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Featured Application

This review contributes to assessing the health risks associated with occupational exposure to
environmental infrasound by linking sound attributes to specific microvascular and cellular
mechanisms. It also describes the opportunities provided by low-intensity infrasound under
carefully regulated conditions to be used as a non-invasive biomedical instrument for tissue
engineering and therapeutic intervention.

Abstract

Infrasound, physically defined as sound at frequencies below 20 Hertz, can travel long distances with
minimal attenuation and permeate biological tissues due to its marked particle displacement and
deep penetration. Generated by both natural phenomena and human-made systems, infrasound has
drawn increasing scientific and public attention regarding its potential physiological and
psychological effects. Experimental studies demonstrate that infrasound can modulate
mechanosensitive structures at the cellular level, particularly pressure-sensitive ion channels such as
PIEZO1 and TRPV4, leading to intracellular calcium influx, oxidative stress, altered intercellular
communication, and in some settings, apoptosis. These responses vary according to sound pressure
levels, frequencies, exposure duration and tissue type. In the cardiovascular system, higher sound
pressures have been associated with mitochondrial injury and fibrosis, whereas low sound pressures
may exert context-dependent protective effects. In animal models, prolonged or intense exposure to
infrasound has been shown to induce neuroinflammatory responses and memory impairment. Short-
term studies in humans at moderate intensities have reported minimal physiological changes, with
psychological and contextual factors influencing symptom perception. Occupational environments
such as factories and agricultural settings may contain elevated levels of infrasound, underscoring
the importance of systematic measurements and exposure assessments. At the same time, controlled
infrasound stimulation has shown potential as an adjunct modality in bone repair and tissue
regeneration, highlighting its dual capacity as both a biological stressor and a possible therapeutic
tool. Overall, existing data indicate that infrasound may be harmful at chronic exposure depending
on intensity and frequency, yet beneficial when precisely regulated. Future research should
standardize exposure metrics, refine measurement technologies, and clarify dose-response
relationships to better define the health risks and therapeutic applications of infrasound.
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1. Introduction

Sound consists of rhythmic fluctuations in air pressure superimposed on the constant
atmospheric background [1]. These oscillations vary in frequency, forming the sound’s spectral
composition. Complex non-sinusoidal acoustic patterns predominate in the environment, they lead
to several integer multiples of the determined fundamental frequency, the so-called harmonics.

When sufficiently intense, sound can be perceived as noise or felt as vibration [2]. Although
sound intensity depends on the amplitude of pressure variations, particle displacement - the
movement of air particles - increases as frequency decreases, meaning low-frequency waves induce
more pronounced mechanical movement than high-frequency waves of equal pressure [1,2].

Infrasound is sound with frequencies below the range of human hearing. Complex acoustic and
electromagnetic patterns can mediate information at the cellular level even at very low intensity.
Frequencies below 10 Hz are considered to have a particularly high information content. However,
the information content of a spectrum depends on all characteristics, including, of course, the
duration or time of occurrence [3,5]. It can be generated from natural sources such as wind, volcanoes,
avalanches, and earthquakes. It can also be generated by man-made sources, e.g. wind turbines,
diesel engines, and ventilation systems. Among man-made sources, wind turbine-generated
infrasound is distinctive for its rhythmic, repetitive pattern, setting it apart from most other
environmental low-frequency sources and drawing particular attention in both public discourse and
scientific investigation.

To understand the effect of infrasound on biological mechanisms and public health relevance,
we review and summarize current knowledge of infrasound’s physiological and psychological
impact, discuss associated risks and therapeutic applications, and identify remaining research gaps.
This manuscript employs several definitions. Primarily, we discuss frequency. We explain frequency
in terms of infrasound, which is defined as sound below 20 Hz in humans (ISO 226:2003).
Furthermore, we discuss the term amplitude. This refers to the change in value of a measure,
specifically, in this case, the change in pressure from the pressure before the change. Additionally,
we discuss sound pressure. Sound pressure is a measurement of the change in pressure of the air
around the space where a sound is being produced. Finally, we measure sound intensity. Sound
intensity is a measure of the energy per unit volume in a given space caused by sound. Sound
intensity is proportional to the pressure of sound in that field.

2. Cellular and Molecular Responses

In biological tissues, infrasound propagates as longitudinal mechanical waves shaped by tissue
density and elasticity. Because it undergoes minimal attenuation, infrasound can penetrate deeply
and may produce resonance when its frequency aligns with that of specific organs or tissues [4]. In
resonance, the absolute strength of the stimulus is less important than the alignment of its frequency
with the system’s intrinsic vibrations. Even weak stimuli, when temporally and spatially
synchronized, can significantly affect system stability. The human body, as an energetic organism, is
comparable to an oscillator with a complex waveform, whereby different organs have different
resonance solutions [5].

Resonance can intensify = mechanical strain, promoting tissue deformation,
mechanotransduction, and, under sustained exposure, structural or functional damage. Modeling
studies indicate that tissues with distinct acoustic impedances exhibit different resonance responses,
with certain frequencies enhancing energy absorption and localized effects [6,7].

In order to maintain the integrity of cells and tissues in organisms in terms of structure, function
and communication, the unimpeded transmission of mechanical forces into biological and
biochemical information is one of the most important fundamentals. At the cellular level, mechanical
oscillations such as infrasound activate mechanosensitive ion channels, e.g.,, PIEZO1, TRPV4, and
Connexin 43 (Cx43) hemichannels, by inducing membrane tension or substrate deformation [6].
These channels open to cation influx (mainly Ca?), initiating signaling cascades that modulate
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proliferation, differentiation, and apoptosis [6]. PIEZO1 efficiently transduces low-frequency stimuli
within the 0.5-50 Hz range, including infrasound [7]. TRPV4 is robustly activated around 16 Hz,
particularly in glial cells [8,9]. Finally, Cx43 hemichannels, downstream of PIEZO1 or TRPV4,
mediate ATP and glutamate release, sustaining intercellular communication [10,11]. Crosstalk among
these channels forms a coordinated mechanosensitive network through which infrasound can
influence tissue physiology and cellular homeostasis.

It is important to remember the dual nature of PIEZO channels in their context. PIEZO channels
often participate in pro-inflammatory signals, but depending on the environment, they can also
promote anti-inflammatory or homeostatic effects, mainly influenced by the mechanical
surroundings. For example, in endothelial cells, activation of PIEZO channels by laminar shear stress
helps maintain vascular integrity. Conversely, when oscillatory forces dominate, pro-inflammatory
responses tend to prevail, weakening vascular integrity and immune regulation [12].

At the cellular level, the effects of infrasound can influence multiple pathways, including
proliferation, apoptosis, and intracellular signalling. For instance, studies on rat bone marrow
mesenchymal stem cells (BMSCs) demonstrated that infrasound enhances proliferation and inhibits
apoptosis, effects mediated in part through activation of the Notch signaling pathway and
upregulation of surviving, a key anti-apoptotic protein [13,14]. In parallel, neuronal studies revealed
that infrasound exposure induces oxidative stress and apoptosis in the hippocampus, which could
be mitigated by antioxidant compounds that modulate the expression of Bcl-2, Bax, and caspase-3,
underscoring the role of reactive oxygen species and apoptotic signaling in infrasound-induced
cellular injury [15]. Furthermore, infrasound was found to alter blood-retinal barrier permeability by
increasing the activity of calcium-activated potassium channels in retinal microvascular endothelial
cells, demonstrating that infrasound can directly affect ion channel dynamics and cellular excitability
[16]. These results emphasize that infrasound can actively reshape key regulatory pathways
governing cell survival and functional integrity.

Infrasound has also been proven to impact glial and microbial cells. Astrocytes in the rat
hippocampus responded to infrasound with increased A1 reactive astrocyte formation and elevated
glutamate release via Cx43 hemichannels, effects that were modulated by the FGF2/FGFR1 pathway
and microglial activation, highlighting the involvement of neuron-glia interactions in central nervous
system injury [14,17]. Similarly, microbial studies demonstrated that mechanical vibration at
infrasound frequencies can either stimulate or inhibit bacterial growth depending on the exposure
duration and frequency, suggesting that both extracellular medium properties and cellular
mechanosensors mediate microbial responses [18]. Finally, investigations in plant systems revealed
that infrasound-induced changes in water structure and cell hydration may act as a sensitive signal
for intracellular metabolic activity, indicating that physical cues can propagate molecular responses
across diverse organisms [19]. Altogether, these findings reveal the multifaceted nature of
infrasound, demonstrating its capacity to influence cellular processes through interconnected
mechanical, biochemical, and biophysical mechanisms.

3. Systemic Effects on Organs and Tissues

3.1. Cardiovascular System

Results from animal studies indicate that exposure to infrasound at high sound pressure levels
(SPLs) can cause a significant impact on components of the cardiovascular system. In contrast, human
studies (particularly those conducted under controlled laboratory or epidemiological conditions)
provide conflicting and complex results and often do not lead to definitive conclusions.

Research focusing on rodent models has provided considerable insight into the myocardial
effects of high SPL infrasound. Pei et al. (2007) exposed rats to 5 Hz infrasound at 130 dB for 2 hours
daily over 1, 7, and 14 days, and evaluated hemodynamic, molecular, and ultrastructural indices at
the end of each exposure period. The study showed a time-dependent change in the function and
structure of the heart. Left ventricular systolic pressure, together with + dP/dt and — dP/dt, showed a
progressive increase and a decrease, respectively. Mitochondrial swelling and intracellular calcium
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levels also significantly and progressively increased during the exposure period. Inhibition of
SERCA?2 (Sarco/endoplasmic reticulum Ca?*-ATPase 2) protein expression showed a unique pattern
of predominance: after a one-day increase, there was a significant decrease after prolonged seven-
and fourteen-day exposures. The varied muscular and ultrastructural disorganization was then
accompanied by disrupted calcium homeostasis and impaired excitation-contraction-sarcomere
coupling and relaxation mechanisms, which certainly deserve more attention [20].

Subsequent studies showed that exposure to infrasound induced apoptosis in neonatal rat
cardiomyocytes by altering the expression of proteins involved in apoptosis pathways. including
upregulation of Bax and caspases, the pro-apoptotic proteins, and downregulation of Bcl-2, the anti-
apoptotic protein [21]. The same research group further demonstrated that exposure to infrasound
increased oxidative stress by reducing the expression of PPAR-y and the activity of antioxidant
enzymes, resulting in cardiomyocyte damage. Pharmacological stimulation of PPAR-y significantly
reduced these damages, as evidenced by decreased oxidative injury (lower lipid peroxidation),
preservation of mitochondrial ultrastructure, and reduced cardiomyocyte apoptosis [22]. Overall,
these findings indicate that increased intracellular calcium concentration, impaired mitochondrial
function, activation of apoptotic pathways, and oxidative stress are among the most important
mechanisms involved in myocardial damage caused by exposure to infrasound.

Other animal studies corroborate these observations. Lousinha et al (2018) demonstrated that
rats exposed to infrasound developed coronary perivascular fibrosis, while dexamethasone
attenuated the effect, implicating inflammatory pathways in the fibrotic response [23]. Similarly,
Antunes et al (2013) reported myocardial fibrosis in rats chronically exposed to low-frequency noise
(<500 Hz, including infrasonic components), within the conceptual framework of ”vibroacoustic
disease” [24].

In contrast to the findings described above regarding infrasound-induced cardiomyocyte
damage through increased apoptosis and oxidative stress [21,22], Jin and co-workers studied the
effects of infrasound on rat cardiac fibroblasts and demonstrated that low-SPL infrasound (80-86 dB)
actually suppressed pathological processes in the fibroblasts. Specifically, low SPL exposure inhibited
angiotensin II-induced proliferation and collagen synthesis, acting through the microRNA-29a/TGF-
/Smad3 and Nrf2/HO-1 pathways. These findings raise the intriguing possibility that infrasound
may exert bidirectional effects depending on dose and cellular context, being harmful at high
intensities but potentially protective at lower, sub-threshold SPLs [25].

Experiments in ex vivo human tissue extend these insights. Exposure of atrial appendage muscle
samples obtained during cardiac surgery to infrasound >100 dB (Z) for one hour showed a graded
reduction in myocardial contractility, averaging a 9% decline in force for each 10 dB increase above
100 dB(Z). These results provide rare direct evidence that human myocardium is functionally
sensitive to infrasound at supraphysiological intensities [26].

The translation of these findings to intact humans is complex. Controlled laboratory studies from
the 1980s onward have yielded heterogeneous results. Danielsson and his co-workers reported
increases in diastolic blood pressure in healthy volunteers during acute exposure to 6-16 Hz
infrasound at high SPLs, without concomitant changes in heart rate [27]. Likewise, Qibai et al. found
that an hour of exposure to infrasound at 2.1 Hz (110 dB) or 4.1 Hz (120 dB) in healthy volunteers
resulted in an increase in systolic and diastolic blood pressure, an increase in heart rate was generally
observed at 120 dB, but at 110 dB, the heart rate response was inconsistent (increase or decrease).
Discomfort, headache, ear pressure, and fatigue were also reported by participants [28]. In an early
study, Moller et al. observed no cardiovascular changes when subjects were exposed to short-term
near-threshold levels (<20 dB above auditory threshold). However, annoyance and sensations of ear
pressure were common [29]. Birnie reported small, non-significant increases in blood pressure under
unspecified infrasonic exposures, again accompanied by subjective symptoms [30]. These early
experiments suggested that only high-intensity infrasound (>100d(B)Z) elicits measurable
cardiovascular responses in humans, whereas near-threshold exposures are more likely to cause
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annoyance than physiological changes. Unfortunately, short-term studies are not eligible to draw
conclusions about long-term effects on the cardiovascular system.

More recent and methodologically rigorous studies have focused on infrasound and low
frequency noise generated by wind turbines. Health Canada’s large cross-sectional survey of over
1200 adults living near turbines found no association between exposure time and blood pressure or
heart rate [31]. This study was performed in 2012 and is based on data on dwellings in the vicinity of
smaller wind turbines with rated electrical power output ranging from 660 kW to 3MW. In a 72-hour,
double-blind, crossover study of noise-sensitive adults exposed to simulated wind turbine
infrasound (1.6-20 Hz; 90 dB peak), no cardiovascular effects were detected [32]. However, those
studies do not consider the current state of knowledge regarding the impact of infrasound on cellular
mechanotransduction, as reflected in blood pressure and heart rate measurements. Exploratory field
studies have suggested possible associations between low-frequency components of wind turbine
noise (20-200 Hz) and altered heart rate variability, but these findings cannot be attributed to
infrasound and remain inconclusive [33].

Nonetheless, there is evidence for acute vascular effects. Deng et al. reported that exposure to
short-term low-frequency noise (70-100 Hz <85 dB) increased cutaneous blood flow in both humans
and mice, mediated in part by nitric oxide. Although these frequencies extend slightly above the
infrasonic range, the findings suggest a mechanosensory role for the endothelium and highlight the
need to examine vascular regulatory mechanisms at infrasonic frequencies [34-36].

Despite decades of research, many gaps remain, particularly regarding the intensity threshold
of infrasound exposure-related effects, the differences between animal and human studies, the
precise cellular mechanosensory pathways, and the associated markers of vascular health and blood
flow at the microcirculatory level. Recent microvascular modeling has established standard reference
values for blood velocity in exchange microvessels. This enables distinguishing between healthy and
diseased states using biophysical flow indicators [37]. To gain a clearer understanding, future studies
should be conducted using precisely calibrated chambers, double-blind designs, and advanced
mechanical analyses. In addition, standard cardiovascular and microcirculatory markers should be
used to properly elucidate the true impact of infrasound on cardiovascular functions. Research using
Laser Doppler Flowmetry during local thermal hyperemia has demonstrated that skin microvascular
reactivity is highly sensitive to endothelial dysfunction. This underscores the importance of
microcirculatory assessments in detecting early vascular impairment [38]. Normative datasets for
sublingual microcirculation obtained through SDF imaging in healthy pediatric populations further
demonstrate the robustness and physiological sensitivity of microvascular imaging methods [39].
Complementary findings from adult cohorts using incident dark-field imaging show age- and sex-
specific variation in sublingual microcirculatory parameters, broadening the reference framework for
assessing vascular function across populations [40].

3.2. Central Nervous System

Infrasound exposure (particularly when delivered at high SPL) has repeatedly been linked in
animals and in vitro models to neuronal apoptosis and oxidative stress, while human data remains
less clear-cut. Here, we summarize findings from diverse experimental paradigms, comparing rodent
studies, cellular assays, and limited human research, evaluating mechanistic pathways,
neurofunctional outcomes, and potential protective responses.

Extensive rodent experiments have demonstrated that infrasound exposure induces
hippocampal neuronal apoptosis alongside oxidative imbalance. For example, rats exposed to 8 Hz
at 140 dB for 2 h/day across three days exhibited increased neuronal apoptosis in hippocampal
regions, correlating with impaired spatial learning and memory [41]. In mice, being repetitively
exposed to 16 Hz infrasound at 130 dB for 2 hours per day for 8 days caused increased inflammatory
cytokine levels in the CNS as well as elevated oxidative stress, leading again to impaired memory
and spatial learning due to neuronal damage in the prefrontal cortex and hippocampus [42].
Mechanistically, epigallocatechin gallate (EGCG), an antioxidant, has been shown to suppress
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infrasound-induced neuronal apoptosis in rat hippocampi, confirming oxidative stress as a causal
mediator [43]. Together, these findings support a model in which infrasound triggers mitochondrial
dysfunction, reactive oxygen species (ROS) generation, and apoptotic cascades involving p53
upregulation and Bcl-2 suppression.

Evidence on synaptic plasticity indicates that high-intensity acoustic stimulation can disrupt
long-term potentiation (LTP), a core mechanism underlying learning and memory. In one study, a
single 1-minute exposure to 110 dB audible sound spanning approximately 3-15 kHz inhibited
hippocampal Schaffer-CA1 LTP for 24 hours, while spatial learning ability remained unaffected [44].
Although this sound exposure did not involve infrasound, these data suggest that similarly intense
acoustic inputs may impair synaptic strengthening, most likely through alterations in postsynaptic
signaling mechanisms.

Emerging evidence also points to disturbances in intracellular calcium homeostasis. For
example, exposure in the 90-130 dB range was shown to alter free intracellular calcium levels and
modify NMDAR1 expression in hippocampal neurons, implicating calcium dysregulation and
impaired glutamatergic signaling as key mechanisms [45]. Complementary in vitro work further
demonstrated that cultured hippocampal neurons developed axonal degeneration following
infrasound exposure, potentially reflecting cytoskeletal compromise or excitotoxic damage [46].

Animal studies largely highlight CNS changes, whereas human data remain limited. In a
randomized pilot trial, bedroom-based infrasound exposure (6 Hz, 80-90 dB) over 28 consecutive
nights induced detectable changes in resting-state brain networks, though behavioural or cognitive
correlates were not clearly documented [47]. Broader epidemiological surveys of low-frequency noise
(including infrasound) have associated such exposures with annoyance, subjective ear pressure, and
sleep disturbance, but consistent links to cognitive performance remain elusive [48]. An earlier report
noted that infrasound near the auditory threshold heightened pressure sensations and annoyance,
but impaired performance only in one of nine tasks [30]. Interestingly, some brief exposure studies
even suggested transient improvements in working memory, though these effects proved
inconsistent across replications [49].

Animal studies have shown further vulnerabilities in the auditory system. In chinchillas,
simultaneous exposure to low-frequency sound (30Hz, 100 dB SPL) and high-intensity auditory noise
(4 kHz octave band, 108 dB) caused greater damage to outer hair cells throughout the cochlea than
exposure to auditory noise alone. These findings suggest that low-frequency components can
exacerbate noise-induced cochlear damage and raise concerns about possible synergistic effects on
the inner ear [50]. Low-frequency noise from environmental sources such as wind turbines, which
often includes infrasound components, has been associated with disrupted sleep and reduced
performance on higher-order cognitive tasks (e.g., logical reasoning, mathematical calculations).
However, causality remains debated, with some reports emphasizing annoyance, restlessness, or
emotional discomfort in the absence of consistent objective deficits [29,51]. The results of the
Weichenberger study could provide an explanation, as could the fact that infrasound can cause a
temporary increase in alertness. It has been proven that infrasound activates three centres responsible
for fear, flight, emotion, and central RR and pulse regulation. Importantly, since some of these centers
are involved in attentional control and arousal, it has been suggested that activation of this pathway
could, for example, wake people up at night, while leaving them unable to pin down what it actually
was that caused them to waken [52].

At the cellular level, rodent studies consistently implicate oxidative stress as a central driver of
neuronal injury. ROS accumulation, mitochondrial dysfunction, and downstream apoptotic cascades
appear to dominate. The protective effect of antioxidants such as EGCG reinforces this interpretation
[43]. Beyond oxidative stress, neuroinflammatory processes have emerged as key contributors:
astrocyte activation during infrasound exposure impairs learning and memory, while
pharmacological blockage of astroglial connexin-43 hemichannels mitigates these deficits,
highlighting the role of glial-driven inflammation in neuronal survival [53]. Similarly, activation of
the FGF2/FGFR1 pathway suppresses astrocyte-derived inflammatory cytokines and neuronal loss,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.1211.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 January 2026 d0i:10.20944/preprints202601.1211.v1

7 of 16

whereas antagonism of FGFR1 exacerbates injury through NF-«B activation [54]. Together, these data
converge on astroglial NF-kB signalling and the release of proinflammatory mediators (IL-1p, TNF,
and IL-6) as critical pathways.

Some studies also highlight adaptive capacity. Environmental enrichment before infrasound
exposure provided robust neuroprotection in rats, preserving memory performance following 16 Hz,
130 dB exposure. This effect was accompanied by lower hippocampal oxidative stress, reduced pro-
inflammatory cytokines, enhanced antioxidant defences, and decreased apoptosis, with molecular
shifts favouring cell survival (increased Bcl-2, reduced p53) [55]. Such findings suggest that
preconditioning strategies may buffer the brain against infrasound-induced injury.

Across rodent and cellular models, the evidence is remarkably consistent: high-intensity
infrasound produces oxidative stress, neuronal apoptosis, synaptic impairment, and
neuroinflammation. By contrast, human studies tend to show weaker or absent effects at moderate
or near-threshold levels. This discrepancy may reflect differences in exposure intensity, interspecies
sensitivity, adaptive mechanism, or methodological heterogeneity. Notably, brief human exposures
have even been linked to transient cognitive enhancement [49]. In rodents, extreme intensities (=130
dB) reliably generate profound neurotoxicity levels [56].

3.3. Other Systems

The biological effects of infrasound on organ systems beyond the cardiovascular and CNS
domains have been investigated in a variety of animal, human, and technical studies. Although the
evidence is still fragmented and often derived from high-intensity exposures, several consistent
patterns emerge. Below, the findings are discussed by system, highlighting major outcomes,
mechanistic insights, and limitations in the current literature.

In the auditory domain, psychophysical studies in humans as early as the 1970s demonstrated
that infrasound is perceptible at sufficiently high sound pressure levels, with clear thresholds across
the 0.5-16 Hz range [57]. Subsequent integrative work has reinforced that audibility scales steeply
with SPL [58]. Vestibular studies add an important dimension: controlled laboratory exposures have
shown significant increases in postural sway and the induction of vertical nystagmus around 7 Hz at
high SPLs [59]. Reports on non-aural sensations, such as chest or abdominal vibration, support when
exposures are strong enough [60]. The data collectively provide strong evidence that sensory
structures respond to infrasound; however, they also highlight that the effective levels are often
higher than what is typically encountered in everyday environments. This situation is currently
changing. Recent studies published by Professor Ken Mattsson and the Colas et al. group indicate
that sound pressure levels (SPLs) have been significantly underestimated under various atmospheric
conditions and near several wind turbines. Current plans for 7 MW-class wind turbines suggest a
further increase in sound pressure levels, reaching up to 120 dB(Z) [61].

Animal studies suggest possible effects of infrasound on physical performance. In rats,
endurance capacity decreased after repeated exposure, especially in animals with lower baseline
ability, suggesting that infrasound may accelerate fatigue under certain conditions [62]. While this
may reflect muscular strain, it is equally plausible that vestibular disturbance or altered
proprioceptive feedback contributed to reduced performance. Evidence in humans is essentially
absent, and there are no dedicated in vitro studies to clarify whether muscle fibers themselves are
mechanically vulnerable.

The respiratory literature is sparse. Early human observations reported minimal changes in
breathing patterns under infrasonic exposure, although some participants described discomfort or
nonspecific symptoms at higher SPLs [63]. Systematic measurements of lung function or airway
physiology remain lacking, and no controlled animal or cell culture models have yet clarified
potential mechanistic pathways. There are also changes in the bronchial mucous membranes, as
described by Alves Pereira in 2007. The images for this can be found in the first paper. The new PIEZO
research now confirms that lung tissue also has a large number of PIEZO channels, i.e., it is sensitive
to overstimulation [37,64].
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More direct pathological evidence comes from animal work. In rats, repeated infrasound
exposure at 130 dB produced slowed gastric emptying, mucosal injury, and increased nitric oxide
synthase activity; partial recovery was observed after cessation of exposure [65]. These findings align
with the broader pattern of oxidative and inflammatory responses described in other organ systems.

Endocrine effects have been less studied, but intriguing signals exist. For example, chronic
exposure in rats increased corticosterone levels and activated brown adipose tissue metabolism
without causing overt glucose intolerance [66]. This points toward possible activation of stress axes
and thermogenic pathways. Immune effects are mostly inferred indirectly from studies showing
oxidative stress and inflammatory markers in gastrointestinal, hepatic, or reproductive tissues.
Dedicated cellular and clinical studies are still missing.

Older experiments reported frequency- and duration-dependent hepatocyte changes, with
longer or more intense exposures producing irreversible alterations [67]. These findings suggest a
vulnerability of hepatic tissue, possibly mediated by oxidative stress and mitochondrial dysfunction.
Yet, given the age of these studies and the lack of biochemical or omics-level validation, conclusions
must be cautious.

Male reproductive toxicity has been demonstrated in rodents. Repeated exposure reduced
sexual behavior, suppressed testosterone, and altered the expression of steroidogenic genes [68],
while other work described ultrastructural damage to testes [69]. Oxidative stress and apoptotic
pathways are the most plausible mechanisms. No equivalent data exists in humans, and no in vitro
germ-cell or Leydig cell studies have been published, leaving a major translational gap. According to
the current state of knowledge, the importance of external forces, in particular repeated exposure to
low frequencies and vibration during pregnancy, must be classified as significantly more harmful
than previously assumed. The high sensitivity is related to various stages, particularly of embryonic
development, which are physiologically based on an undisturbed capillary flow. Examples of
particular phases of increased sensitivity are, e.g., the vasculogenesis. After differentiation of
endothelial progenitor cells [70] and their fusion into a primary capillary plexus [71], the growth
direction of the vascular tree is essentially regulated by shear stress of the blood stream and thus by
mechanotransduction, Hahn and Schwartz [72]. Together, these data illustrate how infrasound-
triggered cellular and molecular mechanisms result in dysfunction across various organ systems, as
summarized in Figure 1.

Infrasound  Resonance Mechanotransduction  Tissue Systemic
phenomenon modulation consequences
effects vary Amplified vibration e.g. Piezo1-or e.g., apoptosis, e.g. learning and
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pressure level and tissue frequencies mechanotransduction oxidative stress in and
exposure duration match ') the hippocampus neuroinflammation in
¢ ca rodents
<20Hz
> P
\Rch Piezo 1 B‘ ’g
/\/\/\/ ) OO ) )
‘ tresting [Ca®]
teellular death by damage
N J
Potentially Beneficial Effects A Potentially Harmful Effects
Enhanced bone repair 4 Increased fibrosis

(mechanical stimulation under
controlled settings)

/ __in cardiac or connective tissues
Vestibular discomfort

D; Improved tissue regenerati £ @) (nausea, dizziness, inner-ear
(low-SPL biostimulation) h pressure)
Increased microcirculation Z Sleep disturbance
(mild vasodilation in some A 1 and fatigue at higher or chronic
parameters) exposures
X Pain modulation Endocrine alterations
(neuromodulatory effects (e.g., elevated corticosterone in
reported in limited settings) rodents)

Figure 1. Overview of the biological mechanisms of infrasound. SPL- Sound pressure level, TRPV4 - transient

receptor potential cation channel subfamily V member 4. Created with BioRender.com.
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4. Psychological and Behavioral Responses

Infrasound exposure, particularly generated by wind turbines for electricity production, has
been associated with a range of psychological and behavioral effects, although the underlying
mechanisms remain complex and context-dependent. Experimental studies have demonstrated that
expectation and framing can influence symptom perception [73,74]. For instance, participants
exposed to wind turbine sound containing sub-audible infrasound reported fewer symptoms and
lower annoyance when provided with positive information about infrasound, whereas negative
expectations increased symptom reporting, consistent with nocebo effects [74,75]. Surveys of
individuals reporting low-frequency noise complaints highlight a similar pattern, with many
respondents describing sensations of vibration, sleep disturbance, and secondary effects such as
headaches and palpitations, despite measured sound levels often being below hearing thresholds
[76]. Laboratory investigations further emphasize that the perception of infrasound varies widely
between individuals: small changes in sound pressure at infrasonic frequencies can lead to large
differences in perceived annoyance, and sensations beyond hearing (such as ear pressure, vibration,
and discomfort) may occur even when tones are inaudible [77,78].

Beyond subjective reports, recent research has explored potential objective correlates of
prolonged infrasound exposure in humans. Long-term studies with controlled exposure to inaudible
infrasound (6 Hz, 80-90 dB) found no significant effects on global cognitive performance, psychiatric
symptoms, or sleep quality, though subtle trends in self-reported physical weakness were noted [47].
Research and case studies have shown that wind turbine noise can diminish concentration and
cognitive performance. Correlation factors include sleep disturbances, increased annoyance, and
stress. Lab studies that include EEG and fMRI data show that relaxation and concentration become
more difficult as infrasound levels increase. Thus, it can be assumed that in proximity to wind
turbines, there is a diminished cognitive function [79]

Functional connectivity analyses revealed changes in specific brain networks, including the
default mode, sensorimotor, and executive control networks, which were associated with self-
reported somatic symptoms and annoyance [80]. These results suggest that while infrasound may
not broadly impair psychological function in healthy individuals, it can modulate brain activity and
bodily perception in ways that correlate with subjective annoyance. These findings, together with
behavioral studies on expectation effects, highlight the complex interplay between perceptual,
cognitive, and psychosocial factors in responses to infrasound, including individual sensitivity,
contextual influences, prior information.

5. Therapeutic and Biomedical Applications

Despite the plethora of studies highlighting the negative and potentially harmful consequences
of infrasound exposure (from sleep disturbances to cardiovascular and neurological effects), there is
a lesser-studied area: if this powerful physical phenomenon is used in controlled, dosed, targeted
settings, it can become a therapeutic and innovative tool. Just as many natural agents produce
beneficial biological effects at specific ranges and under safe conditions, infrasound has the potential,
at appropriate levels, to modulate vital physiological pathways and stimulate the body's repair
responses. The traditional view of infrasound often sees it as a dangerous "sound pollutant”, but
emerging evidence suggests that these low-frequency waves can have a beneficial therapeutic effect
under controlled conditions. Long et al. demonstrated in an in vivo study using an animal model
(mice) that applying 16 Hz sound increased bone density and osteogenesis. Subsequently, he and Fan
reported positive effects on proliferation, osteogenic differentiation, and mineralization using the
same frequency on bone marrow mesenchymal stem cells in vitro [81]. Additionally, Enomoto et al.
showed that not just within the infrasonic range, but beyond, one can exert vibrational stimulation
that changes cellular migratory and metabolic activities, indicating that there are greater cellular
activities responsive to the mechanobiological effects of the vibrational stimulation [82]. Likewise,
Rachlin et al. showed that low-intensity infrasound enhanced cytotoxic effects of cisplatin by merely
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increasing membrane permeability and did so without causing apoptosis, which, by itself, was a
claim [83]. Even so, the observation must not be made in comparison to the systems that have higher-
intensity ultrasound, but a direct study of systems that have higher-intensity ultrasound has not been
performed. Thus, claims of greater safety and/or selectivity in treatments are made without adequate
evidence, and as such, the need for caution is apparent.

Early experimental studies in rats revealed that high-intensity low-frequency sound could
reduce postoperative adhesion formation, likely through micromotion of abdominal organs that
prevents fibrous bridging between tissues, without detectable adverse effects [84,85]

While results lend support to the potential of infrasound as a treatment for solid tumors, studies
in immune cell-derived malignancies (such as B-cell lymphoma and leukemia) have shown no
significant alterations in either cell proliferation or apoptosis. However, ultrastructural changes were
observed that suggest subtle cellular effects worthy of further investigation. Compared to invasive
methods, such as electroporation, infrasound presents a non-invasive technique for enhancing the
delivery of chemotherapeutic agents. Long wavelengths penetrate deeply into tissue, making them
particularly appropriate for targeting tumors located deep in tissue. Although promising, detailed
mechanisms through which infrasound can induce membrane permeability and chemosensitizing
effects are not yet well understood. Furthermore, its effect varies across different cell types and is
dependent on several parameters, including frequency, sound pressure, and duration of exposure.
The combination of infrasound and chemotherapy presents a promising approach in therapeutics,
potentially improving the effectiveness of chemotherapeutic drugs while reducing systemic side
effects. Infrasound could optimize treatment outcomes by selectively enhancing drug delivery to
tumor cells [86]. A study in 2017 first demonstrated that low-intensity infrasound can inhibit the
proliferation and collagen synthesis of Ang II-stimulated cardiac fibroblasts. These findings suggest
the potential of low-intensity infrasound as a novel therapeutic approach to prevent or reduce cardiac
fibrosis [25].

6. Occupational Health and Environmental Aspects

Occupational exposure to infrasound has been extensively documented in industrial and
agricultural settings. Measurements across various machinery, including tractors, grinders,
conveyors, and combine harvesters, have shown that infrasound levels often exceed recommended
limits, particularly during prolonged operation [87,88]. The use of modern cab-type tractors, while
reducing audible noise exposure, still exposes operators to significant infrasonic pressure, sometimes
surpassing occupational exposure limits within minutes of operation [88]. In addition to auditory
considerations, these levels may contribute to non-auditory effects, such as fatigue, sleep
disturbances, and stress, underscoring the need for effective technical and organizational
interventions to reduce worker exposure [89-91]

The accuracy of describing and predicting a phenomenon depends heavily on the measurement
methods and instruments used. As Alves-Pereira (1999) and Castelo Branco and Alves-Pereira note,
conventional sound-level meters often underestimate total acoustic energy. To assess potential
biobehavioral effects, it is therefore essential to measure the full frequency spectrum, capturing not
just what is heard but all energy present in the environment [61,92,93].

Sound-level weighting filters are commonly applied to account for the human ear’s varying
sensitivity across frequencies. A-weighting emphasizes mid-range frequencies (around 500 Hz-6
kHz) where human hearing is most sensitive, attenuating low- and high-frequency sounds, and is
widely used for general noise assessment. C-weighting flattens the response at higher sound levels,
giving more weight to low frequencies, and is often applied in evaluating loud environments. G-
weighting targets infrasound, emphasizing frequencies below 20 Hz and reflecting pressure
fluctuations interacting with the body rather than perceived loudness. Z-weighting applies no
frequency correction, providing a flat response across the audible and low-frequency range, essential
for capturing the full energy content of environmental sound.
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Salt and Kaltenbach demonstrated this underestimation in wind turbine sounds. At 10 Hz, A-
weighting recorded no measurable sound, while C- and G-weighted, as well as unweighted
measures, indicated pressures of 40-60 dB. In the 1-Hz range, C- and G-weighted measures remained
similar, whereas the unweighted measure reached ~90 dB. These levels can stimulate inner hair cells
of the basilar membrane and various body cavities, showing that sub-10 Hz turbine sounds are potent
biological stimuli. The C-weighted scale, reflecting ear sensitivity at higher sound levels, provides
uniform gain from ~50 Hz to ~10 kHz and may capture effects on other organ systems. In contrast,
the G-weighted scale, less aligned with perceived loudness, better represents pressure fluctuations
interacting with the human body’s intrinsic properties [94].

Recent regulatory proposals and risk assessment frameworks aim to mitigate occupational
infrasound exposure [95-97]. For example, Polish standards recommend a maximum continuous G-
weighted sound level of 102 dB over an 8-hour workday, with unweighted peak levels not exceeding
145 dB [97]. In contrast, Balazikova advocates using Z-weighting in the Comprehensive Method of
Acoustic Risk Assessment to avoid underestimating potential health risks [95]. Although there is still
no consensus on the optimal measurement approach, these discussions highlight the importance of
accurately capturing low-frequency sound to guide effective occupational safety strategies.

Individual sensitivity and context play major roles in occupational risk. Studies investigating
highly sensitive populations, such as paramedics, have demonstrated that personal factors, including
sensory processing sensitivity, age, and experience, can influence perceived burdensomeness of noise
and infrasound exposure [90]. Moreover, phenomena such as motion sickness, simulator sickness, or
idiopathic environmental intolerance illustrate that symptoms may emerge even at exposure levels
below conventional safety thresholds. These findings highlight the need for occupational health
protocols to consider both physical measurements and psychosocial factors when assessing potential
risks, particularly in environments combining noise, vibration, confinement, and high cognitive
demand [90,91].

7. Concluding Remarks

Exposure to infrasound is an important environmental stressor that has received little attention
and can cause significant biological impact to various body systems. Scientific evidence from cellular
and animal studies, as well as a limited number of human studies, indicates that high-intensity
infrasound can lead to oxidative stress, mitochondrial dysfunction, calcium accumulation, and
stimulation of apoptotic pathways, which can ultimately cause tissue damage and functional
disorders in the cardiovascular, nervous, and other systems. In vitro rodent models also provide
compelling evidence of myocardial fibrosis, neuronal apoptosis, and oxidative imbalance in the
hippocampus. Although human studies have yielded conflicting results, they indicate vascular and
neurophysiological sensitivities at higher and chronic levels of exposure. Ongoing PIEZO channel
research is increasingly revealing the importance of PIEZO channels in individual organs. Overall,
evidence suggests that infrasound can act as a mechanical and biological pathway modulator,
affecting the body’s homeostatic balance.
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Abbreviations

The following abbreviations are used in this manuscript:

IS Infrasound

SPL Sound pressure level

TRPV4 Transient receptor potential vanilloid 4
Cx43 Connexin 43

Hz Hertz

ROS Reactive oxygen species

NF-xB Nuclear factor kappa B

TNF Tumor necrosis factor

IL-1B Interleukin 1 beta

IL-6 Interleukin 6

LTP Long-term potentiation

AD Alzheimer’s disease

PPAR-y Peroxisome proliferator-activated receptor gamma
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