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Abstract

Infrasonic sounds are generated internally in the body (by respiration, heartbeat, coughing, etc)
and by external sources, such as air conditioning systems, inside vehicles, some industrial
processes and, now becoming increasingly prevalent, wind turbines. It is widely assumed that
infrasound presented at an amplitude below what is audible has no influence on the ear. In this
review, we consider possible ways that low frequency sounds, at levels that may or may not be
heard, could influence the function of the ear. The inner ear has elaborate mechanisms to attenuate
low frequency sound components before they are transmitted to the brain. The auditory portion of
the ear, the cochlea, has two types of sensory cells, inner hair cells (IHC) and outer hair cells
(OHC), of which the IHC are coupled to the afferent fibers that transmit “hearing” to the brain.
The sensory stereocilia (“hairs™) on the IHC are “fluid coupled” to mechanical stimuli, so their
responses depend on stimulus velocity and their sensitivity decreases as sound frequency is
lowered. In contrast, the OHC are directly coupled to mechanical stimuli, so their input remains
greater than for IHC at low frequencies. At very low frequencies the OHC are stimulated by
sounds at levels below those that are heard. Although the hair cells in other sensory structures such
as the saccule may be tuned to infrasonic frequencies, auditory stimulus coupling to these
structures is inefficient so that they are unlikely to be influenced by airborne infrasound.
Structures that are involved in endolymph volume regulation are also known to be influenced by
infrasound, but their sensitivity is also thought to be low. There are, however, abnormal states in
which the ear becomes hypersensitive to infrasound. In most cases, the inner ear’s responses to
infrasound can be considered normal, but they could be associated with unfamiliar sensations or
subtle changes in physiology. This raises the possibility that exposure to the infrasound
component of wind turbine noise could influence the physiology of the ear.
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Introduction

The increasing use of wind turbines as a “green” form of energy generation is an impressive
technological achievement. Over time, there have been rapid increases in the size of the
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towers, blades, and generator capacity of wind turbines, as well as a dramatic increase in
their numbers. Associated with the deployment of wind turbines, however, has been a rather
unexpected development. Some people are very upset by the noise that some wind turbines
produce. Wind turbine noise becomes annoying at substantially lower levels than other
forms of transportation noise, with the exception of railroad shunting yards (Pederson and
Persson Wayne, 2004; Pederson and Persson Wayne, 2007; Pedersen et al, 2009). Some
people with wind turbines located close to their homes have reported a variety of clinical
symptoms that in rare cases are severe enough to force them to move away. These
symptoms include sleep disturbance, headaches, difficulty concentrating, irritability and
fatigue, but also include a number of otologic symptoms including dizziness or vertigo,
tinnitus and the sensation of aural pain or pressure (Harry, 2007; Pierpont, 2009). The
symptom group has been colloquially termed “wind turbine syndrome” and speculated to
result from the low-frequency sounds that wind turbines generate (Pierpont, 2009). Similar
symptoms resulting from low frequency sound emissions from non-wind turbine sources
have also been reported (Feldmann and Pitten, 2004).

On the other hand, engineers associated with the wind industry maintain that infrasound
from wind turbines is of no consequence if it is below the audible threshold. The British
Wind Energy Association (2010), states that sounds from wind turbines are in the 30-50
dBA range, a level they correctly describe as difficult to discern above the rustling of trees
[i.e. leaves].

This begs the question of why there is such an enormous discrepancy between subjective
reactions to wind turbines and the measured sound levels. Many people live without
problems near noisy intersections, airports and factories where sound levels are higher. The
answer may lie in the high infrasound component of the sound generated by wind turbines.
A detailed review of the effects of low frequency noise on the body was provided by
Leventhall (2009). Although it is widely believed that infrasound from wind turbines cannot
affect the ear, this view fails to recognize the complex physiology that underlies the ear’s
response to low frequency sounds. This review considers the factors that influence how
different components of the ear respond to low frequency stimulation and specifically
whether different sensory cell types of the inner ear could be stimulated by infrasound at the
levels typically experienced in the vicinity of wind turbines.

The Physics of Infrasound

Sounds represent fluctuating pressure changes superimposed on the normal ambient
pressure, and can be defined by their spectral frequency components. Sounds with
frequencies ranging from 20 Hz to 20 kHz represent those typically heard by humans and
are designated as falling within the audible range. Sounds with frequencies below the
audible range are termed infrasound. The boundary between the two is arbitrary and there is
no physical distinction between infrasound and sounds in the audible range other than their
frequency. Indeed, infrasound becomes perceptible if presented at high enough level.

The level of a sound is normally defined in terms of the magnitude of the pressure changes it
represents, which can be measured and which does not depend on the frequency of the
sound. In contrast, for sounds of constant pressure, the displacement of the medium is
inversely proportional to frequency, with displacements increasing as frequency is reduced.
This phenomenon can be observed as the difference in vibration amplitude between a
subwoofer generating a low frequency tone and a tweeter generating a high frequency tone
at the same pressure level. The speaker cone of the subwoofer is visibly displaced while the
displacement of the tweeter cone is imperceptible. As a result of this phenomenon, vibration
amplitudes to infrasound are larger than those to sounds in the auditory range at the same
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level, with displacements at 1 Hz being 1000 times those at 1 kHz when presented at the
same pressure level. This corresponds to an increase in displacement at a rate of 6 dB/octave
as frequency is lowered.

Overview of the anatomy of the ear

The auditory part of the inner ear, the cochlea, consists of a series of fluid-filled tubes,
spiraling around the auditory nerve. A section through the middle of a human cochlea is
shown in Fig 1A. The anatomy of each turn is characterized by three fluid-filled spaces (Fig
1B): scala tympani (ST) and scala vestibuli (SV) containing perilymph (yellow), separated
by the endolymphatic space (ELS)(blue). The two perilymphatic compartments are
connected together at the apex of the cochlea through an opening called the helicotrema.
Perilymph is similar in ionic composition to most other extracellular fluids (high Na*, low
K*) while endolymph has a unique composition for an extracellular fluid in the body, being
high in K* and low in both Na* and Ca2*. It is also electrically polarized by about +80 mV
with respect to perilymph, which is called the endocochlear potential (EP). The main
sensory organ of the cochlea (Figs 1C,1D,1E, and shown colored green in Fig 1D) lies on
the basilar membrane between the ELS and the perilymph of ST and is called the organ of
Corti. The organ of Corti, seen here in cross section, contains one row of inner hair cells
(IHC) and three rows of outer hair cells (OHC) along the spiral length of the cochlea. As
shown schematically in Fig 1F, the sensory hairs (stereocilia) of the OHC have a gradation
in length, with the tallest stereocilia embedded in the gelatinous tectorial membrane (TeM)
which overlies the organ of Corti in the endolymphatic space (Kimura 1975). This
arrangement allows sound-evoked displacements of the organ of Corti to be converted to a
lateral displacement of OHC stereocilia. In contrast, the stereocilia of the IHC do not contact
the tectorial membrane, but remain within the fluid of the subtectorial space (Kimura
1975,Lim 1986). Because of this difference in how the hair cell stereocilia interact with the
TeM, the two types of hair cell respond differently to mechanical stimuli. At low
frequencies, the IHC respond according to the velocity of basilar membrane displacement,
while OHC respond to the displacement itself (Russell and Sellick, 1983;Dallos, 1984).

The two types of hair cells also contact different types of afferent nerve fibers, sending
information to the brain (Spoendlin, 1972; Santi and Tsuprun, 2001). Each IHC is
innervated by multiple Type | afferent fibers, with each fiber innervating only a single IHC.
The Type | afferents represent the vast majority (95%) of the fibers transmitting information
to the brain and as a result it is generally believed that mammals hear with their IHC (Dallos
2008). In contrast, the OHC contact Type Il afferent fibers, which are unmyelinated and
make synaptic contacts with a number of OHC. Type Il afferents fibers are believed to be
unresponsive to sounds and may signal the static position of the organ of Corti (Brown,
1994; Robertson et al., 1999). The OHC also receive substantial efferent innervation (from
the brain) while the IHC receive no direct efferent innervation (Spoendlin, 1972).

Mechanics of low frequency stimulation

Infrasound entering the ear through the ossicular chain is likely to have a greater effect on
the structures of the inner ear than is sound generated internally. The basic principles
underlying stimulation of the inner ear by low frequency sounds are illustrated in Figure 2.
Panel A shows the compartments of a simplified, uncoiled cochlea bounded by solid walls
with two parallel fluid spaces representing SV and ST respectively that are separated by a
distensible membrane representing the basilar membrane and organ of Corti. It is generally
agreed that the differential pressure between SV and ST across the basilar membrane is the
important factor driving the motion of the basilar membrane (von Békésy 1960;Dancer and
Franke, 1980;Nakajima et al., 2008;Merchant and Rosowski, 2008). In example A, all the
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boundaries of the inner ear are solid and noncompliant with the exception of the stapes. In
this non-physiologic situation, the stapes applies pressures to SV (indicated by the red
arrows) but as the fluid can be considered incompressible, pressures are instantaneously
distributed throughout both fluid spaces and pressure gradients across the basilar membrane
will be small. In panel B, the round window (RW) and the cochlear aqueduct (CA) have
been added to the base of ST. For frequencies below 300 Hz the RW provides a compliance
between perilymph and the middle ear (Nakajima et al., 2008) and the CA provides fluid
communication between perilymph and the cerebrospinal fluid (CSF). Under this condition,
pressures applied by the stapes induce small volume flows between the stapes and the site(s)
of compliance (blue arrows) which requires a pressure gradient to exist along the system, as
indicated by the shading. The pressure differential across the basilar membrane will displace
it, causing stimulation of the IHC and OHC. This is the situation for external sounds
entering the normal cochlea via the ossicular chain. In panel C the situation is compared for
sounds originating in the CSF and entering the system through the CA. In this case, the
compliant RW is situated close to the location of aqueduct entry, so the major fluid flows
and pressure gradients occur locally between these structures. As the stapes and other
boundaries in scala vestibuli and the vestibule are relatively noncompliant, pressure
gradients across the basilar membrane will be lower than with an equivalent pressure applied
by the stapes. For infrasonic frequencies, it was shown that responses to 1 Hz pressure
oscillation applied to the fluid in the basal turn of ST were substantially increased when the
wall of SV was perforated thereby providing greater compliance in that scala (Salt and
DeMott, 1999).

The final condition in Figure 2D shows the consequences of a “third window” on the SV/
vestibule side of the cochlear partition. This causes an increased “air-bone gap” (i.e. an
increase in sensitivity to bone conducted vibration and a decreased sensitivity to air
conducted sounds, primarily at low frequencies; Merchant and Rosowski, 2008). It may also
produce an abnormal sound-induced stimulation of other receptors in the inner ear, such as
the hair cells in the ampulla of the semicircular canal. This is the basis of the Tullio
phenomenon, in which externally or internally generated sounds, such as voice, induce
dizziness.

Receptors in other organs of the inner ear, specifically both the saccule and the utricle also
respond to airborne sounds delivered by the stapes, as discussed in more detail below. The
mechanism of hair cell stimulation of these organs is less certain, but is believed to be
related to pressure gradients through the sensory epithelium (Sohmer 2006).

Physiologic responses of the ear to low frequency stimuli

i) Cochlear Hair Cells

When airborne sounds enter the ear, to be transduced into an electrical signal by the cochlear
hair cells, they are subjected to a number of mechanical and physiologic transformations,
some of which vary systematically with frequency. The main processes involved were
established in many studies and were summarized by Cheatham and Dallos (2001). A
summary of the components are shown in Figure 3. There are three major processes
influencing the sensitivity of the ear to low frequencies. The first arises from the
transmission characteristics of sounds through the ossicular structures of the middle ear,
which have been shown to attenuate signals at a rate of 6 dB/octave for frequencies below
1000 Hz (Dallos, 1973). As the vibration amplitude in air increases at 6 dB/octave as
frequency is lowered, this attenuation characteristic of middle ear transmission results in the
displacement of middle ear structures remaining almost constant across frequency for
sounds of constant pressure level. A second process attenuating low frequency sounds is the
fluid shunting between ST and SV through the helicotrema. The helicotrema has been
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shown to attenuate frequencies below 100 Hz by 6 dB/octave (Dallos 1970). The third filter
arises from the demonstrated dependence of the IHC on stimulus velocity, rather than
displacement (Dallos, 1984). This results in an attenuation of 6 dB/octave for frequencies
below approximately 470 Hz for the IHC, and causes a 90° phase difference between IHC
and OHC responses (Dallos, 1984). The combined results of these processes are compared
with the measured sensitivity of human hearing (1SO 226:2003) in Fig 3B. The three
processes combine to produce the steep decline of sensitivity (up to 18 dB/octave) in human
hearing for frequencies between 100 and 20 Hz. This steep cutoff means that to hear a
stimulus at 5 Hz it must be presented at 105 dB higher level than one at 500 Hz. This
reflects the fact that the predominant, type | afferent fibers are stimulated by the IHC and
that mammals hear with their IHC (Dallos 2008). However, an important consequence of
this underlying mechanism is that the OHC and IHC differ markedly in their responses to
low frequency stimuli. As the OHC respond to displacement, rather than velocity, they are
not subject to the 6dB/octave attenuation seen by IHC, so at low frequencies they are
stimulated by lower sound levels than the IHC. In theory, the difference between IHC and
OHC responses will increase as frequency decreases (becoming over 50 dB at 1 Hz), but in
practice, there is interaction between the two types of hair cells which limits the difference
as discussed below.

The measured response phase of OHC, IHC and auditory nerve fibers is consistent with the
above processes. The cochlear microphonics (CM) recorded in the organ of Corti with low
frequency stimuli are in phase with the intracellular potentials of the OHC. This supports the
view that the low-frequency CM is dominated by OHC-generated potentials, which follow
the displacement of the basilar membrane (Dallos et al., 1972). In contrast, intracellular
responses from the IHC lead the organ of Corti CM response by an amount which
approaches 90° as frequency is reduced to 100 Hz (Dallos, 1984) corresponding to maximal
basilar membrane velocity towards SV (Nuttall et al., 1981). As frequency is lowered, the
intracellular potentials of IHC and afferent fiber responses show phase changes consistent
with the IHC no longer responding to the increasingly attenuated velocity stimulus, but
instead responding to the extracellular potentials generated by the OHC (Sellick et al, 1982,
Cheatham and Dallos 1997). A similar change of phase as frequency is lowered was
reported in human psychophysical measurements (Zwicker 1977) with masking patterns
differing by approximately 90° for frequencies above and below 40 Hz. This transition from
a response originating from mechanical stimulation of the IHC, to one originating from
electrical stimulation of the IHC by large extracellular responses from the OHC may account
for the transition of low frequency sensitivity in humans from 18 dB/octave above 20 Hz to
12 dB/octave below 10 Hz (Mgller and Pederson, 2004) (Fig 3B). Near 10 Hz the IHC
transition to become primarily stimulated by the more sensitive OHC responses. It can be
inferred that if extracellular voltages generated by the OHC are large enough to electrically
stimulate the IHC at a specific frequency and level, then the lowest level that the OHC
respond to at that frequency must be substantially lower. Based on this understanding of
how the sensitivity of the ear arises, one conclusion is that at low frequencies the OHC are
responding to infrasound at levels well below those that are heard. On the basis of the
calculated input to OHC in Figure 3b, it is possible that for frequencies around 5 Hz, the
OHC could be stimulated at levels up to 40 dB below those that stimulate the IHC. Although
the OHC at 1 kHz are approximately 12 dB less sensitive than IHC (Dallos 1986), this
difference declines as frequency is lowered and differences in hair cell sensitivity at very
low frequencies (below 200 Hz) have not been measured.

Much of the work understanding how the ear responds to low frequency sounds is based on
measurements performed in animals. Although low frequency hearing sensitivity depends on
many factors including the mechanical properties of the middle ear, low frequency hearing
sensitivity has been shown to be correlated with cochlear length for many species with non-
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specialized cochleas, including humans and guinea pigs (West, 1985; Echteler et al., 1994).
The thresholds of guinea pig hearing have been measured with stimulus frequencies as low
as 50 Hz, as shown in Fig 4A. The average sensitivity at 125 Hz for five groups in four
studies (Heffner et al., 1971; Miller and Murray, 1976; Walloch and Taylor-Spikes, 1976;
Prosen et al, 1978, Fay, 1988) was 37.9 dB SPL, which is 17.6 dB less sensitive than the
human at the same frequency and is consistent with the shorter cochlea of guinea pigs. In the
absence of data to the contrary, it is therefore reasonable to assume that if low frequency
responses are present in the guinea pig at a specific level, then they will be present in the
human at a similar or lower stimulus level.

ii) Cochlear microphonic measurements

Cochlear microphonics (CM) to low frequency tones originate primarily from the OHC
(Dallos et al., 1972; Dallos and Cheatham, 1976). The sensitivity of CM as frequency is
varied is typically shown by CM isopotential contours, made by tracking a specified CM
amplitude as frequency is varied. Figure 4B shows low frequency CM sensitivity with two
different criteria (Dallos 1973: 3 uV; Salt at al, 2009: 500 uV). The decrease in CM
sensitivity as frequency is lowered notably follows a far lower slope than that of human
hearing over the comparable frequency range, In the data from Salt et al., (2009), the
stimulus level differences between 5 Hz and 500 Hz average only 34 dB (5.2 dB/octave),
compared to the 105 dB difference (15.8 dB/octave) for human hearing over the same range.
Although these are suprathreshold, extracellular responses, based on an arbitrary amplitude
criterion, these findings are consistent with the OHC having a lower rate of cutoff with
frequency than the IHC, and therefore responding to lower level stimuli at very low
frequencies.

The measured change in CM sensitivity with frequency may include other components, such
as a contribution from transducer adaptation at the level of the OHC stereocilia (Kros,
1996). Kennedy et al. (2003) have suggested that adaptation of the mechanoelectrical
transducer channels is common to all hair cells and contributes to driving active motion of
the hair cell bundle. Based on their measurements in cells isolated from the apical turns of
neonatal rats, they estimated that adaptation caused high-pass filtering with a low frequency
cutoff frequency of 2/3 of the best frequency for the cochlear location. This type of
adaptation, however, does not appear to provide additional attenuation at very low
frequencies, as inferred from CM sensitivity curves measured down to 5 Hz. On the
contrary, the CM sensitivity curve appears to flatten below 10 Hz, a phenomenon which is
currently under investigation in our laboratory.

Figure 4C shows the influence of plugging the helicotrema with gel on CM sensitivity with
frequency, recorded from the basal turn of a guinea pig with a 500 pV criterion (Salt et al.,
2009). These relative sensitivity changes, combined with a 90° phase shift in responses,
replicate those of Franke and Dancer (1982) and demonstrate the contribution to attenuation
provided by the helicotrema for frequencies below approximately 100 Hz. This contrasts
with a prior suggestion that the helicotrema of the guinea pig was less effective than that of
other species (Dallos, 1970). While the above CM measurements were made with the bulla
open, measurements made in both the bulla open/closed conditions with closed sound-field
stimulation suggest there is no pronounced frequency-dependence of the difference between
these conditions below 300 Hz although there may be a level difference of 5-15 dB (Dallos
1973, Wilson & Johnstone 1975).

iii) Low frequency biasing, operating point, and distortion generation

As a result of the saturating, nonlinear transducer characteristic of cochlear hair cells
(Russell and Sellick, 1983, Kros 1996), the fidelity of cochlear transduction depends highly
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on the so-called operating point of the cochlear transducer, which can be derived by
Boltzmann analysis of the CM waveform (Patuzzi and Moleirinho 1998; Patuzzi and
O’Beirne 1999). The operating point can be regarded as the resting position of the organ of
Corti or its position during zero crossings of an applied stimulus (which may not be
identical, as stimulation can itself influence operating point). Small displacements of
operating point have a dramatic influence on even-order distortions generated by the cochlea
(2f, fo—f1) while having little influence on odd-order distortions (3f, 2f;—f,) until
displacements are large (Frank and Kdssl 1996; Sirjani et al, 2004). Low frequency sounds
(so called bias tones) have been shown to modulate distortion generated by the ear by their
displacement of the operating point of the organ of Corti (Brown et al., 2009). In normal
guinea pigs, 4.8 Hz bias tones at levels of 85 dB SPL have been shown to modulate
measures of operating point derived from an analysis of CM waveforms (Brown et al, 2009;
Salt et al, 2009). This is a level that is substantially below the expected hearing threshold of
the guinea pig at 4.8 Hz. In animals where the helicotremea was occluded by injection of gel
into the perilymphatic space at the cochlear apex, even lower bias levels (down to 60 dB
SPL) modulate operating point measures (Salt et al., 2009). These findings are again
consistent with the OHC being the origin of the signals measured and the OHC being more
responsive to low frequency sounds than the IHC. A similar hypersensitivity to 4.8 Hz bias
tones was also found in animals with surgically-induced endolymphatic hydrops (Salt et al.,
2009). This was thought to be related to the occlusion of the helicotrema by the displaced
membranous structures bounding the hydropic endolymphatic space in the apical turn. In
some cases of severe hydrops, Reissner’s membrane was seen to herniate into ST. As
endolymphatic hydrops is present both in patients with Meniere’s disease and in a
significant number of asymptomatic patients (Merchant et al., 2005), the possibility exists
that some individuals may be more sensitive to infrasound due the presence of
endolymphatic hydrops.

In the human ear, most studies have focused on the 2f;—f, distortion product, as even-order
distortions are difficult to record in humans. The 2f;—f, component has been demonstrated
to be less sensitive to operating point change (Sirjani et al., 2004, Brown et al, 2009). Using
different criteria of bias-induced distortion modulation, the dependence on bias frequency
was systematically studied in humans for frequencies down to 25 Hz, 6 Hz and 15 Hz
respectively (Bian and Scherer, 2007, Hensel et al, 2007, Marquardt et al, 2007). In each of
these studies, the bias levels required were above those that are heard by humans, but in all
of them the change of sensitivity with frequency followed a substantially lower slope than
the hearing sensitivity change as shown in Figure 5. Again this may reflect the OHC origins
of acoustic emissions, possibly combined with the processes responsible for the flattening of
equal loudness contours for higher level stimuli, since the acoustic emissions methods are
using probe stimuli considerably above threshold. Although in some regions, slopes of 9-12
dB/octave were found, all showed slopes of 6 dB/octave around the 20 Hz region where
human hearing falls most steeply at 18 dB/octave. It should also be emphasized that each of
these studies selected a robust modulation criterion and was not specifically directed at
establishing a threshold for the modulation response at each frequency. Indeed, in the data of
Bian and Scherer (2007) (their Figure 3), significant modulation can be seen at levels down
to 80 dB SPL at some of the test frequencies. In one of the studies (Marquardt et al, 2007)
equivalent measurements were performed in guinea pigs. Although somewhat lower slopes
were observed in guinea pigs it is remarkable that stimulus levels required for modulation of
distortion were within 5-10 dB of each other for guinea pigs and humans across most of the
frequency range. In this case the guinea pig required lower levels than the human. Although
the threshold of sensitivity cannot be established from these studies, it is worth noting that
for distortion product measurements in the audible range, “thresholds” typically require
stimulus levels in the 35-45 dB SPL range (Lonsbury-Martin et al, 1990). In the Marquardt
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study, the bias tone level required at 500 Hz is over 60 dB above hearing threshold at that
frequency.

iv) Feedback mechanisms stabilizing operating point

The OHC not only transduce mechanical stimuli to electrical responses, but also respond
mechanically to electrical stimulation (reviewed by Dallos 2008) in a manner that provides
mechanical amplification. This “active tuning” primarily enhances responses to high
stimulus frequencies and is thought to provide little or no active gain with stimuli below
approximately 1 kHz (Sellick et al., 2006). For low frequency stimulation, however, basilar
membrane modulation by the low frequency tone does have a major influence on the
mechanics at the best frequency of high frequency tones i.e. on the active tuning process.
(Patuzzi et al., 1984). It has been suggested that slow mechanical movements of the OHC
may play a part in stabilizing the operating point of the transducer (LePage 1987; LePage
1989) so the OHC may participate in an active cancellation of low frequency sounds. In
models of the cochlear transducer, it was proposed that negative feedback occurred at low
frequencies (in which the OHC opposed movements of the basilar membrane), which
becomes a positive feedback at the best frequency for the region (Mountain et al., 1983).
Chan and Hudspeth (2005) have also suggested OHC motility may be exploited to maintain
the operating point of a fast amplifier in the hair cell bundle. However, this possibility has
recently been questioned (Dallos 2010) for a number of reasons, one of which is the somatic
motor protein, prestin, has an extremely fast response capability. So the interrelationships
between hair cell motility and transduction, and between OHC and IHC remain an intense
focus of current research. For low frequencies, it has been shown that an out-of phase
motion exists between the IHC reticular lamina and the overlying TM so that
electromechanical action of the OHC may stimulate the IHC directly, without involvement
of the basilar membrane (Nowotny and Gummer, 2006). The possible roles of the OHC and
efferent systems are made more complex by recent findings of reciprocal synapses between
OHC and their efferent terminals, seen as afferent and efferent synapses on the same fiber
(Thiers et al. 2008). One explanation for this system is that the synapses may locally
(without involvement of the central nervous system) coordinate the responses of the OHC
population so that optimum operating point is maintained for high frequency transduction.
There is some evidence for active regulation of operating point based on the biasing of
acoustic emission amplitudes by low frequency tones in which a “hysteresis” was observed
(Bian et al, 2004). The hysteresis was thought to result from active motor elements, either in
the stereocilia or the lateral wall of the OHC, shifting the transducer function in the direction
of the bias. A similar hysteresis was also reported by Lukashkin and Russell (2005) who
proposed that a feedback loop was present during the bias that keeps the operating point at
its most sensitive region, shifting it in opposite directions during compression and
rarefaction phase of the bias tone thereby partially counteracting its effects.

If there are systems in the cochlea to control operating point as an integral component of the
amplification process, they would undoubtedly be stimulated in the presence of external
infrasound.

v) Vestibular function

The otolith organs, comprising of the saccule and utricle, respond to linear accelerations of
the head (Uzun-Coruhlu et al, 2007) and the semi-circular canals respond to angular
acceleration. These receptors contribute to the maintenance of balance and equilibrium. In
contrast to the hair cells of the cochlea the hair cells of the vestibular organs are tuned to
very low frequencies, typically below 30 Hz (Grossman et al, 1988). Frequency tuning in
vestibular hair cells results from the electrochemical properties of the cell membranes
(Manley, 2000; Art and Fettiplace, 1987) and may also involve active mechanical
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amplification of their stereociliary input (Hudspeth, 2008; Rabbit et al., 2010). Although
vestibular hair cells are maximally sensitive to low frequencies, they typically do not
respond to airborne infrasound. Rather, they normally respond to mechanical inputs
resulting from head movements and positional changes with their output controlling muscle
reflexes to maintain posture and eye position. At the level of the hair cell stereocilia,
although vibrations originating from head movements and low frequency sound would be
indistinguishable, the difference in sensitivity lies in the coupling between the source
stimulus and the hair cell bundle. Head movements are efficiently coupled to the hair cell
bundle, while acoustic stimuli are inefficiently coupled due middle ear characteristics and
the limited pressure gradients induced within the structure with sound stimuli (Sohmer
2006). In a similar manner to cochlear hair cells, which respond passively (i..e. without
active amplification) to stimuli outside their best frequency range, vestibular hair cells
respond passively to stimuli outside their best frequency range. The otolith organs have been
shown to respond to higher, acoustic frequencies delivered in the form of airborne sounds or
vibration. This has been demonstrated in afferent nerve fiber recordings from vestibular
nerves (Young et al., 1977; McCue and Guinan, 1994; Curthoys et al., 2006) and has
recently gained popularity as a clinical test of otolith function in the form of vestibular-
evoked myogenic potential (VEMP) testing (Todd et al, 2003; Zhou and Cox, 2004;
Curthoys, 2010). These responses arise because higher frequency stimuli are more
effectively coupled to the otolithic hair cells. But as sound or vibration frequency is reduced,
its ability to stimulate the vestibular organs diminishes (Murofushi et al., 1999; Hullar et al.,
2005; Todd et al, 2008). So for very low frequencies, even though the hair cell sensitivity is
increasing as active tuning is invoked, mechanical input is being attenuated. While there
have been many studies of vestibular responses to physiologic stimuli (i.e. head
accelerations, rotations, etc) comprising of infrasonic frequency components, we are
unaware of any studies that have directly investigated vestibular responses to airborne
infrasound of similar frequency composition. As people do not become unsteady and the
visual field does not blur when exposed to high level infrasound, it can be concluded that
sensitivity is extremely low.

In some pathologic conditions, coupling of external infrasound may be greater. It is known
that “third window” defects, such as superior canal dehiscence increase the sensitivity of
labyrinthine receptors to sounds (Wit et al, 1985; Watson et al., 2000; Carey et al., 2004),
and are exhibited as the Tullio phenomenon (see earlier section). To our knowledge, the
sensitivity of such patients to controlled levels of infrasound has never been evaluated. In
this respect, it needs to be considered that vestibular responses to stimulation could occur at
levels below those that are perceptible to the patient. (Todd et al., 2008).

vi) Inner ear fluids changes

Some aspects of cochlear fluids homeostasis have been shown to be sensitive to low
frequency pressure fluctuations in the ear. The endolymphatic sinus is a small structure
between the saccule and the endolymphatic duct which has been implicated as playing a
pivotal role in endolymph volume regulation (Salt 2005). The sinus has been shown to act as
a valve, limiting the volume of endolymph driven into the endolymphatic sac by pressure
differences across the endolymphatic duct (Salt and Rask-Andersen, 2004). The entrance of
saccular endolymph into the endolymphatic sac can be detected either by measuring the K*
concentration in the sac (as saccular endolymph has substantially higher K* concentration)
or by measuring hydrostatic pressure. The application of a sustained pressure to the
vestibule did not cause K* elevation or pressure increase in the sac, confirming that under
this condition, flow was prevented by the membrane of the sinus acting as a valve. In
contrast, the application of 5 cycles at 0.3 Hz to the external ear canal, caused a K* increase
in the sac, confirming that oscillation of pressure applied to the sinus allowed pulses of
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endolymph to be driven from the sinus into the endolymphatic sac. The pressure changes
driving these pulses was large, comparable to those produced by contractions of the tensor
tympani muscle, as occurs during swallowing. Tensor tympani contractions produce
displacements of the stapes towards the vestibule for a duration of approximately 0.5 s (~ 2
Hz), which induce large EP changes and longitudinal movements of endolymph within the
cochlea (Salt and DeMott, 1999). The lowest sound level that drives endolymph movements
is currently unknown.

A therapeutic device (the Meniett: www.meniett.com; Odkvist et al, 2000) that delivers
infrasound to the inner ear is widely used to treat Meniere’s disease in humans (a disease
characterized by endolymphatic hydrops). The infrasonic stimulus (6 Hz or 9 Hz) is
delivered by the device in conjunction with sustained positive pressure in the external canal.
An important aspect of this therapy, however, is that a tympanostomy tube is placed in the
tympanic membrane before the device is used. The tympanostomy tube provides an open
perforation of the tympanic membrane which shunts pressure across the structure, so that
ossicular movements (and cochlear stimulation) are minimized, and the pressures are
applied directly to the round window membrane. Nevertheless, the therapeutic value of this
device is based on infrasound stimulation influencing endolymph volume regulation in the
ear.

As presented above, endolymphatic hydrops, by occluding the perilymph communication
pathway through the helicotrema, makes the ear more sensitive to infrasound (Salt et al,
2009). It has also been shown that non-damaging low frequency sounds in the acoustic range
may themselves cause a transient endolymphatic hydrops (Flock and Flock, 2000; Salt
2004). The mechanism underlying this volume change has not been established and it has
never been tested whether stimuli in the infrasound range cause endolymphatic hydrops.

Although infrasound at high levels apparently does not cause direct mechanical damage to
the ear (Westin 1975, Jauchem and Cook, 2007) in animal studies it has been found to
exacerbate functional and hair cell losses resulting from high level exposures of sounds in
the audible range (Harding et al., 2007). This was explained as possibly resulting from
increased mixture of endolymph and perilymph around noise induced lesion sites in the
presence of infrasound.

Wind turbine Noise

Demonstrating an accurate frequency spectrum of the sound generated by wind turbines
creates a number of technical problems. One major factor that makes understanding the
effects of wind turbine noise on the ear more difficult is the widespread use of A-weighting
to document sound levels. A-weighting shapes the measured spectrum according to the
sensitivity of human hearing, corresponding to the IHC responses. As we know the
sensitivity for many other elements of inner ear related to the OHC do not decline at the
steep slope seen for human hearing, then A-weighting considerably underestimates the
likely influence of wind turbine noise on the ear. In this respect, it is notable that in none of
the physiological studies in the extensive literature reporting cochlear function at low
frequencies were the sound stimuli A-weighted. This is because scientists in these fields
realize that shaping sound levels according to what the brain perceives is not relevant to
understanding peripheral processes in the ear. A-weighting is also performed for technical
reasons, because measuring unweighted spectra of wind turbine noise is technically
challenging and suitable instrumentation is not widely available. Most common approaches
to document noise levels (conventional sound level meters, video cameras, devices using
moving coil microphones, etc) are typically insensitive to the infrasound component. Using
appropriate instrumentation, Van den Berg (2006) showed that wind turbine noise was
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dominated by infrasound components, with energy increasing between 1000 Hz and 1 Hz
(the lowest frequency that was measured) at a rate of approximately 5.5 dB/octave, reaching
levels of approximately 90 dB SPL near 1 Hz. Sugimoto et al. (2008) reported a dominant
spectral peak at 2 Hz with levels monitored over time reaching up to 100 dB SPL. Jung and
Cheung (2008) reported a major peak near 1 Hz at a level of approximately 97 dB SPL. In
most studies of wind turbine noise, this high level, low frequency noise is dismissed on the
basis that the sound is not perceptible. This fails to take into account the fact that the OHC
are stimulated at levels that are not heard.

Conclusions

The fact that some inner ear components (such as the OHC) may respond to infrasound at
the frequencies and levels generated by wind turbines does not necessarily mean that they
will be perceived or disturb function in any way. On the contrary though, if infrasound is
affecting cells and structures at levels that cannot be heard this leads to the possibility that
wind turbine noise could be influencing function or causing unfamiliar sensations. Long
term stimulation of position-stabilizing or fluid homeostasis systems could result in changes
that disturb the individual in some way that remains to be established. We realize that some
individuals (such as fighter pilots) can be exposed to far higher levels of infrasound without
undue adverse effects. In this review, we have confined our discussion to the possible direct
influence of infrasound on the body mediated by receptors or homeostatic processes in the
inner ear. This does not exclude the possibility that other receptor systems, elsewhere in the
body could contribute to the symptoms of some individuals.

The main points of our analysis can be summarized as follows:

1. Hearing perception, mediated by the inner hair cells of the cochlea, is remarkably
insensitive to infrasound.

2. Other sensory cells or structures in the inner ear, such as the outer hair cells, are
more sensitive to infrasound than the inner hair cells and can be stimulated by low
frequency sounds at levels below those that are heard. The concept that an
infrasonic sound that cannot heard can have no influence on inner ear physiology is
incorrect.

3. Under some clinical conditions, such as Meniere’s disease, superior canal
dehiscence, or even asymptomatic cases of endolymphatic hydrops, individuals
may be hypersensitive to infrasound.

4. A-weighting wind turbine sounds underestimates the likely influence of the sound
on the ear. A greater effort should be made to document the infrasound component
of wind turbine sounds under different conditions.

5. Based on our understanding of how low frequency sound is processed in the ear,
and on reports indicating that wind turbine noise causes greater annoyance than
other sounds of similar level and affects the quality of life in sensitive individuals,
there is an urgent need for more research directly addressing the physiologic
consequences of long-term, low level infrasound exposures on humans.
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Figure 1.

Panels A-E Cross section through the human cochlea shown with progressively increasing
magnification. Panels B and C The fluid spaces containing perilymph have been colored
yellow and endolymph blue. Panel D The sensory structure of the cochlea, the organ of
Corti, is colored green. Panel F Schematic showing the anatomy of the main components of
the organ of Corti. Abbreviations are: SV: scala vestibuli; ST: scala tympani; ELS:
endolymphatic space; OC: organ of Corti; BM: basilar membrane; TeM: tectorial
membrane; IHC: inner hair cell; OHC: outer hair cell; ANF: afferent nerve fiber. Original
histological images courtesy of Saumil Merchant, MD, Otopathology Laboratory,
Massachusetts Eye and Ear Infirmary and Harvard Medical School, Boston.
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Figure 2.

Schematic representation of the uncoiled inner ear for four different mechanical conditions
with low frequency stimulation. Red arrows indicate applied pressure and blue arrows
indicate loss to compliant structures. A: indicates a hypothetical condition where the fluid
space is rigidly bounded with no “windows” providing compliance. Sound pressure applied
by the stapes causes uniform pressures (indicated by color shading) throughout the fluid
space, so pressure difference across the basilar membrane and therefore stimulation is
minimal. B: The normal situation with compliances provided by the round window and
cochlear aqueduct at the base of scala tympani. Pressure differentials cause movement of
fluid towards the compliant regions, a including a pressure differential across the basilar
membrane causing stimulation. C: Situation where low frequency enters scala tympani
through the cochlear aqueduct. The main compliant structure is located nearby so pressure
gradients across the basilar membrane are small, limiting the amount of stimulation.
Infrasound entering through the cochlear aqueduct (such as from respiration and body
movements) therefore does not provide the same degree of stimulation as that entering via
the stapes. D: Situation with compromised otic capsule, such as superior canal dehiscence.
As pressure gradients occur both along the cochlea and through the vestibule and semi-
circular canal, the sensory structures in the semi-circular canal will be stimulated.
Abbreviations: BM: basilar membrane; CA: cochlear aqueduct; CSF: cerebrospinal fluid;
ES: endolymphatic duct and sac; ME: middle ear; RW: round window; SCC: semi circular
canal; ST: scala tympani, SV: scala vestibuli, TM: tympanic membrane; V:vestibule. The
endolymphatic duct and sac is not an open pathway but is closed by the tissues of the sac, so
it is not considered a significant compliance.
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1000

Upper panel: Estimated properties of high pass filter functions associated with cochlear

signal process

ing (based on Cheatham and Dallos, 2001). The curves show the low

frequency attenuation provided by the middle ear (6 dB/octave below 1000 Hz), by the
helicotrema (6 dB/octave below 100 Hz) and by the fluid coupling of the inner hair cells
(IHC) resulting in the IHC dependence on stimulus velocity (6 dB/Octave below 470 Hz).

Lower panel:

Combination of the three processes above into threshold curves

demonstrating: input to the cochlea (dotted) as a result of middle ear attenuation; input to the
outer hair cells (OHC) as a result of additional filtering by the helicotrema; and input to the
IHC as a result of their velocity dependence. Shown for comparison is the sensitivity of
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human hearing in the audible range (1S0226:2003) and the sensitivity of humans to

infrasounds (Mgller and Pederson, 2004). The summed filter functions account for the steep
(18 dB/octave) decrease in sensitivity below 100 Hz.
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Hearing sensitivity of the guinea pig
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Figure 4.

Upper panel: Similar filter functions as Fig 3, with parameters appropriate for the guinea
pig, and compared with measures of guinea pig hearing. At 125 Hz the guinea pig is
approximately 18 dB less sensitive than the human (shown dotted for comparison). Middle
panel: Cochlear microphonic isopotential contours in the guinea pig show no steep cutoff
below 100 Hz, consistent with input to the OHC being maintained at lower levels than the
IHC for low frequencies. Lower panel: Influence of helicotrema occlusion in the guinea
pig, produced by injecting 2 pL of hyaluronate gel into the cochlear apex, on the CM
isopotential function. Also shown for comparison is the estimated input sensitivity for the
OHC with the attenuation by the helicotrema excluded. CM sensitivity curves both have
lower slopes than their predicted functions, but the change caused by helicotrema occlusion
is comparable.
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Bias induced distortion modulation in humans

160
= = OHC input
= |HC input
140 - Human hearing

—@— Bian, Scherer, 2007

—~ 120 - —— Hensel, et al, 2007

a1 —A— Marquardt, et al, 2007

/2]

o 100 -

e

T>> 80 -

2

T 60 -

=

[}

» 40 -

20 -
0 I 1 1
1 10 100 1000
Frequency (Hz)
Figure 5.

Frequency dependence of low frequency bias induced modulation of the 2f;—f5 distortion
product measured in the external ear canal of humans in three studies, compared with
estimated input functions and human hearing sensitivity. Below 100 Hz the sensitivity to
bias falls off at a much lower slope than human hearing, consistent with the response
originating from OHC with a lower cutoff slope.
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