
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argument will apply for ultrasonic frequencies at all. There
is also not enough evidence of any dose-response relation-
ship which would support this relaxation. In fact, these ele-
vated limits potentially exceed the threshold SPL for
subharmonic frequency generation observed in rodents at
fundamental frequencies below 18 kHz (Dallos and Linnell
1966b). For the general public, no such exceptions are
allowed and the limits for continuous exposure include a re-
duction factor of 5 dB at TOB centered at 20 kHz and 10 dB
at higher frequencies. No scientific rationale was provided
by IRPA on how the size of this reduction was calculated.

Question 2(b) conclusion. As the exposure limits are
mainly based on small-scale investigations on workers in in-
dustrial environments, the results cannot be extrapolated for
the whole population, especially in light of the permitted el-
evations of 3 dB per halving of exposure time for which no
justification is provided.

Available observational studies consistently report that
prolonged occupational exposure to intense ultrasonic noise
is associated with high frequency hearing loss but it remains
unclear if audible VHF and ultrasound, inaudible ultrasound
or confounding factors are responsible. Since in these stud-
ies the SPL exceeded the limit of 75 dB in the 20 kHz TOB
for most workers, this cannot be regarded as evidence that
this limit does not protect from adverse auditory effects.
Whether or not the limits at the 25 kHz TOB or higher are
protective against adverse auditory effects cannot be judged
owing to the limited database.

The results from the few available scientific studies of
varying quality indicate that non-specific symptoms will
only manifest if ultrasound is perceived. Although it cannot
be excluded that possible health effect thresholds have been
overlooked in studies because of limited sample sizes, de-
mographics, or limited exposure conditions (SPL, duration,
repetition, pulsing, etc.), it should be considered as a prelim-
inary working hypothesis that at frequencies where a hear-
ing threshold can be measured, the hearing threshold repre-
sents a lower boundary for the possible range of non-specific
symptom thresholds. Consequently, non-specific symptoms
might also be induced at TOBs with center frequencies
higher than 20 kHz (which were considered not to be audi-
ble by IRPA in 1984), and in general the limits might be too
high to protect all individuals of the population. All hear-
ing threshold data available to date show that individual
hearing threshold levels at very high and ultrasonic frequen-
cies generally increase with increasing frequency and a
large part of the population cannot hear ultrasound at all.
However, the preliminary working hypothesis is not suffi-
cient to generally exclude all kinds of adverse effects be-
cause it is likely that inaudible ultrasound at very high SPLs
can cause harm, for example by heating or other yet uniden-
tified mechanisms.

Month 2024, Volume 00, Number 00

In conclusion, the exposure limits suggested by the
1984 IRPA guidelines are not completely justified by the
currently available scientific evidence, at least for protection
of the whole population from developing exposure-induced
non-specific effects. In order to validate the working hy-
pothesis and to narrow down the range of the possible health
effect thresholds, further controlled randomized human ex-
periments on audible and inaudible ultrasound are neces-
sary. Thereby, application of a double-blind protocol for in-
audible exposures is crucial. Further, all experiments should
include hearing threshold assessment at high and ultrasonic
frequencies, systematic assessment of non-specific symp-
toms as well as complementary assessment of hearing
threshold shifts, possibly induced by the experimental expo-
sure. The impact of different sound field properties and psy-
choacoustic parameters as well as different populations, par-
ticularly children, should be systematically explored. It is
important to test whether the nature of ultrasound, and not
only the fact that the ultrasound is being heard, is influenc-
ing effects like annoyance.

Question 2(c)—Are the dosimetric quantities used for
the limits in the IRPA guidelines valid?

The concluding remarks of the IRPA guidelines state
that the document will be subject to periodic revisions as
more information becomes available; that is, the authors un-
derstood the limited justification for what they were able to
provide, and therefore provided a strong argument for the
need for more data. In similar vein, the WHO review (pp.
18-19) mentions the need to develop a system of dosimetric
variables.

ICNIRP defines dosimetry as a procedure that aims at
quantification of an exposure to radiation. Quantitative de-
scriptions of an exposure to radiation, for the purpose of for-
mulating protection standards and exposure limits, require
the use of adequate quantities (ICNIRP 1985). “Adequate”
means that the quantities should represent those physical
processes which are closely linked to the biological effects
of radiation (ICNIRP 1985). However, this requires pro-
found knowledge about the underlying biophysical mecha-
nisms. Mechanisms by which ultrasound may cause some
adverse auditory effects in humans are not well investigated
(subharmonics were adopted, but never proven as a mecha-
nism for TTS and PTS). For non-specific symptoms (an-
noyance, headaches, migraine, tinnitus, a feeling of pain
or pressure in the ears, nausea, etc.) a possible causal path-
way might include ultrasound hearing perception, which
has been consistently described as feeling unpleasant (here,
a nocebo effect cannot be ruled out due to methodological
reasons), but beyond that the mechanism is unknown.

Dosimetry in the guidelines. Except for heating, all
adverse effects that are covered by IRPA (1984) directly in-
volve the ear. A valid limit for these endpoints can therefore
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only be protective if they are not exceeded at the position
where the individual ear can be present. The sensitivity of
the eye for non-thermal adverse effects has also been sug-
gested (Lenhardt 2007), but not substantiated.

As outlined above, there is some evidence that a possi-
ble threshold for ultrasound-induced non-specific symp-
toms is related to the individual hearing threshold level.
This also appears to be the logic behind the 1984 IRPA limit
of the 20 kHz TOB, but it remains unclear what other sound
field or psychoacoustic properties (e.g., duration, modula-
tion, tonality, loudness) are needed to induce non-specific
symptoms. Without a mechanism, it is not possible to iden-
tify what parameters of the ultrasonic field are important to
quantify in calculating the dose, and, therefore, it is impos-
sible to define valid dosimetry. This might explain why es-
sential information for assessing the SPL (e.g., permissible
averaging times for assessing RMS values) is missing in
the IRPA guidelines.

If one assumes that the frequency down conversion
mechanism is indeed a relevant mode of action in humans
and the IRPA free field SPL exposure limits reliably protect
against adverse effects of exposures in each TOB, it remains
questionable that these limits protect against effects of si-
multaneous multi-frequency exposure. In that case, each
TOB SPL contributes to a total broadband SPL at the tym-
panic membrane. A rationale for why the possibility of cu-
mulative multiband exposures is not considered for a pro-
posed nonlinear mechanism that includes an instantaneous
pressure threshold effect is not provided. Other amplitude
threshold effects of non-ionizing radiation exposure (such
as low frequency electromagnetic fields, see ICNIRP 2010)
require an instantaneous amplitude dependent multi-
frequency exposure metric which considers that signal com-
ponents potentially add up in phase. In contrast, the SPL is
an RMS metric that correlates with the square root of the
power of the overall signal. In an extreme case (N spectral
components with identical amplitude and zero phase differ-
ence), the maximum instantaneous pressure level is up to
10*log10(2*N) dB higher than the RMS SPL of such a sig-
nal. A clear understanding of any potential mechanism
would be helpful in deriving appropriate exposure metrics.
Also, basing exposure limits on RMS values in TOBs
may be inadequate, given that most ultrasonic sources used
now in public places are tonal in nature (Leighton 2016;
Scholkman 2019).

The TOB centre frequencies of the SPL limits in the
IRPA guidelines are rounded values and the exact values de-
pend on whether log base 10 or log base 2 is used for the
computation (Leighton 2017). This potentially results in
an ambiguity regarding the corresponding frequency limits.
If one computes the TOB frequency limits from the rounded
frequency values, both an overlap of TOB as well as unreg-
ulated frequency gaps between the TOB appear (Leighton

2017). This is of special importance at the boundaries of
the TOB centered at 20 kHz because of the abrupt change
in permitted SPL. Acton (1975) states that the nominal fre-
quency limits of the TOB centered on 20 kHz are 17.6 kHz
and 22.5 kHz, but this information is not specified in either
the IRPA guidelines, or in the WHO review. However, even
with specified TOB boundaries a potential ambiguity re-
mains: the energy of any spectral component with finite
bandwidth and a center frequency exactly at the boundary
of two adjacent TOB will be split into these bands, which
can result in compliance with the guidelines even if the
SPL is higher than the permitted level in each of the two ad-
jacent TOB. To prevent this, a quasi-continuous metric
would be necessary. Additionally, if the steep rise of the
hearing threshold in the lower end of the 20 kHz TOB is in-
deed associated with a similar steep rise in the non-specific
symptom threshold, the low frequency resolution of the
20 kHz TOB would be inappropriate and narrower band-
widths would be required in this frequency range.

Dosimetry in the studies that informed the IRPA
guidelines. From the limitations of the experimental studies
on humans, it becomes apparent that dosimetry, in the stud-
ies that provide the evidence, is also undermined, in part, be-
cause no exposure details are reported. Of the studies that
form the scientific basis of the IRPA guidelines, Acton
and Carson (1967) provided the study with the most com-
prehensive description of exposure assessment. In that study
a calibrated free field microphone (frequency response up to
100 kHz) was used to assess the SPL at the places where the
heads of the operators were located and TOB SPL spectra
were obtained using an audio frequency spectrometer with
maximum frequency at 40 kHz. Owing to physical phenom-
ena such as reflection, diffraction and interference, the SPL
may vary strongly in space and time. Spatially resolved
measurements have not been reported, which leaves the pos-
sibility of under- or overestimation of the SPL at the relevant
position (Radosz and Pleban 2018; Schoneweil3 et al. 2020).

In the animal studies providing mechanistic evidence, the
SPL in the ear canal at distinct frequencies is reported. This
single frequency SPL in the ear canal might be a more rele-
vant exposure metric that can be potentially directly linked
to the induction of hazardous effects. However, the relation
of this value to a free field SPL measured at the position of
an ear (as done in the studies in industrial environments; Ac-
ton and Carson 1967; Grigor’eva 1966) is unclear for ultra-
sound frequencies. To establish a relationship between inter-
nal body (assessed in the ear canal) and free field exposure
quantities, further research is necessary. However, a high in-
trinsic uncertainty in such a relationship can be expected, ow-
ing to effects such as scattering at the pinna (Leighton 2016).
If possible at all, this would facilitate the comparison of
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hearing threshold data obtained with different methods of
sound presentation (free field vs. insert ear phones).

Question 2(c) conclusion. In summary, the dosimetry
that is used in the IRPA guidelines and the publications that
the guidelines are based on were not mature at that time,
which has also been acknowledged by the authors of the
guidelines. Appropriate dosimetric quantities still have to
be established. However, a prerequisite for defining such
quantities is understanding the mechanism for potentially
adverse effects, which requires more research.

Question 3: Are there biological endpoints that are not
covered by the 1984 IRPA guidelines
The third consideration is whether there is evidence of

biological endpoints (within the scope of ICNIRP) that are
not covered by the 1984 IRPA guidelines; that is, biological
endpoints other than heating, adverse auditory effects, non-
specific symptoms or physiological effects as identified in
the 1982 WHO review.

Brain physiology and function. There is only limited
new research on brain physiology and function that is not
covered by the 1984 IRPA guidelines. The study by Fletcher
et al. (2018b) on human volunteers investigated whether ex-
posure to VHFS and ultrasound (frequencies between 13.5
and 20 kHz and SPLs between 82 and 92 dB) affects atten-
tion. In the study, performance in an attention task after ex-
posure to VHFS/ultrasound and a reference 1 kHz stimulus
was compared between volunteers that self-identified as ex-
periencing non-specific symptoms from VHFS/ultrasound
(symptomatic group) and asymptomatic volunteers. There
was no difference in performance on the attention task be-
tween exposure to VHFS or ultrasound and the reference
stimulus for either group of volunteers. In their second study,
Fletcher et al. (2018c¢) used a double-blind randomized prov-
ocation design to investigate whether exposure to inaudible
ultrasound (20 kHz, SPL 84 dB) or sham affects attention.
Similarly to their first study, Fletcher et al. (2018c) compared
performance in an attention task after inaudible ultrasound
exposure or sham between symptomatic and asymptomatic
subjects. The double-blind randomized study also showed
no effect on attention for either group. It is noted that in both
studies by Fletcher et al. there was a very low number of
symptomatic subjects compared to asymptomatic subjects.
A further limitation of these studies is the low exposure
levels, which were used because of ethical considerations.

In their single-blind randomized study, Ascone et al.
(2021) investigated whether inaudible exposure to ultra-
sound from commercial devices for 28 nights (22.4 kHz,
target level < 90 dB SPL) affects cognitive performance.
There was no effect on most of the cognitive domains tested;
a positive effect was found for two of the cognitive tests but
these results could have been due to multiple testing. The
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study by Ascone et al. also investigated brain structure pa-
rameters, which were measured via structural magnetic res-
onance imaging (MRI). The authors reported both increases
and decreases in regional grey matter volume pre-to-post ul-
trasound exposure but were unable to relate these brain
structural changes to behavioral changes.

There have been other studies that have investigated
exposure to ultrasound and brain activity. Fujioka et al.
(2002) overlaid MRI images of the brain on equivalent cur-
rent dipole sources detected by magnetoencephalography
(MEG); averaging MEG waveforms evoked in response to
auditory stimulation allows mapping of the auditory evoked
magnetic field (AEF). The authors found no cortical re-
sponse to inaudible 60 dB SPL ultrasound stimulation at
frequencies of 20 kHz or above. Another study by Kiihler
et al. (2019) examined the fMRI and MEG response to
acoustic stimulation and found no evidence of auditory cor-
tex activation for airborne ultrasound below and above the
hearing threshold. It remains unclear if this finding is due
to limited sensitivity of the applied methods. In a follow
up to Kiihler et al. (2019), Weichenberger et al. (2022) used
fMRI to investigate brain activity during resting-state as
well as during cognitive processing in subjects with normal
hearing exposed to a 21.5 kHz tone. This study also found
no evidence of auditory cortex activation for airborne ultra-
sound below and above the hearing threshold, but found a
higher n-back-task-related activation of the inferior frontal
gyrus (IFG) in the below threshold condition compared to
the above-threshold condition, as well as an association be-
tween higher IFG activation and faster reaction times during
the below threshold exposure condition. The health rele-
vance of these, yet unreplicated, findings is currently un-
clear. In their study on young women using a haptic device
as ultrasound exposure source (for details see Table 2),
Carcagno et al. (2019) also performed electroencephalogra-
phy measurements and observed no statistically significant
phase-locked activity at the modulation frequency or at low-
frequency subharmonics of the ultrasound tone.

Question 3 conclusion. The existing evidence on cog-
nitive ability and brain activity do not indicate that airborne
ultrasound affects brain physiology and function in an ad-
verse way. Nevertheless, the research to date is limited and
further randomized provocation trials, including sham expo-
sure or exposures at different exposure levels, are required,
paying particular attention to sufficiently sensitive testing
methods and adequate numbers of subjects. When the signals
applied are not obviously audible for all participants, expo-
sure conditions should also be blinded and it should be
checked whether any participant was able to detect the ultra-
sound exposures better than by chance. Studies should fur-
ther consider self-reported sensitivity to ultrasound by sepa-
rating “symptomatic” and “asymptomatic” subjects.
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OUTLOOK

Most of the data used for deriving the 1984 IRPA guide-
lines does not fulfill the requirements stated in ICNIRP’s
principles for non-ionizing radiation protection for guideline
development (ICNIRP 2020). Further, according to the ICNIRP
principles, exposure should be limited to either below the level
with an accepted risk for adverse effects (no such accepted risk
has been established for airborne ultrasound), taking into ac-
count any beneficial effects for health (it is not feasible to assess
this for airborne ultrasound exposure), or below the threshold
level for adverse health effects (the threshold level has been de-
fined by a very poor data basis, as outlined above).

No substantial scientific advances have been made since
1984 regarding the endpoint of ear damage mediated by the
putative frequency down conversion mechanism. However,
more data on the distribution of hearing thresholds in the
population (up to the 30 kHz TOB) and some data on non-
specific symptoms have become available over the years
(Henry and Fast 1984; Ashihara et al. 2006; Ashihara 2007;
Kurakata et al. 2013; Rodriguez Valiente et al. 2014; Kiihler
et al. 2019; Weichenberger et al. 2022). As outlined above,
there is some evidence that non-specific symptoms can oc-
cur in sensitive individuals upon exposure to ultrasound in
the 20 kHz TOB at SPLs below the exposure limit designed
to protect from such effects. Using hearing threshold data as a
proxy for the non-specific symptoms threshold (at frequencies
where such thresholds can be measured), updated interim limits
for the general public, based on hearing thresholds in the ultra-
sound range, could be proposed as a conservative approach.
These should be based on experiments that use free field expo-
sures, because the limits have to also be fiee field quantities as
no reliable relationship between body-internal (assessed in the
ear canal) and free field exposure quantities has been estab-
lished. Because we should use hearing threshold data across
the population to cover individuals with very low hearing
thresholds to ultrasound, age-specific percentiles rather than av-
erages should be used to derive exposure limits. Such limits
would be most applicable for quiet environments, such as librar-
ies and schools. A potential masking effect by additional noise
in less quiet environments would possibly allow less strict limits
for situations where audible noise is present (e.g., traffic or in-
dustry). However, it remains to be shown if and to what ex-
tent a masking by audio frequency noise affects the threshold
for ultrasound induced non-specific symptoms.

Exposure limits do not necessarily need to be formu-
lated in TOBs, which potentially allows one to define a met-
ric that is free from the ambiguities addressed in question 2(c)
earlier and has a higher frequency resolution. However, similar
to the IRPA limits, any proposed new metric will suffer from the
fact that the mechanism that facilitates non-specific symptoms
upon ultrasound exposure is not known; this requires further re-
search on mechanisms.

A stepwise 3-dB elevation of occupational limits for
halving of exposure periods is not applicable for preventing
exposure-threshold dependent non-specific symptoms,
without evidence for a clear dose component (dose = expo-
sure intensity x time). It therefore appears to be reasonable
to refrain from the possibility of elevating the limits for
shorter time periods of occupational exposure unless there
is new evidence supporting the elevation. This would be in
line with the exposure limit proposed by Health Canada
(1991), which mentions “The SPLs, for 1/3-octave bands,
are independent of time of exposure as subjective effects
can occur immediately.”” Health Canada also introduced an
additional limit for occupational exposure (total SPL of
137 dB) that aims at protection from tissue heating (e.g.,
in skin clefts) in case ear protection is worn and the limits
for preventing non-specific symptoms and adverse auditory
effects are exceeded. However, the relationship between
SPL and potential adverse temperature elevations is so
poorly investigated that further research is necessary to pro-
vide an appropriate SPL limit.

Measurement technology and procedures for the assess-
ment of airborne ultrasound fields have advanced signifi-
cantly in the last few years (e.g., Kling et al. 2017; Ullisch-
Nelken 2017; Radosz and Pleban 2018). However, owing
to the lack of a substantiated biophysical mechanism, there
has not been any scientific progress in defining the properties
of a suitable exposure metric that represents those physical
processes which are closely linked to the biological effect.
Further, as previously mentioned, no universal relationship
between the undisturbed body external airborne ultrasound
field parameters and body-internal pressure distributions in
the ear canal and at the tympanic membrane exists because
the presence of the head can disturb the sound field and ear
canal geometry varies significantly between individuals.

CONCLUSION

The current analysis on the validity of the 1984 IRPA guide-
lines has shown that the biological endpoints that form the basis
of the guidelines are relevant to health and the guidelines provide
limits of exposure based on the evidence that was available at the
time. However, the IRPA limits and their associated dosimetry
were based on limited evidence, which may not be considered
as scientifically substantiated. Research since the IRPA guidelines
has made some improvements in the knowledge base but there
are still significant data gaps that need to be resolved before a for-
mal revision of the guidelines can be made by ICNIRP (listed in
the Appendix).
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APPENDIX

Data gaps in knowledge related to the effects of airborne
ultrasound on health

For all the endpoints listed in the table below, general
data gaps remain. These concern the following aspects:

 Effect thresholds;

» Impact of sound field properties (i.e., SPL, spectral
shape, modulation) and related psychoacoustic parame-
ters (i.e., loudness, tonality, sharpness, fluctuation,
roughness) on thresholds;

* Threshold distribution across the population (this re-
quires sufficient sample size including children as well
as self-identified symptomatic and asymptomatic indi-
viduals); and

* Mechanistic understanding and exposure metrics.

Further research should aim to fill these data gaps.
Because of the huge variety of hearing thresholds across
the population, analysis should be stratified by age and indi-
vidual reported sensitivity to VHFS and ultrasound. Since it
appears feasible that ultrasound-induced non-specific
symptoms, physiological and stress-related effects and ef-
fects on cognition and behavior might be linked by a com-
mon mechanism of action, it is recommended to test some
of the endpoints within one study rather than performing
several separate studies.

For example, data on non-specific symptoms should
be always collected as part of an investigation on the other
endpoints, given that this procedure does not impact the va-
lidity of the study (e.g., by creating expectations of the par-
ticipant). Further, the actual HTL of the participants should
be assessed before and after each study in order to investi-
gate whether the experimental exposure has an impact on
hearing level. Further, the influence of audio-frequency
noise on ultrasound hearing thresholds should be explored
in order to allow blinding in experiments that apply ultra-
sound which otherwise would be audible for the participant
(blinding by appropriate masking). The general impact of
ambient audio-frequency noise on thresholds for effects
and effect sizes of non-specific symptoms, physiological
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and stress-related effects cognition and behavior should also
be investigated. See Table Al.

Table Al. Research needs.

Endpoint Research needs

Hearing thresholds Human experimental studies on the distribution of
at ultrasonic hearing thresholds in the ultrasonic range including
frequencies in very young children.

Testing the working hypothesis that the hearing
threshold can be used as proxy for the non-specific
symptom threshold (at frequencies where a hearing
threshold can be measured).

Non-specific Human experimental studies on the frequency

symptoms dependence of the usable dynamic range (the span
between hearing threshold SPL and effect threshold
SPL) of audible ultrasound.
Blinded randomized provocation trials at sufficiently
high SPL of inaudible ultrasound.

Physiological and  Human experimental studies applying an objective
stress-related assessment to map physiological effects of audible
effects ultrasound (e.g., galvanic skin responses, brain

imaging with high sensitivity).
Blinded randomized provocation trials at sufficiently
high SPL of inaudible ultrasound (same endpoints).

Cognition and Human experimental studies applying an objective
behavior assessment of effects of audible ultrasound on

cognition and behavior.

Blinded randomized provocation trials at sufficiently
high SPL of inaudible ultrasound (same endpoints).
Hearing damage  Assessing TTS using standard and extended high-

frequency audiometry as complementary
assessment before and after of each human
experiment on non-specific symptoms,
physiological and stress-related effects and effects
on cognition and behavior.

Experimental studies on humans to confirm or
disprove the mechanistic evidence for subharmonic
generation and to provide threshold data of effect
appearance in the ultrasonic frequency range (in
compliance with ethical standards).

Prospective cohort studies investigating hearing
threshold level.

Research on the relationship between threshold SPL
in the ear canal and free field SPL measured at the
position of the ear, relevant parameters of anatomy
and acoustic field properties.

Dosimetry
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