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Executive summary 

• A dedicated literature study on the available reports on the safety aspects, exposure limits, 

effects on humans and animals, existing standards and regulations of airborne and liquid-borne 

ultrasound has been performed. 

• The existing guidelines on airborne ultrasound exposure are all based on a limited and outdated 

set of research studies. Moreover, in many of the original studies, the ultrasound is 

accompanied by audible subharmonics. It is not clear whether the reported health effects are 

caused directly by the ultrasound or by the lower-frequency subharmonics. 
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• The ICNIRP is the only organization that states airborne ultrasound exposure limits for the 

general public. These are (see Section 2.4.2, Table 1 or Table 3): 

o 𝑓 < 22.5 kHz: max. 70 dB (re 20 µPa) 

o 𝑓 > 22.5 kHz: max. 100 dB (re 20 µPa) 

However, these limits are based on incomplete and outdated studies. 

• For underwater ultrasound, the NATO has published some guidelines regarding exposure 

limits. These are (see Table 7): 

o 𝑓 < 31.5 kHz: max. 172 dB (re 1 µPa) 

o 𝑓 > 31.5 kHz: max. 177 dB (re 1 µPa) 

For (very) high-frequency underwater applications (>1 MHz), it is not clear whether medical-

ultrasound or sonar safety limits apply. 

• To prevent the potential disturbance of animals, lower frequency limits can be given: 

o Terrestrial animals: 𝑓 > 100 kHz 

o Marine mammals: 𝑓 > 160 kHz 

• When in doubt, the ALARA principle should be used: As Low As Reasonably Achievable. 

• When the emitted ultrasound intensity, frequency, and beam shape are known, the attenuation 

factor of the respective propagation medium can be used to estimate the safe distance between 

the source and human activity.  

• A dedicated research campaign with modern scientific techniques and equipment is highly 

advised to assess the potential health issues regarding airborne (and underwater) ultrasound on 

humans and terrestrial animals. As this is not foreseen in the SILENSE project, a separate (EU) 

project specifically focused on these issues is highly recommended. 

• Within the SILENSE project, it is advised to address the potential risks of ultrasound exposure, 

incl. appropriate mitigation measures, for the individual demonstrator use cases in the 

corresponding trial plans and analysis reports. 

 

Date Version Author Comments 

2018-03-13 1 VRHRT 1st version with input from VRHRT and TNO 

2018-04-04 2 TNO 2nd version with additional input from TNO 

2018-04-18 3 VRHRT/TNO 3rd version with adapted summary and conclusions 
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1 INTRODUCTION TO ULTRASOUND 

Ultrasound is defined as high-frequency sound that is inaudible to humans, for which usually a 

lower boundary of 20 kHz is used. Below the human-audible frequency range, typically under 

20 Hz, there is the infrasound regime, characterized by vibrations. See Figure 1 for the 

approximate frequency regimes of sound. Most medical applications use the higher part of the 

ultrasound regime above 2 MHz, needed for sufficient imaging resolution. Foreseen applications 

in the SILENSE project are primarily in the lower ultrasound regime between 20 kHz and 2 MHz.  

It should be noted that animals can hear up to much higher frequencies than humans. For example, 

cats can detect frequencies as high as 80 kHz, bats up to 120 kHz and whales up to 160 kHz. 

However, it should also be said that the hearing sensitivity is usually not the same at all 

frequencies, and typically decreases with age, especially for the higher frequencies. 

 

Figure 1: Approximate frequency regimes of sound. 

 

1.1 Short history of ultrasonic acoustics and its applications 

It was already in 1794 that Lazzaro Spallanzani discovered the existence of high-frequency 

ultrasound by demonstrating the ability of bats to navigate by echo reflection. However, it took 

almost a century before Francis Galton (1876) succeeded to produce ultrasound by inventing a 

whistle that generated sound above the limit of human hearing. Such devices are still being used 

nowadays for calling dogs. Fortunately, a more convenient way to generate ultrasound was 

introduced shortly afterwards by Pierre Curie (1880), who discovered the piezo-electric effect in 

certain crystals. Using this technology, it was also possible to receive ultrasound, which opened 

the way to many practical applications, especially medical. 

In the 1940s, medical ultrasound found a widespread application in ultrasound therapy (Figure 2), 

which provided a non-intrusive means to ‘stimulate’ local tissue inside the human body in order 

to ‘cure’ ailments and diseases such as arthritic pain, gastric ulcers, eczema, asthma, 

haemorrhoids, urinary incontinence and angina. 

 

Figure 2: Ultrasound used in therapy. 
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Diagnostic ultrasound applications, of which cardiac scans and prenatal scans of fetuses are the 

most well-known, came later when equipment and processing became sufficiently advanced for 

inner-body imaging applications. See Figure 3 for the quality improvement of prenatal scans 

between 1985 and 2010. 

 

Figure 3: Ultrasound imaging of a human fetus, showing the improvement of the image quality 

over the years, with the latest development being 3D movies (4D). 

Another important category of ultrasound applications are industrial applications, where 

ultrasound is used for, e.g., cleaning of surfaces, humidification of greenhouses and non-

destructive inspection of structures. These applications (can) use much higher power levels than 

medical applications. Power levels of industrial ultrasound applications can be as high as 30 kW 

for cleaning tanks, which is 6 orders of magnitude higher than for diagnostic medical applications. 

These industrial power levels are dangerous for living creatures when directly exposed, even for 

short times, and thus large care is taken to shield industrial ultrasound operators (by protective 

walls and body protection). 

A new area of ultrasound applications, as investigated in the SILENSE project, is that where 

ultrasound is used as an alternative for electromagnetic waves in user interfaces of consumer 

products. For example, ultrasound imaging can be used for gesture recognition, which is usually 

done with optical (infrared) sensors. The advantage of using ultrasound can, for instance be the 

elimination of IR camera lenses on mobile phones, allowing for a larger screen. Another example 

is the usage of ultrasound for wireless communication, where an advantage is that the signals 

either do not get far (blocked by walls, hence a security aspect) or get much farther than radio 

signals (underwater). Last but not least, ultrasound also provides the possibility for ‘mid-air’ 

haptic feedback by user interfaces. 
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1.2 Measures and definitions of (ultra)sound 

Sound is mechanical energy transmitted by pressure waves in a material medium. Mechanical 

means that the energy exists in the form of physical movements of the molecules and particles in 

the medium. This implies that sound waves can only exist in media containing molecules and 

particles, i.e., they cannot travel in a vacuum like electromagnetic waves can. Also, the molecules 

and particles in the medium do not travel with the wave. Instead, their kinetic energy surplus (or 

deficit) is transferred progressively from point to point in the medium by collisions with 

neighbouring molecules and particles. Sound waves are longitudinal waves that propagate at a 

speed of about 340 m/s in air, while the sound speed in the denser water medium is about 1500 m/s. 

In solids, the speed of sound is even higher because of the stiffness of the medium, e.g., about 

6 km/s in steel. At boundaries of different media, the sound speed suddenly changes, which gives 

rise to reflections. The sound speed may also vary more gradually, in which case the sound waves 

are refracted/deflected in a (slightly) different direction. The first case, which is characterized by 

a mismatch of the acoustic impedances of the neighbouring media, explains why ultrasound hardly 

propagates from the air into the human body (except for the ears), which is largely consisting of 

water. To improve the coupling of ultrasonic energy into body tissue, medical ultrasound 

applications usually apply a water-based gel, e.g., for prenatal scanning. This means that the 

coupling is also much better for underwater applications (divers, swimmers). 

The frequency 𝑓 [Hz] of the (ultra)sound wave depends on its source, usually a piezo-electric 

transducer. Since the sound speed c [m/s] depends on the medium, the wavelength 𝜆 [m] depends 

on the source and the medium (𝜆 = 𝑐/𝑓). When obstacles are much smaller than the wavelength, 

the waves are scattered and spread in all directions. The majority of ultrasound is emitted as short 

pulses of a small number of waveforms and a smooth amplitude envelope (see Figure 4). 

 

 

Figure 4: Example of an ultrasound burst. 

 

The amplitude determines the strength of the signal, which is usually expressed by the Sound 

Pressure Level (SPL): 

𝑆𝑃𝐿 = 10𝑙𝑜𝑔10 (
𝑝𝑟𝑚𝑠

2

𝑝𝑟𝑒𝑓
2 ) [dB re 𝑝𝑟𝑒𝑓

2 ]       (1.1) 

where 𝑝𝑟𝑒𝑓 is the reference sound pressure, which is 20 µPa in air and 1 µPa in water, and where 

𝑝𝑟𝑚𝑠 is the root-mean-square (rms) pressure: 
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𝑝𝑟𝑚𝑠 = √
1

𝑇
∫ 𝑝2(𝑡)𝑑𝑡

𝑇

0
  [Pa]         (1.2) 

where T is the integration time, which must be stated for transient signals such as short ultrasound 

pulses. For pulsed sound, the time window should include the significant fraction of the acoustic 

energy of the pulse. Therefore, for such signals, the peak pressure is often used instead of the rms 

pressure. For example, in the definition of the Mechanical Index (MI): 

𝑀𝐼 =
𝑝r

√𝑓
∙ (

√1 MHz

1 MPa
)          (1.3) 

where 𝑝r [Pa] is the peak rarefaction pressure (i.e., the minimum),  f  the centre frequency [Hz] of 

the ultrasonic wave, and the term between brackets is a normalization factor. The mechanical 

index is used for specification of safety limits, see the next chapter. The reason that the MI 

definition applies the pressure minimum and not the maximum is because potentially harmful 

cavitation (micro)bubbles may arise, grow and vibrate due to extreme under pressures, and 

eventually collapse (see the next chapter). Another index used for the specification of safety limits 

is the Thermal Index (TI): 

𝑇𝐼 =
𝑃

𝑃deg
           (1.3) 

where 𝑃 [W] is the acoustic power emitted by the ultrasound source at any time, and 𝑃deg [W] is 

the power required to cause a maximum temperature rise of 1 °C anywhere in the exposed tissue, 

contributed by ultrasound absorption alone. 

Furthermore, a common metric used to assess the auditory impact of underwater sound in marine 

mammal species (see also Sections 2.5.2 and 3.5.2) is the sound exposure level, SEL, defined as: 

𝑆𝐸𝐿 = 10log10 (
∫ 𝑝2(𝑡)d𝑡

𝑡2
𝑡1

𝑝ref
2 ∙𝑡ref

) [dB re 1 µPa2s]      (1.4) 

where 𝑝ref [Pa] is the reference sound pressure in water, and tref = 1 s. The integration is typically 

done over a 24-hour period (see for instance [132]). Finally, it is recommended to follow the 

terminology as defined in ISO 18405 (ISO, 2017) for underwater sound applications [1]. 
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2 HEALTH & ENVIRONMENT 

2.1 Interaction with materials 

Ultrasound interacts with various materials in different ways. When airborne ultrasonic waves are 

directed at an interface with a large difference in acoustic impedance (e.g., air/liquid or air/solid), 

almost all of the incoming intensity is reflected. For example, the acoustic impedance (𝑍𝑖) of air 

is 400 kg/m2s and of common solids and liquids it is >106 kg/m2s, hence the reflection coefficient 

is: 𝑅 = (
𝑍2−𝑍1

𝑍2+𝑍1
)

2

~100%. On the other hand, if the ultrasonic wave is effectively coupled to the 

material (negligible reflection loss), the acoustic pressure wave will trigger the material to start to 

oscillate. For ordered solids such as crystallite materials (e.g., metals, ceramics), the acoustic 

waves propagate through lattice vibrations (phonons). Lattice defect migration along and/or to 

grain boundaries can also occur. The reduction in internal stress fields, and possibly the onset of 

grain growth can alter the material’s mechanical properties (e.g., elastic modulus). If the acoustic 

energy is sufficiently high, lattice distortions, stress accumulation, atomic segregation, and other 

atomistic effects can occur. However, in most cases ultrasound is used as a non-destructive 

technique for materials testing. For example, to monitor pipework corrosion, to determine the 

material’s elastic properties and thickness, or to detect flaws (e.g., cracks, cavities, impurity 

concentrations). 

For disordered solids (e.g., glasses, frozen liquids), the vibration dynamics are much less 

understood, but it can be regarded as elastic waves travelling through a quasi-homogeneous 

medium. In gases, the ultrasonic wave is damped strongly. The attenuation factor (damping) 

depends on kinetic gas parameters such as the molecular density, temperature, molecular size, etc. 

For liquids, apart from wave propagation, also cavitation can occur. The required amount of 

rarefication (i.e., reduction in pressure) depends on the type and purity of the liquid. As the tensile 

strength of pure liquids is too high to be overcome by the negative pressure part of the ultrasonic 

waveform, cavitation is mostly effective in impure liquids that contain trapped gasses and/or 

particles. Hence, cavitation is more effective in tap water than in pure water. 

There are some material categories which are specifically sensitive to ultrasound: 

• Piezoelectric materials, which generate an electrical charge in response to a mechanical 

strain. Piezoelectricity can be found in naturally occurring crystals such as quartz, PbTiO3, 

hydroxylapatite, etc. and in synthetic materials such as BaTiO3, PZT, ZnO, PVDF, etc. 

• Magnetostrictive materials, are essentially ferromagnetic materials that change shape 

during (de)magnetization. Materials with a high magnetostrictive coefficient are cobalt, 

Terfenol-D, Galfenol, and Metglas. 

• Electrostrictive materials, which change their shape in response to an electric field. 

Essentially all electrical non-conductors (i.e., dielectrics) exhibit electrostriction, but 

certain ceramics, known as relaxor ferroelectrics, have high electrostrictive constants (e.g., 

PMN, PMN-PT, and PLZT). 

The common characteristic of these three classes of materials, is that they are able to convert 

mechanical energy (through a change in their shape or volume by the acoustic pressure field) to 

magnetic and/or electric energy. The reverse effect, i.e., the generation of acoustic waves by 

applying a modulated electrical signal to such a crystal, is used in, e.g., piezoelectric ultrasonic 

transducers. It is obvious that these classes of materials are more susceptible to ultrasound than 

regular metals, ceramics or polymers. Hence, high-power ultrasound should be used with caution 

in the vicinity of components or devices that contain one of these classes of materials. 
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2.2 (Bio)Chemical effects 

Ultrasound is frequently used to agitate and disperse particles (e.g., production of nanoparticles 

and nanoemulsions), for degassing, to extract oils from organic material, for wastewater 

purification, adhesive thinning, production of biofuels, etc. It can be employed to disrupt cell 

membranes, and to release cellular contents. High-power ultrasound is also used in the food-

processing industry, as it has the potential to inactivate microorganisms and bacteria. 

It is shown that the (bio)chemical effects of ultrasound do not stem from a direct interaction 

between the acoustic waves and the molecular species, but rather from cavitation and its secondary 

effects. During the cavitation process, the rapid collapse of tiny bubbles destroys the attractive 

forces between molecules in the liquid phase. This process is accompanied by large shear forces 

and high temperatures. The imploding bubbles can be viewed as microscopic chemical reactors 

that offer the opportunity of increasing the reaction rate. Although the pressure and local 

temperature generated by the implosion are very high, the intensity of cavitation, and hence the 

chemical reaction process can easily be modified by adapting the ultrasonic frequency and 

intensity, liquid temperature, type of liquid, etc. When water is irradiated with ultrasound, the heat 

from the implosion decomposes water (H2O) into very reactive hydroxyl (OH-) and hydrogen ions 

(H+). During the subsequent fast cooling phase, these species recombine to form hydrogen 

peroxide (H2O2) and molecular hydrogen (H2). In this very reactive environment, inorganic 

compounds become oxidized and organic compounds are degraded. Nonetheless, the hot spots 

(local reactors) are so small in size and the heat dissipates so quickly (>106 K/s) that the bulk of 

the liquid remains at the same temperature. Generally, sonochemistry opens up the potential to 

synthesize new compounds and molecules that are not achievable with ordinary processes which 

utilize light or heat. 

 

Figure 5: Extreme conditions measured during acoustic cavitation (figure taken from [27], data 

taken from [26]). Note that during the bubble collapse the temperature has a rapidly 

changing temporal and spatial profile (i.e. the quoted pressure and temperature only 

occur for a very short time span). 
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2.3 Interaction with electronic equipment 

Ultrasonic waves can interact with electronic components in several ways. A first category of 

susceptible electronic components are those that contain liquid-like substances such as electrolytic 

capacitors and batteries. These components are (in theory) prone to cavitation just as in liquids 

and bodily fluids. The second category of susceptible components are those which functionality 

is based on oscillation or vibration. The ultrasonic waves can couple with the component, and 

possibly destroy them by overdriving and/or triggering their resonance frequency. Examples are 

radiofrequency and microwave crystal oscillators, microelectromechanical systems (MEMS), 

piezoelectric components, membranes, quartz crystal filters, and surface acoustic wave (SAW) 

filters. The third category of susceptible components are those that contain materials that are 

possibly sensitive to ultrasonic degradation, for example phosphor powders in LEDs, resistors 

which contain a mixture of carbon and resin, and the delamination of printed circuit board layers 

and tracks. The listed risks are mostly applicable to the cleaning of electronic components in 

ultrasonic baths, as the liquid has a very low attenuation factor, and couples the ultrasonic waves 

to the component with minimal reflection losses. For the same effect to happen with airborne 

ultrasound, the emitted intensity must be orders of magnitude higher. Nevertheless, a thorough 

study on the effect of airborne ultrasound on susceptible electronic components is required to 

establish safe operation guidelines (which are currently not available). 

There are several reports on the adverse effects that ultrasonic dental equipment such as ultrasonic 

scalers can have on pacemakers. Dentists should be aware of these interference effects and should 

take precautionary measures to reduce the harmful effects caused by ultrasonic equipment. The 

proper usage and a safe distance between the ultrasound source and the pacemaker limits the risk 

of interference. It is also noted that new cardiac devices are better shielded, and may be less 

susceptible to ultrasonic interference. 

 

2.4 Effects on humans 

Ultrasound has been used in medical practice throughout the world for at least 50 years. It is used 

for diagnostic scanning, ultrasound therapy and the destruction of unwanted tissue. It is useful as 

a diagnostic tool because it can provide detailed information without exposing the patient to 

ionizing radiation such as X-rays. There are also a number of industrial applications of ultrasound 

technology such as cleaning and non-destructive testing. Diagnostic ultrasound, used widely in 

managing pregnancy, is the application that most people are familiar with. 

A distinction should be made between airborne exposure, mainly for industrial applications and 

consumer devices, and liquid-borne exposure, mainly for medical applications in diagnosis and 

therapy, to ultrasound. In general, ultrasonic energy is much more effectively transferred to the 

tissue through liquid than through air (impedance mismatch: intensity transmission coefficient 

from air to tissue is ~0.0011). In the latter case, the coupling to the body is primarily through the 

ear. In some cases, results of animal studies are reported. While these results should not be directly 

extrapolated to humans, they are useful to support the evidence for the mechanisms of the effects 

on humans. 
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2.4.1 Environmental health criteria for ultrasound 

The World Health Organization (WHO) published environmental health criteria for ultrasound 

[34] in order to give guidance to the assessment of risks from the, at that time, upcoming use of 

ultrasound in industry, commerce, homes and medicine [38]. A brief review was given on the 

physical characteristics of ultrasound, its measurement and the levels of exposure of devices which 

were then in common use. Ultrasound was defined as mechanical vibrations occurring above the 

upper frequency limit of human audibility, typically above 16 kHz. Most relevant to the current 

inquiry is the review on the mechanisms of interaction of ultrasound, its biological effects and the 

guidance on the development of protective measures such as regulations or safe-use guidelines. 

Three types of interaction mechanisms were distinguished by which acoustic energy may be 

transformed into other forms of energy [38]: 

1) thermal mechanisms; 

2) cavitation; and 

3) stress mechanisms. 

The dominant mechanism of ultrasound action on biological systems can change, depending on 

the acoustic intensity, the frequency and the exposure conditions.  

Thermal mechanisms refer to the absorption of ultrasound by matter, which is then converted into 

heat and produces a temperature rise in the exposed subject. This may result in heat-induced tissue 

damage, depending on both the maximum temperature attained and the time period for which that 

temperature is maintained.  

Cavitation, the phenomenon of ultrasound applied to a (quasi-)liquid medium giving rise to boiling 

or oscillating activity, may occur in fluids or tissues under certain conditions, especially with pre-

existing gas bubbles. The occurrence depends on the number and size distribution of gaseous 

nuclei, which is greatly increased by stirring or mechanical disturbance of the medium. 

The cavitation can be stable, manifested by oscillating bubble sizes, or unstable, where nonlinear 

growth is followed by a violent collapse producing high local heat intensities and mechanical 

shocks. Cavitation has been associated with tissue damage in dogs and guinea pigs at ultrasound 

frequencies of 0.75-1 MHz at intensity thresholds of 0.5-2 W/cm2, with a threshold for bubble 

production at an intensity of 80 mW/cm2. The rate of appearance of tissue sites with bubble 

production increased with both the intensity and duration of the exposure.  

Stress mechanisms refer to non-thermal and non-cavitational mechanisms of ultrasound 

interaction. This could either be through radiation pressure from ultrasound pulses (e.g., haptic 

feedback), or through acoustic streaming (i.e., ultrasound-induced fluid flow). 

Although, at that time, very few systematic studies into the biological effects of ultrasound had 

been undertaken, there was evidence, albeit inconclusive, that exposure to (primarily pulsed) 

liquid-borne ultrasound can cause structural and functional changes of cells in vitro (i.e., outside 

the body), with cavitation as the dominant mechanism. However, it is not possible to extrapolate 

the results to the in vivo situation (i.e., inside the body). In studies with rodents, fetal weight 

reduction was shown following in utero (i.e., prenatal) exposure to ultrasound, which raises the 

question whether there are adverse effects of the use of diagnostic ultrasound in human pregnancy, 

although these have not been detected so far (neither at that time, nor later). 
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Observed effects of airborne ultrasound on the biological system of humans and animals can be 

divided into four categories [38]: 

1) auditory effects; 

2) physiological effects; 

3) heating of skin and tissues; and 

4) symptomatic effects. 

With regard to auditory effects, it is stated that temporary threshold shifts in hearing may occur in 

humans after brief exposure to airborne ultrasound at a Sound Pressure Level (SPL) of 150 dB (re 

20 μPa)1, although this may also be due to concurring high-frequency audible sound or audible 

subharmonics of the ultrasound. No threshold shifts were found for industrial workers with 

ultrasound exposure at levels up to 120 dB (re 20 μPa).  

Physiological effects (i.e., stress-related responses such as blood sugar level changes or 

disturbances of sympatico-adrenal activity) were found in workers generally exposed to 

ultrasound levels of more than 110 dB (re 20 μPa). No significant physiological changes were 

reported in workers exposed for one hour to 110-115 dB (re 20 μPa) at 20 kHz. Several mild 

biological changes were found in small animals due to prolonged exposure to airborne ultrasound 

with levels in the range of 95-130 dB (re 20 μPa) at frequencies between 10-54 kHz.  

Effects of heating of skin were found in rodents at levels exceeding 144 dB (re 20 μPa) at 18-

20 kHz, leading to death due to excessive body heating within 40 minutes at levels of 150 dB (re 

20 μPa), and within 10 minutes at levels between 155-158 dB (re 20 μPa). In humans, exposure 

to levels of 140-150 dB (re 20 μPa) causes only mild local warming effects, particularly in the ear 

canals or nasal openings, accompanied by vibration of the hairs. To put these numbers into 

perspective, in ‘High Intensity Focused Ultrasound’ (HIFU) systems, a signal generator is 

connected to a focusing transducer, which produces very high local intensities of >1 kW/cm2 of 

0.5–7 MHz ultrasound at the focal spot [35]. The peak pressures are in the order of 20 – 30 MPa 

peak negative, which corresponds to 240 dB (re 20 μPa). Nevertheless, these procedures are rarely 

lethal as they utilize specific pulsing schemes to safeguard the patient’s safety [36],[37]. At these 

high exposure levels, an exact pulsing scheme has to be implemented depending on the frequency, 

repetition rate, target organ, and other experimental settings.  

Symptomatic effects that have been reported from airborne ultrasound of industrial and consumer 

devices include fatigue, headache, dizziness, nausea and fullness in the ears. Few studies have 

been undertaken on effects of airborne ultrasound on humans in the industrial and in the general 

population. Although industrial workers have complained of headache and nausea, these effects 

may be largely attributable to audible subharmonics that may accompany cavitation due to high 

ultrasonic intensities. 

Although the WHO document [38] does not provide quantified recommendations for the safe use 

of ultrasound, some guidance was given on the development of regulations or safe-use guidelines. 

Earlier proposed criteria were summarized, see the tables in Figure 6, and the ALARA principle 

was stressed, i.e., exposure As Low As Reasonably Achievable (see also [39]). Furthermore, the 

findings of the WHO review on the adverse effects of ultrasound served as input to the working 

group of the International Radiation Protection Agency (IRPA), who developed criteria for 

airborne ultrasound exposure (see next section). 

 

                            
1 All sound pressure levels in this report are third-octave levels (unless explicitly stated otherwise). 
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Figure 6: Exposure levels quoted by the WHO (figures and tables are copied from [38]). 

 

2.4.2 Guidelines on limits of human exposure to airborne ultrasound 

In cooperation with WHO, INIRC (International Non-Ionizing Radiation Committee), later 

ICNIRP (International Commission on Non-Ionizing Radiation Protection), a working group 

formed by the International Radiation Protection Agency (IRPA), developed criteria for human 

exposure to airborne ultrasound, which were published in the ‘Interim guidelines on limits of 

human exposure to airborne ultrasound’ [40]. Although the applications of ultrasound may have 

changed over time and the working group expected the guidelines to be subject to periodic 

revisions, the conclusions with regard to acceptable exposure levels may still be relevant. Their 

focus was on the exposure to airborne ultrasonic energy in the industrial environment, for instance 

due to processes such as cleaning, drilling, mixing and emulsification, which may also be 

accompanied by audible subharmonics and audible sound produced by cavitation (i.e., ‘boiling’ 
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action in liquids produced by high ultrasonic intensities). Industrial workers have been found to 

complain of subjective symptoms (i.e., nausea, tinnitus, headaches, and fatigue) and there are 

indications of hearing loss at very high intensities (although no clear threshold has been 

determined). In addition, ICNIRP addressed airborne low-intensity ultrasound produced by 

consumer devices such as door openers, remote controls, alarms and pest repellers, which 

sometimes led to reports of nausea and headaches by the general public. 

Since adverse health effects of exposure to airborne ultrasound at levels normally encountered 

have been reported only at frequencies between 20 kHz and 100 kHz, and nearly all below 50 kHz, 

the guidelines have been limited to frequencies having one-third octave bands with mid-

frequencies from 20 kHz to 100 kHz. The limits for continuous occupational exposure for an 8-

hour working day were set at an SPL of 75 dB (re 20 μPa) for a mid-frequency of 20 kHz, and 

110 dB (re 20 μPa) for mid-frequencies from 25 to 100 kHz (see Table 1). For exposure times 

shorter than 4 hours per day, these limits may be increased by a correction factor: +3 dB for 2-4 

hours per day, +6 dB for 1-2 hours per day and +9 dB for 0-1 hours per day. Also note that these 

levels can be further increased when the workers wear ear protection. Furthermore, limits were 

given for continuous exposure (up to 24 hours per day) to the general public: an SPL of 70 dB (re 

20 μPa) for a mid-frequency of 20 kHz, and 100 dB (re 20 μPa) for frequencies from 25 to 

100 kHz (see Table 1). 

 

Table 1: ICNIRP ultrasound exposure limits (data taken from [40]). 

Limits for continuous occupational 
exposure to airborne ultrasound (8-hour 

working day) 

Limits for continuous exposure of the 
general public to airborne ultrasound 

Mid frequency of 1/3 
octave band (kHz) 

SPL  
(dB re 20 µPa) 

Mid frequency of 1/3 
octave band (kHz) 

SPL  
(dB re 20 µPa) 

20 75 20 70 

25 110 25 100 

31.5 110 31.5 100 

40 110 40 100 

50 110 50 100 

63 110 63 100 

80 110 80 100 

100 110 100 100 
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2.4.3 Guidelines for safe use of ultrasound in industrial and commercial applications 

Health Canada developed guidelines for the safe use of ultrasound for industrial and commercial 

applications [41]. In industrial settings, accidental contact exposure (direct or through solid/liquid) 

to the ultrasonic wave was identified as an important hazard to the user. In addition, in both 

industrial and commercial applications of ultrasound, high sound pressure levels in the sonic and 

ultrasonic range may be generated and propagated through the air, producing a hazard arising from 

the ear’s reception of airborne ultrasound. To distinguish between these hazards, separate 

guidelines and rationales were given for contact and for airborne ultrasound exposures. 

Contact exposure with devices such as ultrasonic humidifiers, operating in the 1-10 MHz 

frequency range, can in some cases provide nearly 100% energy transfer to tissue, resulting in 

immediate sharp pain, likely due to overheating. In one study, contact exposure to ultrasound in 

ultrasonic cleaners at frequencies of 20-40 kHz was reported to cause pain in the hands, possibly 

due to cavitation effects. However, no effects were found at 80 kHz, and reports of actual tissue 

damage are rare. Still, contact exposure to liquid-borne ultrasound should be avoided in industrial 

applications and appropriate protection measures taken. 

Airborne ultrasound effects in human practice, according to the guideline report by Health Canada, 

are primarily a result of reception by the ear, either resulting in damage to the ear or resulting in 

subjective or symptomatic effects such as fatigue, headache, nausea, tinnitus or disturbance of 

neuromuscular coordination. Temporary threshold shifts in hearing were observed as a result of 

exposure to pure tones of 90 dB (re 20 μPa) at frequencies between 10-16 kHz (note: not 

ultrasound), and are most likely caused by the upper sonic rather than the ultrasonic frequencies. 

Other physiological effects, such as loss of balance stability, are expected at higher exposure levels 

(SPL > 120 dB re 20 μPa at 20 kHz). Subjective effects such as nausea, headache, tinnitus, pain, 

dizziness and fatigue appear to be a reaction of the central nervous system to the upper sonic 

frequencies or ultrasound as they become audible. The type of symptom and the degree of severity 

appear to vary, depending upon the actual spectrum of the ultrasonic radiation and the individual 

susceptibility of the exposed persons, particularly their hearing acuity at high frequencies. 

Subjective effects may probably be prevented when a 75 dB (re 20 μPa) limit is applied to 

frequencies of 20 kHz and lower. Non-auditory effects of airborne ultrasound are most likely 

mediated by heating, for which acute harmful effects of airborne ultrasound exposure are expected 

in humans at levels above 155 dB (re 20 μPa), or by cavitation, which would only be expected to 

occur at very high ultrasound levels (SPL > 190 dB re 20 μPa). 

From an overview of ultrasonic devices in use at that time, it was stated that exposure to ultrasound 

from industrial devices rarely exceeds 120 dB (re 20 μPa), while exposure to ultrasound from 

commercial devices rarely exceeds 110 dB (re 20 μPa). However, it was stressed that the hazards 

of audible noise exposure due to (upper) sonic emissions from industrial ultrasonic devices should 

not be ignored. Previous occupational exposure limits for ultrasound were discussed, and based 

on these and the reviewed literature, Health Canada proposed limits, see the tables in Figure 7. 

Note that while Health Canada follows the IRPA recommendations, it does not support the 

allowance for an increase in the exposure limits if the exposure duration is less than 4 hours, as 

recommended by IRPA [40]. 
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Figure 7: Exposure limits quoted by Health Canada (tables copied from [41]). The guidelines are 

similar to those reported in Table 1. 

 

2.4.4 Review of recommendations for airborne ultrasound exposure limits 

In a brief review paper of Howard et al. [42], a short overview was given of the literature on the 

effects of exposure to airborne ultrasound and on current airborne ultrasound exposure limits in 

several countries. The focus of the review was on effects of ultrasound in an industrial/consumer 

context, i.e., characterized by a frequency less than 50 kHz that travels through air and impacts 

the ear. This excludes the effect of medical applications of ultrasound, which typically use a much 

higher frequency range (1-20 MHz) with higher amplitudes and are conducted through water (gel) 
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or body tissue. It was concluded from the literature that there are no reports of permanent hearing 

loss from exposure to airborne ultrasound. However, temporary threshold shifts were reported 

after 5 minutes of exposure to ultrasound at 18 kHz and 150 dB (re 20 μPa) [43],[42]. According 

to Schust [44], the human ear may perceive auditory sensation up to at least 40 kHz, and a 

temporary threshold shift for frequencies higher than 18 kHz caused by ultrasound exposure may 

thus not be excluded. Furthermore, it was noted that ultrasound is often accompanied by high 

amplitude levels of subharmonic frequencies in the audible range, and also that the ear drum may 

generate subharmonic vibrations due to ultrasound levels of 110-130 dB (re 20 μPa) [45], both of 

which could potentially damage the ear. In addition, slight heating of the skin was found as a result 

of ultrasound levels of 140-150 dB (re 20 μPa) [46], with 180 dB (re 20 μPa) as a theoretically 

calculated level that is expected to be lethal when the skin is exposed to it [48]. Finally, ultrasound 

exposure has been reported to cause nausea, fatigue, headache, or fullness in the ear [49],[50], 

although subjective effects of ultrasound may also be attributed to sound energy in the audible 

range. Note that the above conclusions on airborne ultrasound effects resemble those by [38] and 

[40], and no new studies are cited. 

One of the reasons for the review of Howard et al. [42] was the proposal by OSHA (Occupational 

Health and Safety Administration, a regulatory body in the USA) to raise the generally accepted 

exposure limits by 30 dB under conditions without coupling with water. It was concluded that a 

clear justification was missing and that, until more definitive data become available, the more 

conservative standard proposed by [41] should be adhered to, i.e., SPL should be less than 110 dB 

(re 20 μPa) for ultrasound above 25 kHz, regardless of the exposure duration, to prevent 

undesirable subjective effects of ultrasound. 

 

2.4.5 Health effects of exposure to ultrasound and infrasound 

The Independent Advisory Group on Non-Ionising Radiation (AGNIR) published a report in 

February 2010 [51] that examined the potential health risks arising from intentional and 

adventitious exposure to ultrasound (and infrasound). The response of the UK Health Protection 

Agency (HPA, now Public Health England) to the AGNIR report was that, following a thorough 

review of the published scientific literature, the report concludes that overall there is no clear 

evidence that the use of diagnostic ultrasound is associated with any specific hazard or long-term 

adverse health effects. However, there are some uncertainties regarding ultrasound imaging of the 

fetus which suggest the possibility of subtle effects on the developing brain that cannot be ruled 

out (e.g., non-right-handedness). This should be borne in mind by parents-to-be when considering 

having souvenir scans just to produce keepsake images. Nevertheless, HPA advises that people 

should not hesitate to continue using ultrasound for diagnostic and other medical purposes, 

including in pregnancy. Such use has an established track record of safety and is regulated. 

Furthermore, for medical applications, the possible risks are generally outweighed by the potential 

benefits. HPA advises that ultrasound examinations should be performed by specialist health care 

professionals, who are well trained in ultrasound safety and can ensure compliance with guideline 

exposure values. 
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For diagnostic ultrasound equipment, thresholds have been recommended for the Mechanical 

Index MI to prevent mechanical damage, and for the Thermal Index TI to prevent heating of tissue. 

See section 1.2 for their definitions. These recommended thresholds are (see also Figure 8): 

• Mechanical Index MI < 1.9 (FDA). 

• Thermal Index TI < 6.0 (FDA).  

For imaging of a fetus (BMUS): 

o TI up to 0.7: no time restriction (but observe ALARA). 

o TI up to 1.0: maximum exposure time of an embryo or fetus should be restricted to no 

more than 60 minutes. 

o TI up to 1.5: maximum exposure time no more than 30 minutes. 

o TI up to 2.0: maximum exposure time no more than 15 minutes. 

o TI up to 2.5: maximum exposure time no more than 4 minutes. 

o TI up to 3.0: maximum exposure time no more than 1 minute. 

o TI >3.0: scanning of embryo or fetus is not recommended, however briefly. 

 

 

Figure 8: Safety limits for diagnostic ultrasound (table copied from [51]). 

Occupational and public airborne exposure limits are SPL = 75-110 dB (re 20 µPa) for 20-

100 kHz (IRPA, 1984) [51]. The significant difference between the ACGIH (2003) limits in 

Figure 9 and all others suggests some fundamental difference in viewpoint. According to [52], the 

ACGIH may have pushed its acceptable exposure limits to the edge of potentially injurious 

exposure. The justification given by the ACGIH is that the threshold may be raised by 30 dB when 

there is no possibility that the ultrasound can couple with the body by touching water or some 

other well-coupling medium. This is in line with the proposal by OSHA, see section 2.4.4. It is 

suspected by [52] that the high values of 140-145 dB are linked to the report of Parrack (1966) 

[48]. 
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Figure 9: Exposure limits by the ACGIH and IRPA (tables copied from [51]). 
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2.5 Effects on animals 

This section reviews existing literature on studies that have reported on the effects of ultrasound 

on animals, both on land (Section 2.5.1) and underwater (Sections 2.5.2-2.5.3). 

 

2.5.1 Terrestrial animals 

The effect of ultrasound on terrestrial animals has been largely focused on pest control (e.g., 

rodents, insects, birds) [53]. Although these pest repel devices are widely promoted and bold 

claims about their effectiveness are made, their functionality has been questioned and several 

studies have found no behavioural response in any of the test species [54],[55],[56],[57],[58],[59]. 

One study even found that some devices marketed to repel mosquitoes, have the tendency to attract 

mosquitoes [62]. Another study has proven the efficacy of ultrasound to lower the reproduction 

and growth of Indian meal moths [60]. Figure 10 shows some examples of animal hearing ranges. 

 

Figure 10: Examples of animal hearing ranges (copied from [61]). 

 

A limited set of studies on the effect of airborne ultrasound on mammals and insects has been 

performed. Most observed effects were attributed to tissue heating. For example, Allen et al. 

reported the death of insects and mice for exposures to 160 dB (re 20 µPa) at 20 kHz (ranging 

from 10 seconds to 3 minutes) [63]. Studies by Von Gierke and Parrack indicated that, for 

ultrasound exposed to rats, most of the absorption was due to the rat’s fur [64],[65],[66]. Danner 

et al. found that the heating threshold for mice occurred at an SPL of 144 dB (re 20 µPa) for furred 
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mice and at 155 dB for shaved mice (frequencies of 18-20 kHz) [67]. They also noted that the 

effectiveness of heating increased with the frequency (from 6-22 kHz). 

 

2.5.2 Marine mammals 

Marine mammals have evolved to become specialists in perceiving sound underwater, and a large 

fraction of marine mammals have good hearing in the ultrasonic (>20 kHz) frequency range [71] 

[93],[94],[95]. Due to overlap of anthropogenic sound with marine mammals’ hearing range, 

effects of underwater sound on marine mammals has received an increasing amount of attention 

over the past 30 years [73],[74],[92],[93],[94],[95]. Effects of sound on marine mammals can be 

categorized in the following effect types: 

• Direct death/injury: as a direct result of blast waves. Death or severe injury can occur from 

underwater explosions due to the shock wave [70],[83]. However, since the peak sound 

pressures required to cause these effects are very high (>172 kPa), it is deemed unlikely that 

this is relevant for the levels caused by ultrasound. 

 

• Auditory impairment: as a consequence of noise-induced hearing threshold shifts which are 

recoverable (often referred to as a temporary threshold shift, TTS), as a consequence of noise-

induced hearing threshold shifts which are not recoverable (often referred to as a permanent 

threshold shift, PTS), or due to acoustic trauma caused by blast waves. Studies of TTS growth 

for different sound types have been carried out for different marine mammal species, 

including those sensitive in the ultrasound range [73],[94]. High thresholds shifts of >40 dB 

above baseline level are known to increase the risk of permanent hearing damage in humans 

[85], and hence a threshold shift of 40 dB is often adopted as an onset threshold for PTS in 

marine mammals. Current guidelines typically assume that the cumulative sound exposure 

level (SEL), or peak sound pressure, can be used as predictors for the onset of TTS and PTS 

[94]. The frequency range affected is typically around the frequency of exposure, but can 

affect a broader frequency range for severe acoustic trauma. Recently, it has been suggested 

to weigh the sound exposure according to frequency sensitivity, which has also recently been 

included in the US NOAA acoustic exposure guidelines [74],[89], see section 3.5.2. 

 

• Behavioural disturbance: behavioural responses to sound depend on the source type and can 

greatly vary in type of response, including avoidance responses (short term or long term), 

cessation of feeding, mother-calf separation, changes in dive behaviour, vocal responses, and 

increase in swim speed [75],[86],[92],[94]. Behavioural responses to ultrasound (>20 kHz) 

have been studied for different ultrasonic sound sources, mainly acoustic deterrent devices 

(ADDs) or pingers, used to scare away marine mammals or warn marine mammals [69],[77]. 

ADDs have been developed specifically to deter marine mammals (e.g., seals and dolphins 

from fish farms, and porpoises, seals and dolphins from pile driving activities) and some of 

these systems also operate in the ultrasonic regime. An ADD operating between 60 and 

150 kHz was predicted to deter porpoises up to distances of ~1 km [82]. Recent studies on 

multi-beam echosounders (MBES) revealed that sub-harmonics of these sources may be heard 

by marine mammals [88], and cause responses even though the main operating frequency 

(200-300 kHz) is above the frequency cut-off for the studied species. It is not well established 

what the main drivers are for eliciting behavioural responses. Although the sound pressure 

level or loudness of the sound to which the animals are exposed are likely to modulate the 

responsiveness of the animals, other contextual factors (e.g., behavioural state of the animal, 

distance to the source, prior experience with the sound source) are also likely to influence the 
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responsiveness [72],[94]. Some countries have developed guidelines for thresholds to avoid 

behavioural disturbance of marine mammals, but these are mostly focused on loud low- to 

mid-frequency sound sources (e.g., navy sonar, seismic air guns). An example are the dose-

response relationships (relating the sound dosage to probability of disturbance) developed by 

the US Navy, which are applied to all sonar and other active sonar sources (including those 

operating at frequencies >20 kHz) in their environmental impact assessments (see Figure 11 

and Table 2). Note that these criteria should be considered as indicative for assessing whether 

disturbance will occur, but not whether this disturbance is acceptable or not. 

The consequences of behavioural disturbance on the animal’s fitness and the resulting impact 

on the population is still very challenging [84],[87],[88]. The fitness consequence is likely to 

depend on a number of factors, including the duration of the behavioural disturbance and the 

resilience of individual animals and the population to deal with the disturbance.   

Given all the uncertainties associated with behavioural responses, it is currently beyond the 

scope of this summary to provide clear guidelines for behavioural disturbance for ultrasound 

sources. 

 

• Stranding: atypical mass strandings of marine mammals (mainly deep-diving species), 

associated with navy sonar activity [68]. The cause of these strandings remains unclear, 

although it is currently believed that the sound induces a strong behavioural response, 

resulting in a change of dive behaviour, which may result in decompression sickness (DCS) 

[69],[76]. Although these strandings have typically been associated with low- and mid-

frequency active sonar, recent studies suggest that also (powerful) multi-beam echosounders 

(MBES) operating at 12 kHz may have caused a mass stranding of melon-headed whales [93]. 

Atypical mass strandings associated with sound sources operating in the ultrasonic (>20 kHz) 

frequency range have not been reported. 

 

• Masking: anthropogenic sound has the potential to mask the communication, orientation, and 

foraging sounds of marine mammals. This problem has gained increasing attention, but is 

poorly understood [71]. Due the limited knowledge, no guidance can be given on acceptable 

levels related to masking of ultrasound sources. 

 

• Stress: little is known about the potential of sound sources causing stress with marine 

mammals [90],[98]. Stress as a result of chronic exposure to sound has the potential to affect 

a range of issues, including, but not limited to, suppression of reproduction (physiologically 

and behaviourally), accelerated aging and sickness-like symptoms [90]. Although some 

studies have suggested the presence of increased levels of stress hormones in marine 

mammals exposed to sound [91],[96],[99], it is currently not possible to provide any guidance 

to acceptable levels. 
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Figure 11: Graphs showing the environmental impact assessment of sonar (US Navy, 2012 [97]). 
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Table 2: Behavioural dose-response functions (BRF), relating the sound pressure level to which 

marine mammals are exposed to probability of behavioural disturbance. 

Adopted by the US Navy (copied from [97]). 

 

 

2.5.3 Fish and sea turtles 

Recent sound exposure guidelines for fish and sea turtles are given in [100]. Most fish species are 

primarily sensitive to low-frequency sound, with some species having some sensitivity to higher 

frequencies, up to of several kilohertz. Damage criteria for fish exposed to sound are provided for 

different sound source types: explosions, impulsive pile driving, air guns and low- and mid-

frequency active sonar, which all have the dominant energy contribution in frequencies below 

10 kHz. Related to ultrasound, the review only reports a study from Nestler et al. [101], who 

observed behavioural responses by blueback herring (Alosa aestivalis) to simulated sonar pulses 

at frequencies from 110 to 140 kHz at relatively high sound levels above 180 dB re 1 μPa (peak). 

No data are available for sea turtles and sonar, and the authors of [100] indicate that since turtles 

detect sound with frequencies less than 1 kHz, any effect would only be in response to low-

frequency sonar. 
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3 REGULATORY SITUATION 

The widespread use of ultrasonic energy, both in contact (or liquid-borne) and non-contact 

(airborne) mode, has as consequence that a thorough understanding of the occurring physical 

phenomena (e.g., in the human body) and their severity should be translated to safe use guidelines 

and application standards. As ultrasound is still a form of sound (although inaudible for humans), 

the existing exposure limits are anyhow linked to those for audible sound. For example, processes 

emitting ultrasonic energy are mostly accompanied by the emission of lower-frequency 

subharmonics, which can be audible to humans. 

The established exposure levels, which are summarized in the next sections, are supported by only 

very limited experimental and survey data. American, British, and Russian (Soviet) reports from 

the 1960s and 70s were used as a benchmark for the current exposure limits established by various 

international (and national) organizations. As emphasized in the recent review paper by Leighton 

(2016), the current regulations and guidelines on ultrasound exposure, are re-issues or slight 

adaptations of old guidelines, without addressing the fact that those guidelines were based on an 

inadequate research base [109]. Moreover, many of the original studies on which the guidelines 

are based relate to exposures for which the ultrasonic component is contaminated with audio-

frequency acoustic energy, i.e., through lower-frequency subharmonics caused by the generation 

of the ultrasonic wave. Hence, to this day, there remains uncertainty whether the ultrasound itself, 

or the complementary subharmonics, causes the adverse health effects. 

The first report by Grigoreva in 1966 showed no effect of ultrasound (20 kHz, up to 115 dB re 

20 µPa) on the human condition (pulse rate, skin and body temperature, shift of hearing threshold) 

[102]. In contrary, an audible 5-kHz tone at 110 dB (re 20 µPa) triggered a powerful vascular 

response. This allowed Grigoreva to conclude that airborne ultrasound is less hazardous than 

audible sound. Grigoreva’s postulated exposure limits are: max. 75 – 90 dB (re 20 µPa) for 6.3 – 

16 kHz (note: this is not ultrasound). In 1968, Acton (and Skillern) published several reports on 

the possible hearing damage caused by industrial ultrasonic equipment [103],[104]. In 1975, 

Acton published a revision on the preliminary exposure limits, and decreased the permissible 

intensity of the 20-kHz 1/3-octave band to 75 dB (re 20 µPa) [105]. Acton’s criterion is 

summarized as follows (see also Figure 6 and Figure 7): 

• Max. 75 dB for 16 – 22.5 kHz 

• Max. 110 dB for 25 kHz and higher. 

It should be noted that since the introduction of these exposure levels, there have been no reports 

on systematic hearing loss associated with occupational exposure to ultrasonic noise 

[106],[107],[108]. For the cases wherein hearing deficit was reported, there was no connection 

with the ultrasound exposure duration. It appeared that the hearing loss was caused more by (old) 

age than by ultrasonic emission. It is also important to note that all exposure limits given in 

Sections 3.1 to 3.3 are only applicable to airborne ultrasound. The existing guidelines for 

underwater ultrasound are mentioned in Section 3.5. Contact (in most cases medical) ultrasound 

has its own set of regulations, which are mentioned in Section 3.4. 

Lastly, it should be repeated that the quoted guidelines are based on a limited and outdated set of 

research works. A systematic research campaign with updated test methods is highly necessary to 

assess the true risk of ultrasound exposure on the general public. 
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3.1 International 

3.1.1 IEC 

The International Electrotechnical Commission (IEC) is an international organization that 

publishes standards for all electrical, electronic, and related technologies. Some standards are 

adopted by the EU (CENELEC). The IEC cooperates closely with ISO and IEEE. Most of the IEC 

standards are related to the use of ultrasound in medical equipment. These are: 

• IEC 60601-2-5:2015 Medical electrical equipment – Part 2-5: Particular requirements for 

the safety of ultrasonic physiotherapy equipment. 

• IEC 60601-2-37:2007 Medical electrical equipment – Part 2-37: Particular requirements 

for the basic safety and essential performance of ultrasonic medical diagnostic and 

monitoring equipment. 

• IEC 60601-2-62: 2013 Medical electrical equipment – Part 2-62: Particular requirements 

for the basic safety and essential performance of high intensity therapeutic ultrasound 

(HITU) equipment. 

Additionally, the IEC has published standards related to the measurement of the total emitted 

power of ultrasonic transducers: 

• IEC 61161:2013 Ultrasonics – Power measurement – Radiation force balances and 

performance requirement.  

 This standard is applicable to the measurement of ultrasonic power up to 1 W based on 

the use of a radiation force balance in the frequency range from 0.5 MHz to 25 MHz; the 

measurement of ultrasonic power up to 20 W based on the use of a radiation force balance 

in the frequency range from 0.75 MHz to 5 MHz; and the measurement of total ultrasonic 

power in well-collimated, diverging and focused ultrasonic fields. 

• IEC 61689:2013 Ultrasonics – Physiotherapy systems – Field specifications and methods 

of measurement in the frequency range from 0.5 MHz to 5 MHz performance requirement. 

 This standard introduces a restriction of 0.2 W/cm2 as the effective intensity during 

hydrophone measurements for treatment heads with 𝑘𝑎 ≤ 20, to limit the likelihood of 

cavitation. Note that 𝑘𝑎 is the product of the wavenumber (𝑘 =
2𝜋𝑓

𝑐
, with 𝑓 the frequency 

and 𝑐 the speed of sound) and the active radius of the transducer (𝑎). 

• IEC 62127-1:2007: Ultrasonics – Hydrophones – Part 1: Measurement and 

characterization of medical ultrasonic fields up to 40 MHz. 

• IEC 62359:2017 Ultrasonics – Field characterization – Test methods for the determination 

of thermal and mechanical indices related to medical diagnostic ultrasonic fields 

 This standard mentions that the thermal indices are steady-state estimates based on the 

acoustic output power required to produce a 1 °C temperature rise in tissue conforming to 

the homogeneous tissue 0.3-dB/cm/MHz attenuation model and may not be appropriate 

for radiation force imaging, or similar techniques that employ pulses or pulse bursts of 

sufficient duration to create a significant transient temperature rise. 

The IEC also provides Technical Specifications (TS): 

• IEC TS 62556:2014 Ultrasonics – Field characterization – Specification and measurement 

of field parameters for high intensity therapeutic ultrasound (HITU) transducers and 

systems. 
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• IEC TS 61949:2007 Ultrasonics – Field characterization – In-situ exposure estimation in 

finite-amplitude ultrasonic beams. 

 

3.1.2 ICNIRP 

The International Commission on Non-Ionizing Radiation Protection (ICNIRP) is the successor 

of the International Non-Ionizing Radiation Committee (INIRC). It is formally recognized as a 

non-governmental organization by the World Health Organization (WHO) and the International 

Labor Organization (ILO). The ICNIRP is consulted by the European Commission and is linked 

to multiple organizations worldwide engaged in non-ionizing radiation protection. The following 

excerpt exemplifies that the INIRC guidelines are valid only for ultrasound frequencies from 

20 kHz to 100 kHz: 

“Adverse health effects of exposure to airborne acoustic energy at levels normally 

encountered have been reported only at frequencies below 100 kHz and nearly all below 

50 kHz. Thus, this standard has been limited to frequencies having one-third octave bands 

with mid frequencies from 20 kHz to 100 kHz.” 

The ultrasound exposure limits are divided into two categories: occupational (work space) and 

non-occupational (general public). Note that the ICNIRP is the only association that gives 

exposure limits for the general public. All other organizations give guidelines only for 

occupational exposure.  

Table 3: ICNIRP ultrasound exposure limits (data taken from [40]). See also Table 1. 

Limits for continuous occupational 
exposure to airborne ultrasound (8 hour 

working day) 

Limits for continuous exposure of the 
general public to airborne ultrasound 

Mid frequency of 1/3 
octave band (kHz) 

SPL  
(dB re 20 µPa) 

Mid frequency of 1/3 
octave band (kHz) 

SPL  
(dB re 20 µPa) 

20 75 20 70 

25 110 25 100 

31.5 110 31.5 100 

40 110 40 100 

50 110 50 100 

63 110 63 100 

80 110 80 100 

100 110 100 100 

 

3.1.3 WHO 

The World Health Organization (WHO) is the specialized agency of the United Nations (UN) that 

is concerned with international public health. The WHO states the following on ultrasound 

diagnostic imaging [110],[111]: 

• “Ultrasound is considered a very safe procedure with minimal known adverse effects, and 

no radiation exposure, making it widely used in antenatal care.” 
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• “Potential complications are related to cavitation, the formation of a bubble within a 

biological structure. The risk of cavitation is very low at the ultrasound intensities used 

for medical diagnosis.” 

However, the WHO does not specify exposure limits on the frequency, nor on the intensity of 

ultrasound. 

 

3.2 European Union 

The European Union (EU) institutions adopt various legal acts, which can be legislative or non-

legislative. Depending on their type, they can have a binding force. Under Article 288 of the Treaty 

on the Functioning of the European Union (TFEU), the European institutions may adopt five types 

of legal acts: regulations, directives, decisions, recommendations, and opinions. The first three 

categories are binding legal acts, whereas the latter two are not. The European Union law database 

was searched for “ultrasound” and “ultrasonic” as keywords: 

• “Ultrasonic”: 764 search results among which 100 regulations, 31 directives, and 

62 decisions. All of these documents mention “ultrasonic” with regard to certain 

techniques or devices. For example: ultrasonic welding, ultrasonic flowmeters, 

ultrasonication, ultrasonic probes, etc. [Commission Regulation (EU) 2017/2119 No 

3924/91, Commission Regulation (EU) 2017/1151 No 692/2008, Commission Regulation 

(EU) 2017/735 No 440/2008, Commission Decision C(2004) 2566]. 

• “Ultrasound”: 566 search results among which 14 regulations, 15 directives, and 

53 decisions. All of these documents mention “ultrasound” with regard to certain (medical) 

techniques, such as: ultrasound sonication, ultrasound repelling, ultrasound instruments, 

etc. [Commission Regulation (EU) No 68/2013, Commission Decision (EU) 2017/1532 

No 528/2012, Commission Decision C(2012) 4712]. 

Although there is no EU regulation or directive that explicitly states exposure limits for airborne 

ultrasound, the directive on noise in the workplace should be cited anyway. People can suffer from 

both objective (hearing loss) and subjective (headache, dizziness, tinnitus) health effects. Some of 

these effects may not be caused by the ultrasound itself, but by the accompanying audible 

subharmonics. The EU Directive 2003/10/EC states the following: 

“Current scientific knowledge of the effects which exposure to noise may have on health 

and safety is not sufficient to enable precise exposure levels covering all risks to health 

and safety, especially as regards the effects of noise other than those of an auditory nature, 

to be set.” 

The ISO 1999:2013 norm on acoustics states the following limits. For audible sound, the daily 

noise Recommended Exposure Level (REL) is 87 dBA (frequency-weighted average for a 

nominal 8-hour working day) with a peak value of 140 dBC (to protect against mechanical damage 

to the cochlea from high-power impulsive noise). The REL is based on exposures at work for 

5 days per week and assumes that the individual spends the other 16 hours of the day, as well 

during the weekends, in quieter conditions. 

 

3.2.1 Belgium 

The Federal Public Service of Health, Food Chain & Environment of Belgium cites the ultrasound 

exposure limits of the ICNIRP. More specifically, for ultrasound frequencies higher than 25kHz: 

max. 110 dB and 100 dB for respectively occupational exposure and exposure of the general 
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public. The source states that: “Respecting these limits would offer protection against subjective 

effects and possible hearing loss as a result of protracted exposure.” There is a separate section 

concerning ultrasonic consumer goods, such as mosquito repeller products, devices to repel 

animals, remote control and range finding with ultrasound, and burglary detectors (see Figure 12). 

Also, the following informative excerpt should be given. 

“There is no specific regulation for high frequency sound and ultrasound. High frequency 

sound must comply with the same laws as all other sound. Ultrasound is not taken into 

account. Manufacturers which market ultrasonic products must consider available 

scientific recommendations.” 

 

Figure 12: Sound power as a function of the sound frequency for consumer products and industrial 

applications. Medical applications (diagnostics, therapy, surgery) are not taken into 

account as they use ultrasound at much higher frequencies (MHz range) (figure adapted 

from [112],[113]). 

 

3.3 United States of America 

3.3.1 FDA 

The Food and Drug Administration (FDA) makes a distinction between nonmedical and medical 

ultrasound [115],[116]: 

• Non-medical ultrasound comprises ultrasound used in the food, drug and device industries. 

• Medical ultrasound includes diagnostic, surgery and therapeutic systems 

The inspection technical guides for the use of non-medical ultrasound do not specify exposure 

limits nor frequencies. For medical ultrasound, the following excerpt is important: 

“Ultrasound imaging does introduce energy into the body, and laboratory studies have 

shown that diagnostic levels of ultrasound can produce physical effects in tissue, such as 

pressure oscillations with subsequent mechanical effects and rise in temperature. 

Therefore, FDA recommends that health care providers consider ways to minimize 

exposure while maintaining diagnostic quality when using ultrasound. As with all other 
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imaging modalities, the principles of As Low As Reasonably Achievable (ALARA) should 

be practiced by health care providers.” 

The ALARA principle should be applied in all cases when no strict regulations or standards are 

available. The acoustic output intensity of diagnostic medical ultrasound equipment is specified 

in more detail in Table 4. 

Table 4: FDA ultrasound output exposure levels (taken from [114]. 

Use 
Temporal-average 

ultrasound intensity 
(mW/cm2) 

Pulse-average 
ultrasound 

intensity (mW/cm2) 

Mechanical 
index 

Peripheral vessels 720 190 1.9 

Cardiac 430 190 1.9 

Fetal imaging & other* 94 190 1.9 

Ophthalmic 17 28 0.23 

*Abdominal, intraoperative, pediatric, small organ (breast, thyroid, testes, etc.), neonatal cephalic, adult cephalic. 

Surgical and therapeutic ultrasound products must comply with several requirements, see the 

following excerpts. 

• “Manufacturers of ultrasonic therapy products are responsible for compliance with all 

applicable requirements of Title 21 Code of Federal Regulations (Subchapter J, 

Radiological Health) Parts 1000 through 1005.” 

• “In addition, ultrasonic therapy devices must comply with radiation safety performance 

standards in Title 21 Code of Federal Regulations (Subchapter J, Radiological Health) 

Parts 1010 and 1050.10.” 

There is an exception not included in the exposure levels in the table above. For continuous-wave 

fetal heart rate (FHR) monitors with low-power unfocused Doppler transducers, there is a single 

acoustic output exposure level for the spatial-average temporal-average intensity at the transducer 

surface of 20 mW/cm2. 

 

3.3.2 FCC 

The Federal Communications Commission (FCC) mentions only the use of ultrasound in their 

Office of Engineering and Technology knowledge database. In part 15 (Unintentional Radiators) 

of the Radio Service Rules, the following statement is made [117]: 

“An electronic ultrasonic communication device is classified as an unintentional radiator 

and is subject to the administrative and technical requirements in 47 CFR Part 15, Subpart 

B. Similar devices that use RF energy to generate ultrasonic waves for non-communication 

purposes are regulated under Part 18 –industrial, scientific and medical equipment. The 

regulations for marking, equipment authorization and importing a regulated device are 

contained in 47 CFR Part I, J and K respectively.” 

An unintentional radiator is defined as: 

"A device by design that uses digital logic, electrical signals operating at radio frequencies 

for use within the product, or sends radio frequency signals by conduction to associated 

equipment via connecting wiring, but is not intended to emit RF energy wirelessly by 

radiation or induction (defined in Section 15.3 (z)).” 
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3.3.3 NIOSH 

The National Institute for Occupational Safety and Health (NIOSH) refrains from giving exposure 

limits for ultrasound. Although it is mentioned that, for audible sound, the risk on adverse effects 

increases with higher sound levels. The NIOSH uses the interim guideline of the ICNIRP, i.e., 

max. 110 dB for ultrasound with frequencies higher than 25 kHz (for occupational exposure). 

3.3.4 ACGIH 

The American Conference of Governmental Industrial Hygienists (ACGIH) has established 

permissible exposure levels for ultrasound. These are designed to prevent possible hearing loss 

caused by the subharmonics, rather than by the ultrasound itself. The ACGIH also states the 

following [120],[121]: 

“Subjective annoyance and discomfort may occur at levels between 75 and 105 dB for the 

frequencies from 10 kHz to 20 kHz, especially if they are tonal in nature. Hearing 

protection or engineering controls may be needed to prevent subjective effects. Tonal 

sounds in frequencies below 10 kHz might also need to be reduced to 80 dB.” 

Table 5: ACGIH limits for continuous occupational exposure to airborne ultrasound  

(for an 8 hour working day). 

Mid frequency of 1/3-
octave band (kHz) 

ACGIH 1989 ACGIH 2003 

SPL  
(dB re 20 µPa) 

SPL  
(dB re 20 µPa) 

10 80 135 

12.5 80 135 

16 80 135 

20 105 135 

25 110 140 

31.5 115 145 

40 115 145 

50 115 145 

 

Note that the current ACGIH exposure limits (ref 2003) are much higher than those postulated in 

1989. Nevertheless, they mention that hearing protection may be needed to prevent subjective 

health effects. Good quality plugs or muffs generally have a mean attenuation in the range 20-

40 dB over the frequency range 8-18 kHz when tested by the threshold shift technique [52]). 

 

3.3.5 OSHA 

The OSHA’s technical manual on noise measurement cites the same exposure limits as the 

ACGIH, but extends the frequency range up to 100 kHz (max. 115 dB) [118],[119]. See sections 

2.4.4 and 2.4.5 for a more detailed discussion. 
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3.3.6 US Air Force 

The US Air Force retains an exposure limit of 85 dB for all frequencies from 12.5 to 40 kHz. 

This recommendation is based on the founding work of Acton and Skillern (see introduction to 

Chapter 3) [122]. 

 

3.4 Societies for ultrasound medicine 

There are several associations involved in the research to, and the counselling of safe practice in 

medical ultrasound. The most notable organizations are the American Institute of Ultrasound in 

Medicine (AIUM), British Medical Ultrasound Society (BMUS), European Federation of 

Societies for Ultrasound in Medicine and Biology (EFSUMB), and World Federation for 

Ultrasound in Medicine and Biology (WFUMB). As medical ultrasound almost always operates 

in contact mode, the recommended exposure limits are not expressed in decibels (like for airborne 

ultrasound). Yet, the mechanical index (MI) and/or thermal index (TI) are predominantly used to 

prevent mechanical tissue damage, respectively tissue heating [123],[124],[125],[126],[127]. See 

the formulas in Chapter 1. These parameters are more closely linked to the probability of 

cavitation in tissue, which should be avoided in diagnostic ultrasound (see introduction to 

Chapter 3). The BMUS has issued user safety guidelines for non-diagnostic use of ultrasound 

imaging. The safety precautions are summarized in Table 6. 

 

Table 6: Levels of safety indices for which user action is recommended by the BMUS  

(adapted from [128]). 

Safety index User action 

MI>0.3 Reduce duration of exposure to neonatal lung or intestine 

MI>0.7 Potential hazard with gas contrast agents 

TI>0.7 Restrict exposure times of embryo or fetus 

TI>1.0 Eye scanning not recommended (not applicable for fetal scanning) 

TI>3.0 Use not recommended for embryo or fetal scanning 

 

3.5 Underwater ultrasound 

As liquid-borne ultrasound couples better into body tissue than airborne ultrasound, especially 

through the eyes, extra care should be taken for underwater ultrasound applications for divers and 

swimmers. 

3.5.1 NATO 

Risk mitigation rules and procedures for human divers and marine mammals are provided in a 

report of NATO’s Undersea Research Centre (NURC, currently named CMRE) [129]. The SPL 

thresholds for alerted and hooded (and masked) navy divers exposed to sonar transmissions, as 

recommended by NATO and assessed by TNO [130], are provided in Table 7. This table also 

includes ultrasonic transmissions. 
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Table 7: Recommended SPL thresholds for alerted and hooded navy divers exposed to sonar 

transmissions (pulses) longer than 125 ms. An averaging time of 125 ms is 

recommended, corresponding to fast sound level weighting. No advice is offered for 

transmissions shorter than 125 ms (table copied from [130]). 

Frequency range 
[kHz] 

Maximum 
recommended SPL 

[dB re 1 µPa] 

0.125 – 4 160 

4 – 25 167 

25 – 31.5 172 

31.5 – 250 177 

 

Note that in underwater acoustics, the reference SPL is 1 µPa instead of 20 µPa, which is 

customary in air acoustics. Hence, the underwater SPL is 26 dB higher than the airborne SPL 

(20log1020). Even when taking into account this difference, the underwater sound pressure levels 

in Table 7 are still significantly higher than the advised limits for air-borne ultrasound in Table 5. 

This is probably because underwater (ultra)sound does not couple as well into the (air-filled) ears 

as in-air (ultra)sound (due to the impedance mismatch). 

Since, in the SILENSE project, also applications for (outdoor) swimmers and scuba divers are 

foreseen, it would be best to use a frequency band above 160 kHz because the most sensitive 

marine mammals, the harbour porpoises, are sensitive to ultrasound up to 160 kHz (their hearing 

is most sensitive around 110 kHz). This choice of frequency band is beneficial for minimizing the 

impact on the environment, but also for minimizing the size and (source) power requirements of 

the ultrasound communication device. On the other hand, the maximum communication range will 

drop significantly at such high frequencies and the required high signal sampling rate will be 

demanding for the data acquisition and processing hardware. For noise-limited conditions in sea 

water (with required Signal-to-Noise Ratio SNR > 15 dB), back of the envelope propagation 

calculations learn that the achievable communication ranges are up to approx. 500 m for a source 

level of 170 dB (re 1 µPa) in the 150-250 kHz frequency band, which is more than sufficient for 

swimmers in pools and outdoors within groups of divers (but possibly not sufficient for 

communication with the mothership or home base). However, multipath effects (delay-Doppler 

spread, reverberation) will further decrease the range. 

According to Table 7, the recommended maximum SPL is 177 dB (re 1 µPa) for a frequency band 

between 150-160 kHz and 250 kHz. For recreational divers, a threshold of 154 dB (re 1 µPa) is 

advised in the frequency range 600 Hz – 2500 Hz (NATO; Ainslie, 2008), which comes down to 

a decrease with 6 dB compared to the corresponding value in Table 7. Applying the same decrease 

to the 150-250 kHz band, i.e., 171 dB (re 1 µPa), would be conservative but safe. 

 

3.5.2 NOAA/NMFS – Guidelines for auditory effects 

The National Marine Fisheries Service (NMFS), part of the National Oceanic and Atmospheric 

Administration (NOAA, USA), has published a technical guidance that provides acoustic 

thresholds for the onset of permanent threshold shift (PTS) and temporal threshold shift (TTS) in 

marine mammal hearing for all sound sources [132], see Table 8. A distinction is made between 

impulsive (e.g., explosions, air guns, impact pile drivers) and non-impulsive (e.g., sonar, vibratory 

pile drivers) sound sources, where the non-impulsive category is relevant in the context of 
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ultrasound signals used for underwater communication. The sensitivity of marine mammals in the 

ultrasonic frequency range is accounted for by means of auditory frequency weighting of the total 

cumulative sound exposure level (SEL) accumulated over a 24-hour period, with a species-group 

specific weighting function (Table 9). Detailed information can be found in [131]. 

Table 8: PTS onset thresholds for marine mammals (data taken from [132]). 

Mammalian 
hearing group 

Generalized 
hearing range 

Impulsive PTS 
threshold (peak 

SPL dB re 1 µPa) 

Non-Impulsive PTS 
threshold (24h cumulative 

SEL dB re 1 µPa2s) 

Low-frequency 
cetaceans 

7 Hz – 35 kHz 219 199 

Mid-frequency 
cetaceans 

150 Hz – 160 kHz 230 198 

High-frequency 
cetaceans 

275 Hz – 160 kHz 202 173 

Phocid 
pinnipeds 

50 Hz – 86 kHz 218 201 

Otariid 
pinnipeds 

60 Hz – 39 kHz 232 219 

 

Table 9: Frequency weighting functions used for weighting the SEL for different marine 

mammal hearing groups (taken from [132]). 

 

 

3.5.3 Kessel et al. 

More recent investigations on the safety of diver exposure to ultrasonic sonars were performed by 

Kessel et al. (2017). The mechanical (MI) and thermal (TI) indices are calculated for a hand-held 

imaging sonar with a maximum (pulse-averaged) intensity of approximately 720 mW/cm2 around 

500 kHz centre frequency. This corresponds to source levels (i.e., SPL at 1 m from the source) 

above 200 dB (re 1 µPa). The measurements and calculations were compared to the accepted 

benchmarks used in medical diagnostic ultrasound (MI<1.9 and TI<1.5). Following conclusions 

are worth mentioning [133],[134],[135]: 
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• The strongest ultrasonic exposures occur along the axis of the sonar beam, with higher 

exposures closest to the sonar face. The sonar beam is normally directed away from the 

carrying diver. 

• At all distances from the sonar, the ultrasonic effects fall within the safety 

recommendations for mechanical effects (MI<1.9), and for thermal effects under 

continuous exposure of 1.63 minutes or less (TI<1.5). 

• At distances greater than 1 m from the sonar, the thermal effects for exposure times up to 

10 minutes fall within the safety recommendations (TI<1.5). 

• In the event of bubble formation in the diver body during decompression, at distances 

greater than 0.6 m from the sonar, the ultrasonic mechanical effects fall within the safety 

recommendations (MI<0.5). 

• Significant mitigating factors against thermal effects were ignored, namely: the protection 

against ultrasonic waves provided by the diver’s suit and other equipment; cooling of the 

diver by immersion in water; and the time variation. Hence, reduced average exposures 

can generally be expected, owing to the motion of both the handheld ultrasonic sonar beam 

and of the exposed diver. 

• The eye is known to be vulnerable to ultrasonic exposure. Direct exposure of the eye was 

not considered to be a safety risk for divers properly wearing a diver’s mask. Divers should 

be cautioned to avoid direct exposure of the eyes to the sonar beam close to the sonar. 

• Ultrasonic fields can be reflected from hard flat surfaces, redirecting the beam, reflecting 

back toward the diver using the sonar for instance. Divers should be made aware of the 

possibility of redirection of the sonar beam by reflection. 
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4 CONCLUSIONS 

Ultrasound is used in several disciplines, ranging from industrial to medical applications. It can 

be used as a non-destructive diagnostic tool to inspect and analyse materials covering the range 

from solids to liquids and tissues. At higher intensities, it can also be utilized to manipulate or 

even destroy (soft) matter.   

First of all, a distinction should be made between airborne and liquid-borne ultrasound. The speed 

of sound typically increases with increasing density and stiffness of the medium it propagates 

through. Hence, ultrasound propagates much easier through water (and solids) than through air. 

At boundaries between different media, the acoustic impedance mismatch causes the sound waves 

to reflect and/or refract. Except for the ears, airborne ultrasonic waves hardly couple into the 

human body (which largely consists of water).  

The effect of liquid-borne ultrasound on the human body is better understood than for airborne 

ultrasound, as it has been used in medical applications for over 50 years. The health effects of 

airborne ultrasound are primarily investigated in animal studies. Although these results cannot be 

directly extrapolated to humans, they are useful to support the evidence for the mechanisms of the 

effects on humans.  

The reported health effects associated with exposure to airborne ultrasound are of auditory, 

physiological, or symptomatic nature. Also the heating of skin and tissues has been reported. 

The symptoms of ‘ultrasound sickness’ can be vague sensations such as tingling, or be more 

noticeable such as headache, dizziness, tinnitus, and nausea. The type of symptom and the severity 

appear to vary, depending on the individual susceptibility of the exposed person, and on the 

ultrasonic parameters (frequency spectrum, intensity, pulsed or continuous exposure, repetition 

rate, duty cycle, etc.). The reported subjective effects seem to be a reaction of the central nervous 

system to the upper sonic frequencies of ultrasound. Conclusions of the auditory effects are 

inconclusive, as in most (older) studies the ultrasound was accompanied by audible noise exposure 

due to subharmonics or sonic emissions from ultrasonic devices.  

Apart from the potential health effects for humans, there is a large number of animal species that 

can hear ultrasound. Some terrestrial animals, such as rodents, bats and birds, are sensitive to 

ultrasound frequencies up to 100 kHz. Marine mammals have evolved to become specialists in 

perceiving sound underwater, and many of these species have good hearing in the ultrasonic 

frequency regime up to 160 kHz. The effect and severity of underwater (ultrasonic) noise on 

marine mammals and fish depends on a large number of factors, such as the duration of the 

disturbance, the frequency spectrum and intensity of the noise, the sensitivity of the individual 

animal, and the resilience of the population. 

For airborne ultrasound, the existing exposure limits are questionable. All guidelines are based on 

relatively old and anecdotic research, and in these studies the ultrasound was often accompanied 

by audible sound generated by subharmonics or vibrations. It is not clear whether the reported 

health effects are caused directly by the ultrasound or by the lower-frequency subharmonics. 

Moreover, the severity of the health effects and their root cause are difficult to pinpoint, as 

subjective symptoms highly depend on the sensitivity and background of the test person. Also, the 

effect of ultrasound depends on the parameters of the sound itself, namely the frequency spectrum 

and intensity, pulsing scheme (continuous vs. pulsed waves), duty cycle, repetition rate, etc.  

The ICNIRP is the only organization that states airborne ultrasound exposure limits for the general 

public. These are (see Section 2.4.2, Table 1 or Table 3): 

o 𝑓 < 22.5 kHz: max. 70 dB (re 20 µPa)  

o 𝑓 > 22.5 kHz: max. 100 dB (re 20 µPa) 
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However, as said above, these limits are based on incomplete and outdated studies. 

Also note that these guidelines do not specify whether the intensity level is calculated based 

on the peak values or on the root mean square (rms) value. 

For liquid-borne ultrasound, a distinction should be made between medical systems and 

underwater sonar-based systems. For medical applications, the ultrasonic source is directly 

coupled to the skin or tissue by means of a liquid-rich gel, and the guidelines for medical 

ultrasound should be applied. These guidelines are established to prevent mechanical 

damage and tissue heating caused by cavitation. For underwater (naval) applications, the 

NATO guidelines are more relevant. The work by Kessel et al. (2017) indicates that in 

realistic underwater circumstances using a hand-held imaging sonar, the mechanical and 

thermal indices meet the safety limits for medical ultrasound. However, for (very) high-

frequency underwater applications (>1 MHz), it is not clear whether medical-ultrasound or 

sonar safety guidelines apply.  

For (non-medical) underwater ultrasound, the NATO has published some guidelines 

regarding exposure limits. These are (see Table 7): 

o 𝑓 < 31.5 kHz: max. 172 dB (re 1 µPa) 

o 𝑓 > 31.5 kHz: max. 177 dB (re 1 µPa) 

To put these numbers into perspective, a comparison with the medical exposure limits is 

made. For example, at 1.7 MHz, second-harmonic cardiac imaging is allowed and is 

performed up to a mechanical index of 1.9. This corresponds to a peak negative pressure of 

2.5 MPa, or 248 dB (re 1 µPa), which is much higher than the guidelines by the NATO, but 

still safe in terms of human health. However, the NATO guidelines are only specified for 

frequencies up to 250 kHz. 

Both for airborne and underwater ultrasound, when in doubt the ALARA principle should 

be used: As Low As Reasonably Achievable. 

In conclusion, a dedicated research campaign with modern scientific techniques and 

equipment is highly advised to assess the potential health issues regarding airborne (and 

underwater) ultrasound on humans and terrestrial animals. As this is not foreseen in the 

SILENSE project, a separate (EU) project specifically focused on these issues is highly 

advised. 

Within the SILENSE project, it is advised to address the potential risks of ultrasound 

exposure, incl. appropriate mitigation measures, for the individual demonstrator use cases 

in the corresponding trial plans and analysis reports. 
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