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from the Editor |  Ar thur  N.  Popper

I am honored to have been 
selected as the new editor 
of Acoustics Today. This is a 
daunting responsibility since 
Dick Stern founded and de-
veloped a truly fine magazine. 
And so “filling his shoes” is 
not an easy task, nor is it one 
that I take lightly. Indeed, I 

see my role as taking a magazine that we are all very proud 
of and making it even better, and perhaps moving it in a few 
new directions that will increase its value to ASA and the 
broader acoustics community.  

I want to make it clear, though, that while I have a number 
of ideas for the future of the Acoustics Today “enterprise,” I 
am firm in my conviction that the heart of what we do is the 
print magazine sent to all ASA members. It is my belief that 
even in these days when most of what we read is on a screen, 
there is a significant value to have something one can carry 
around, read on a plane or subway, and browse cover-to-cover.  
And for some of us, there still is nothing like print for reading 
and learning!

I want to take this column to share with you some of my 
thinking about where I would like us to take Acoustics Today.  
At the same time, I am also very much open to other ideas 
and suggestions, and I want to encourage ASA members who 
have thoughts about my plans, or about Acoustics Today, to 
drop me a note (apopper@umd.edu) and share your thinking.  

My primary goal for Acoustics Today is to ensure that it has 
a broad set of articles that are of wide interest to all ASA 
members, and that these articles are all understandable, and 
readable, by every member of the ASA, whatever their spe-
cialization may be. Thus, I want to ensure, especially starting 
in future issues, that every article is not only understood and 
appreciated by members from the same specific discipline as 
the authors, but also that the articles will be read and under-
stood by members from all of the numerous disciplines within 
ASA.  I do appreciate that writing articles for a more general 
acoustics audience is a greater challenge than writing for one’s 
peers, but the feedback I have already gotten from prospective 
authors and other ASA members is that moving in this more 
“general” direction is highly desirable and appreciated.

Over time, I also want to ensure that each year we publish 
articles from the broadest possible range of disciplines within 
ASA.  I realize this won’t always be feasible, and it may be 
impossible for my first few issues since I am still early learning 
the job and working to get articles, but I see this as a long-
term goal.  That said, as we say in other places in this issue we 
are looking for interesting articles and I encourage potential 
authors to drop me a note to discuss ideas.  

We are also, even with this issue of Acoustics Today, making 
a few interesting changes. First, we are instituting a “Letters 
to the Editor” department. This will be an opportunity for 
members to (in up to 150 words) comment on past articles, 
raise issues of interest to our community, and share observa-
tions.  We will review all letters (send them to me please, in 
Word format) and retain the right to select which we use. But, 
assuming we don’t get inundated by letters, we will certainly 
try and use as many letters as we can within our space con-
straints.

Another development is to initiate book reviews.  In the past, 
Acoustics Today has had book announcements. While these 
have been useful, their presence depended on the authors 

mailto:apopper@umd.edu
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sending material to Dick, and so not every new book was 
included.  Our new policy is to have actual reviews, and we 
have invited the JASA book review editor, Philip Marston, to 
also be the Acoustics Today book review editor. In fact, we have 
decided to generally have the same book reviews in both ven-
ues.  The rationale here is that with JASA being on line, many 
readers never really see book reviews. By including reviews 
in Acoustics Today we very much expand the opportunity for 
ASA members to see reviews and learn about new books, and 
for ASA reviewers to get a wider audience.

I anticipate other changes in the magazine in the future, and 
am open to new ideas, but let me assure you again that I only 
intend to build on the excellent magazine that is Dick Stern’s 
legacy, and make it even better.

Allow me to share a few other ideas that we are working on 
for the Acoustics Today “enterprise.”  Most importantly, we are 
already working on developing AcousticsToday.org, a new 
web site that will contain, ultimately in searchable form, all 
current and past articles from the print magazine. Thanks to 
the very effective leadership of ASA Editor-in-Chief Allan 
Pierce, all Acoustics Today articles starting with the very first 
issue are now open access. This is a really important change 
since it means that articles can be read by ASA members and 
non-members alike – and our goal is to make the articles from 
Acoustics Today accessible to, and used by, courses, regulators, 
and anyone else who has an interest in acoustics. This means 
that Acoustics Today has the potential to be a real leader in 
acoustics and help ASA increase its value to the community 
well beyond our membership. A related goal is to have Acous-
ticsToday.org the center for that information.  Please watch 
this space for an announcement of our web site – we hope to 
have it up no later than May 1.

I will only briefly mention two other initiatives that we will 
be working on over the next months. One is to initiate what 
we are calling “Acoustics Today Interns.” These interns will be 
ASA graduate students and postdocs selected to work for the 
magazine for perhaps a year (with an expected work load of 
no more than a few hours a week, so as not to detract from 
their education) to do specific tasks that will enhance Acoustics 
Today. This would provide young acousticians with an oppor-
tunity to learn about journals and publishing and contribute 
skills that we would not otherwise have. Interns might be 
involved in getting Acoustics Today (and perhaps ASA) more 
involved with social media, helping develop AcousticsToday.
org, and perhaps working with news and other sections of the 
magazine. More details about Acoustics Today interns and 
how to apply to be part of the first intern group can be found 
under Announcements in this issue.

The other project is to develop a reader survey to find out how 
the magazine is used by members, their views on content, 
and perhaps solicit articles. This will help us learn how the 
magazine can best serve ASA members and our community, 
and we would hope that once this is launched you will fill out 
the survey.

In summary, my approach to Acoustics Today is to make it an 
even more valuable part of our community. I intend to work 
with the Acoustics Today Advisory Committee to develop 
ideas, but I also look forward to hearing from readers about 
their thoughts about the magazine.  

Finally, I want to thank Allan Pierce for his exceptional job as 
acting editor for Acoustics Today and for being an invaluable 
and willing mentor as I learn my new job. And, for any ASA 
member who wants to find out a bit about me, please don’t 
hesitate to check my website at www.popperlab.umd.edu.  

Arthur Popper

http://www.popperlab.umd.edu
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Letters to the Editor

Dear Editor, 

Paul Schomer’s comments (Schomer 2013) on my paper (Leventhall 
2013a) contain errors, whilst employing two typical methods of 
false criticism: 
1.  Create flawed opinions, which were not in the original, and cen-

sure these whilst side-stepping the main issue (Straw Man).  
2. Undermine credibility by frequent use of “assertion.”
Some of the Straw Man examples are:
  “ Professor Leventhall goes on to assert with absolute certainty that 

no problems are generated by low frequency sound whatsoever.”
  “ The assertion that every single person world-wide is being affected 

only by non-acoustic factors is totally unfounded.”
  “ He categorically rules out research in the infrasonic region; that 

research is unacceptable to him.”

These, and other statements, are not in my paper and are not my 
opinion, but are Paul’s creation. Toward the end of his comments, 
Paul goes off topic, referring to unrelated matters, such as his dis-
pute with Duke Energy.

One of Paul’s errors concerns the round window as a shunt which 
was taken into account in deducing that the levels in the vestibule 
from heartbeat and breathing are considerably greater than levels 
from wind turbine noise at similar frequencies. 

Geoff Leventhall      
geoff@activenoise.co.uk

Leventhall, G (2013a) “Concerns about infrasound from wind turbines.” 
Acoustics Today 9(3): 30-38

Leventhall, G (2013b) “Infrasound and the ear.” 
Proc 5th International Meeting on Wind Turbine Noise, Denver, Colorado August 
2013

Schomer, P (2013)  “Comments on recently published article “Concerns about 

infrasound from wind turbines”.” Acoustics Today 9(4): 7-9. 

Persons wishing to submit “Letters to the Editor” are wel-
come to do so.  Letters can be on any topic related to acous-
tics, and may be comments on material in recent issues.  
Letters will be published on a space-available basis. Submitters 
should feel free to express their opinions, but are expected 
to follow the normal rules of polite writing.  Letters should 
be free of commercialization.  Submission implies giving the 
Editor and the Publications Office Staff the authority to make 
minor editing changes to improve the quality of writing and 
clarity.  Inclusion of any letter is at the discretion of the edi-
tor. Letters should be no more than 150 words (no figures or 
mathematical equations) and may include up to two citations 
in the form of footnotes (citations are not included in the 
word count). Citations should include full title, all authors, 
and source.  

- 
Want to Contribute to 

Acoustics Today?

To suggest ideas for articles
or inquire about authoring one, 

contact Arthur Popper at:
apopper@umd.edu

mailto:geoff@activenoise.co.uk
mailto:apopper@umd.edu
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Introduction 
Recent articles in Acoustics Today have reviewed a number of difficult issues concern-
ing wind turbine noise and how it can affect people living nearby (Leventhall 2013, 
Schomer 2013; Timmerman 2013). Here we present potential mechanisms by which 
effects could occur.

The essence of the current debate is that on one hand you have the well-funded wind 
industry 1. advocating that infrasound be ignored because the measured levels are 
below the threshold of human hearing, allowing noise levels to be adequately docu-
mented through A-weighted sound measurements, 2. dismissing the possibility that 
any variants of wind turbine syndrome exist (Pierpont 2009) even when physicians 
(e.g., Steven D. Rauch, M.D. at Harvard Medical School) cannot otherwise explain 
some patients’ symptoms, and, 3. arguing that it is unnecessary to separate wind tur-
bines and homes based on prevailing sound levels. 

On the other hand you have many people who claim to be so distressed by the effects 
of wind-turbine noise that they cannot tolerate living in their homes. Some move 
away, either at financial loss or bought-out by the turbine operators. Others live with 
the discomfort, often requiring medical therapies to deal with their symptoms. Some, 
even members of the same family, may be unaffected. Below is a description of the 
disturbance experienced by a woman in Europe we received a few weeks ago as part of 
an unsolicited e-mail.

“From the moment that the turbines began working I experienced vertigo-like symp-
toms on an ongoing basis. In many respects, what I am experiencing now is actually 
worse than the ‘dizziness’ I have previously experienced, as the associated nausea is 
much more intense. For me the pulsating, humming, noise that the turbines emit is the 
predominant sound that I hear and that really seems to affect me.

While the Chief Scientist [the person who came to take sound measurements in her 
house] undertaking the measurement informed me that he was aware of the low 
frequency hum the turbines produced (he lives close to a wind farm himself and had 
recorded the humming noise levels indoors in his own home) he advised that I could 
tune this noise out and that any adverse symptoms I was experiencing were simply 
psychosomatic.”

Alec N. Salt and 
Jeffery T. Lichtenhan

Department of Otolaryngology
Washington University 

School of Medicine
St. Louis, MO 63110

 

   

How Does 
Wind Turbine Noise 
Affect People?
The many ways by which unheard infrasound and low-frequency sound from 
wind turbines could distress people living nearby are described.
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We asked how she felt when she was away from the wind 
turbines, to which she replied: 

“I did manage to take a vacation towards the end of August 
and for the two weeks we were away I was perfectly fine.”

The goal of our work in this field is to understand whether 
the physiology of the ear can, or cannot, explain the symp-
toms people attribute to wind turbine noise. As it is generally 
the case when debate influences a specific industry’s financial 
interests and legal well-being, the scientific objectivity of 
those associated with the industry can be questioned. Liabil-
ity, damage claims, and large amounts of money can hang in 
the balance of results from empirical studies. Whether it is 
a chemical industry blamed for contaminating groundwater 
with cancer-causing dioxin, the tobacco industry accused of 
contributing to lung cancer, or athletes of the National Foot-
ball League (NFL) putatively being susceptible to brain dam-
age, it can be extremely difficult to establish the truth when 
some have an agenda to protect the status quo. It is only when 
sufficient scientific evidence is compiled by those not working 
for the industry that the issue is considered seriously.

Origins of Our Involvement 
in Infrasound from Wind Turbines 
What is the evidence leading us to conclude that unheard 
infrasounds are part of the wind turbine problem, and how 
did we become involved in this debate? We are small group 
of basic and applied scientists, which means that our work 
addresses fundamental questions on how the ear works in 
normal and diseased states. While developing paradigms 
for our studies, we had been using a classic technique called 
“low-frequency biasing” – measurement of auditory responses 
to a test sound within the range of audibility, while simulta-
neously presenting a low-frequency tone (e.g., 4.8 to 50 Hz) 
to displace the sensory organ of the inner ear. Some auditory 
responses saturate when displaced by the bias tone, which can 
be used to establish whether the sensory organ is vibrating 
symmetrically or whether a fluid disturbance has displaced 
it to one side. A condition called “endolymphatic hydrops,” 

which is found in humans with Ménière’s disease, can displace 
the sensory organ as the space containing the fluid called 
endolymph swells. In our animal experiments we initially 
used 20 to 50 Hz bias tones, but for many reasons, and in 
large part based on a study in which we found that the ear 
responded down to 1 Hz (Salt and DeMott, 1999), we started 
using the lowest frequency our hardware could generate, 4.8 
Hz, a frequency considered to be infrasound. Over the course 
of hundreds of experiments, we have found numerous biasing 
effects with 4.8 Hz tones at levels of 80 to 90 dB SPL (i.e., 
-13 to -3 dBA). We also found that the ear became about 
20 dB more sensitive to infrasonic bias tones when the fluid 
spaces in the cochlear apex were partially occluded, as occurs 
with endolymphatic hydrops.

In late 2009, the first author received a report of a woman 
with Ménière’s disease whose symptoms – primarily dizziness 
and nausea – were severely exacerbated when she was in the 
vicinity of wind turbines. From our animal data, we knew 
this woman was likely hypersensitive to very low-frequency 
sounds. Our subsequent review of the literature on wind-tur-
bine noise revealed two aspects that were absolutely astound-
ing:

1. Almost all measurements of wind turbine noise are A-
weighted, making the unjustified assumption that hearing 
is the only way by which infrasound generates physiologic 
effects. The few studies that reported un-weighted measure-
ments of wind-turbine noise, or recalculated spectra by re-
moving the A-weighting from published A-weighted spectra, 
clearly demonstrated increasing energy towards low frequen-
cies with highest energy levels in the infrasound region. We 
were surprised that objective full-frequency measurements 
showed that wind turbines generate infrasound at levels 
capable of stimulating the ear in various ways. Under such 
circumstances, A-weighting measurements of turbine noise 
would be highly misleading.

“ Almost all measurements of wind        
turbine noise are A-weighted, making 
the unjustified assumption that hearing 
is the only way by which infrasound    
generates physiologic effects.”



22  |  Acoustics Today  |  Winter 2014

2. Literature and websites from the wind industry often 
contained strong statements that wind turbine infrasound was 
of no significance. This view was largely based on publications 
by Leventhall (2006; 2007). Wind turbine noise was de-
scribed as comparable to rustling leaves, flowing streams, air-
conditioned offices or refrigerators heard from the next room. 
If wind turbine noise really was comparable to such sources 
then complaints would not be expected. But the turbines 
sounds are only comparable to these sources if the ultra-low 
frequencies emitted by the turbines are ignored through A-
weighting. Stations that monitor infrasound or low frequency 
seismic (vibrational) noise for other purposes (for the detec-
tion of explosions, meteors, volcanic activity, atmospheric 
activity, etc.) are well-aware that low frequency sounds ema-
nating from distant wind farms, or coupling to the ground 
as vibrations, can influence their measurements. The UK, 
Ministry of Defense has opposed wind turbines cited within 
50 km of the Eskdalemuir Seismic Array. We have seen no 
reports of the Ministry opposing the presence of refrigerators 
in the region, suggesting they appreciate that sounds emitted 
from wind turbines and refrigerators are quite different. It was 
thus quite astounding to see the vast majority of wind tur-
bine noise measurements excluding the low frequency noise 
content. Given the knowledge that the ear responds to low 
frequency sounds and infrasound, we knew that comparisons 
with benign sources were invalid and the logic to A-weight 
sound measurements was deeply flawed scientifically. 

The Ear’s Response to Infrasound
Experimental measurements show robust electrical responses 
from the cochlea in response to infrasound (Salt and DeMott, 
1999; Salt and Lichtenhan 2013). This finding was initially 
difficult to reconcile with measures showing that hearing 
was notably insensitive to such sounds but the explanation 
became clear from now-classic physiological studies of the ear 
showing that the two types of sensory cell in the cochlea had 
very different mechanical properties (Cheatham and Dallos 
2001). 

The auditory portion of the inner ear, the cochlea, has two 
types of sensory cell. The inner hair cells (IHC; shown green 
in Figure 1) are innervated by type I afferent nerve fibers that 
mediate hearing. The stereocilia (sensory hairs) of the IHCs 
are free-floating and do not contact the overlying gelatinous 
tectorial membrane (shown gray). They are mechanically dis-
placed by fluid movements in the space below the membrane. 
As their input is fluid-coupled to the vibrations of the sensory 
organ they exhibit “velocity sensitive” responses. As the veloc-
ity of motions decreases for lower-frequency sounds, their 
fluid-coupled input renders the IHC insensitive to very low-
frequency sounds. The other type of sensory cell, the outer 
hair cells (OHC; shown red in Figure 1) are innervated by 
type II afferent nerve fibers that are not as well understood as 
type I fibers and probably do not mediate conscious hearing 
per se. In contrast to the IHC, the stereocilia of the OHCs 
are inserted into the tectorial membrane. This direct mechani-
cal coupling gives them “displacement sensitive” properties, 
meaning they respond well to low–frequency sounds and 
infrasound. The electrical responses of the ear we had been 
recording and studying originate from the sensitive OHCs. 
From this understanding we conclude that very low frequency 
sounds and infrasound, at levels well below those that are 
heard, readily stimulate the cochlea. Low frequency sounds 
and infrasound from wind turbines can therefore stimulate 
the ear at levels well below those that are heard. 

The million-dollar question is whether the effects of wind 
turbine infrasound stimulation stay confined to the ear and 
have no other influence on the person or animal. At present, 
the stance of wind industry and its acoustician advisors is that 
there are no consequences to long-term low-frequency and in-
frasonic stimulation. This is not based on studies showing that 
long-term stimulation to low-level infrasound has no influ-

Figure 1 : The sensory organ of the cochlea, showing inner and outer 
hair cell and neural anatomy. 
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ence on humans or animals. No such studies have ever been 
performed.  Their narrow perspective shows a remarkable lack 
of understanding of the sophistication of biological systems 
and is almost certainly incorrect. As we consider below, there 
are many physiologic mechanisms by which long-term infra-
sound stimulation of the cochlea could have effects. 

One important aspect of wind turbine noise that is relevant to 
its physiological consequences is that the duration of exposure 
can be extremely long, 24 hours a day and lasting for days or 
longer, depending on prevailing wind conditions. This is con-
siderably different from most industrial noise where 8 hour 
exposures are typically considered, interspersed by prolonged 
periods of quiet (i.e., quiet for 16 hours per day plus all 
weekends). There are numerous studies of exposures to higher 
level infrasound for periods of a few hours, but to date there 
have been no systematic studies of exposure to infrasound 
for a prolonged period. The degree of low-frequency cochlear 
stimulation generated by wind turbine noise is remarkably 
difficult to assess, due to the almost exclusive reporting of 
A-weighted sound level measurements. It certainly cannot be 
assumed that cochlear stimulation is negligible because A-
weighted level measurements are low. For example, with 5 Hz 
stimulation cochlear responses are generated at -30 dBA and 
stimulation is sufficient to cause responses to saturate (indi-
cating the transducer is being driven to its limit) at approxi-
mately 20 dBA (Salt and Lichtenhan, 2012; Salt et al., 2013). 
We have also shown that 125 Hz low-pass filtered noise at just 
45 dBA produces larger responses than wide band noise with 
the same low-frequency content presented at 90 dBA (Salt 
and Lichtenhan 2012). We conclude that low frequency re-
gions of the ear will be moderately to strongly stimulated for 
prolonged periods by wind turbine noise. There are a number 
of plausible mechanisms by which the stimulation could have 
effects: 

1.  Amplitude Modulation: Low-Frequency Biasing of 
Audible Sounds 

Modulation of the biological mechano-electric transducer 
of the inner ear by infrasound is completely different from 
the amplitude modulation of audible sounds that can be 
measured with a sound level meter near wind turbines under 
some conditions. This can be demonstrated in low-frequency 
biasing paradigms in which a low-frequency tone and higher-
frequency audible tone are presented simultaneously to a 
subject.  

OHCs respond to both low- and high-frequency components 
and modulate the high-frequency components by either 
saturation of the mechano-electric transducer or by cyclically 
changing the mechanical amplification of high frequencies. 
IHCs, being insensitive to the low-frequency tone, see a 
high pass-filtered representation of the OHC response – an 
amplitude modulated version of the audible probe tone, as 
shown in Figure 2. As hearing is mediated through the IHCs 
that receive approximately 90-95% of afferent innervation 
of the auditory nerve, the subject hears the higher-frequency 
probe tone varying in amplitude, or loudness. A similar bias-
ing influence on cochlear responses evoked by low-level tone 
pips was explained by the low-frequency bias tone changing 
OHC-based cochlear amplifier gain (Lichtenhan 2012). This 
same study also showed that the low frequency, apical regions 
of the ear were most sensitive to low-frequency biasing. Stud-
ies like this raise the possibility that the amplitude modula-
tion of sounds, which people living near wind turbines report 

Figure 2 : Demonstration of biologically-generated amplitude 
modulation to a non-modulated stimulus consisting of an audible 
tone at 500 Hz tone summed with an infrasonic tone at 4.8 Hz. The 
cochlear microphonic response, which is generated by the OHC, in-
cludes low and high frequency components. The IHC detect only the 
high frequency component, which is amplitude modulated at twice 
the infrasound frequency for the stimuli in this example.
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as being so highly annoying, may not be easily explained by 
measurements with an A-weighted sound level meter. Rather, 
the low-frequency and infrasound levels need to be considered 
as contributing to the perceived phenomenon. Subjectively, 
the perceived fluctuation from an amplitude modulated 
sound and from a low-frequency biased sound are identical 
even though their mechanisms of generation are completely 
different. For the subject, the summed effects of both types of 
amplitude modulation will contribute to their perception of 
modulation. Acousticians therefore need to be aware that the 
degree of modulation perceived by humans and animals living 
near wind turbines may exceed that detected by a sound level 
meter.

2.  Endolymphatic Hydrops Induced by                            
Low Frequency Tones

As mentioned above, endolymphatic hydrops is a swelling 
of the innermost, membrane bound fluid compartment of 
the inner ear. Low-frequency tones presented at moderate to 
moderately-intense levels for just 1.5 to 3 minutes can induce 
hydrops (Figure 3), tinnitus (ringing in the ears) and changes 
in auditory potentials and acoustic emissions that are physi-
ological hallmarks of endolymphatic hydrops (Salt, 2004, 
Drexl et al. 2013).

Unlike the hearing loss caused by loud sounds, the symptoms 
resulting from endolymphatic hydrops are not permanent and 
can disappear, or at least fluctuate, as the degree of hydrops 
changes. Return to quiet (as in Figure 3) or relocation away 
from the low-frequency noise environment allow the hydrops, 
and the symptoms of hydrops, to resolve. This which would 
be consistent with the woman’s description of her symptoms 
given earlier. As hydrops is a mechanical swelling of the 
membrane-bound endolymphatic space, it affects the most 
distensible regions first – known to be the cochlear apex and 
vestibular sacculus. Patients with saccular disturbances typi-
cally experience a sensation of subjective vertigo, which 
would be accompanied by unsteadiness and nausea. As we 
mentioned above, an ear that has developed endolymphatic 

hydrops becomes >20 dB more sensitive to infrasound be-
cause the helicotrema becomes partially obstructed (Salt et al. 
2009). The possibility of a positive feedback – low-frequency 
induced hydrops that causes the ear to be more sensitive to

low frequencies – has to be considered. To date, all studies 
of low-frequency tone-induced hydrops have used very short 
duration (1-2 min) exposures. In humans, this is partly due to 
ethical concerns about the potential long-term consequences 
of more prolonged exposures (Drexel et al., 2013). Endolym-
phatic hydrops induced by prolonged exposures to moderate 
levels of low-frequency sound therefore remains a real pos-
sibility.

3. Excitation of Outer Hair Cell Afferent Nerve Pathways 
Approximately 5-10% of the afferent nerve fibers (which 
send signals from the cochlea to the brain - the type II fibers 
mentioned above) synapse on OHCs. These fibers do not 
respond well to sounds in the normal acoustic range and they 
are not considered to be associated with conscious hearing. 
Excitation of the fibers may generate other percepts, such as 
feelings of aural fullness or tinnitus. Moreover, it appears that 
infrasound is the ideal stimulus to excite OHC afferent fibers 
given what has been learned about these neurons from in vitro 
recordings (Weisz et al, 2012; Lichtenhan and Salt, 2013). In 
vivo excitation of OHC afferents has yet to be attempted with 
infrasound, but comparable fibers in birds have been shown 
to be highly sensitive to infrasound (Schermuly and Klinke, 
1990). OHC afferents innervate cells of the cochlear nucleus 
that have a role in selective attention and alerting, which 
may explain the sleep disturbances that some people living 

Figure 3 :   Brief exposures to low-frequency tones cause endolym-
phatic hydrops in animals (Salt, 2004) and tinnitus and acoustic 
emission changes consistent with endolymphatic hydrops in humans 
(Drexel et al, 2013). The anatomic pictures at the right show the 
difference between the normal (upper) and hydropic (lower) cochleae 
The endolymphatic space (shown blue) is enlarged in the hydropic 
cochlea, generated surgically in this case.
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near wind turbines report (Nissenbaum et al. 2012). The 
likelihood that OHC afferents are involved in the effects of 
low-frequency noise is further supported by observations that 
type II innervation is greatest in the low-frequency cochlear 
regions that are excited most by infrasound (Liberman et al. 
1990, Salt et al. 2009).

4. Exacerbation of Noise Induced Hearing Loss
Some years ago we performed experiments to test a hypothesis 
that infrasound was protective against noise damage (Harding 
et al. 2007). We reasoned that low-frequency biasing would 
periodically close the mechano-electric transducer channels 
of the sensory organ (reducing electrical responses as shown 
in the biasing studies above), and consequently reduce the 
amount of time that hair cells were exposed to the damaging 
overstimulation associated with noise exposure. The experi-
mental study found that just the opposite was true. We found 
that simultaneous presentation of infrasound and loud noise 
actually exacerbated noise-induced lesions, as compared to 
when loud noise was presented without infrasound. Our 
interpretation was that low-frequency sound produced an 
intermixing of fluids (endolymph and perilymph) at the sites 
of hair cell loss resulting in lesions that were larger. A possibil-
ity to be considered is therefore that long-term exposure to 
infrasound from wind turbines could exacerbate presbycusis 
and noise-induced hearing loss. Because these forms of hear-
ing loss develop and progress slowly over decades, this could 
be a lurking consequence to human exposures to infrasound 
that will take years to become apparent.

5. Infrasound Stimulation of the Vestibular Sense Organs 
Recent exchanges in this journal between Drs. Leventhall 
and Schomer concerning the direct stimulation of vestibular 
receptors by sound at low and infrasonic frequencies deserve 
comment. Dr. Leventhall asserts that both Drs. Schomer and 
Pierpont are incorrect in suggesting that wind turbine infra-
sound could stimulate vestibular receptors, citing work by 
Todd in which the ear’s sensitivity was measured in response 
to mechanical low-frequency stimulation applied by bone 

conduction. Leventhall fails to make clear that there are no 
studies reporting either vestibular responses, or the absence 
of vestibular responses, to acoustically-delivered infrasound. 
This means that for all his strong assertions, Leventhall cannot 
refer to any study conclusively demonstrating that vestibular 
receptors of the ear do not respond to infrasound. Numerous 
studies have reported measurements of saccular and utricular 
responses to audible sound. Indeed, such measurements are 
the basis of clinical tests of saccular and utricular function 
through the VEMP (vestibular-evoked myogenic potentials). 
Some of these studies have shown that sensitivity to acoustic 
stimulation initially declines as frequency is lowered. On the 
other hand, in vitro experiments demonstrate that vestibular 
hair cells are maximally sensitive to infrasonic frequencies 
(~1 – 10 Hz). Thus, sensitivity to acoustic stimulation may 
increase as stimulus frequency is lowered into the infrasonic 
range. Direct in vivo vestibular excitation therefore remains a 
possibility until it has been shown that the saccule and other 
vestibular receptors specifically do not respond to this stimu-
lation. 

Low-frequency tone-induced endolymph hydrops, as dis-
cussed above, could increase the amount of saccular stimula-
tion by acoustic input. Hydrops causes the compliant saccular 
membrane to expand, in many cases to the point where it 
directly contacts the stapes footplate. This was the basis of 
the now superseded “tack” procedure for Ménière’s disease, in 
which a sharp prosthesis was implanted in the stapes footplate 
to perforate the enlarging saccule (Schuknecht et al., 1970). 
When the saccule is enlarged, vibrations will be applied to en-
dolymph, not perilymph, potentially making acoustic stimu-
lation of the receptor more effective. There may also be certain 
clinical groups whose vestibular systems are hypersensitive to 
very low-frequency sound and infrasound stimulation. For 
example, it is known that patients with superior canal dehis-
cence syndrome are made dizzy by acoustic stimulation. Sub-
clinical groups with mild or incomplete dehiscence could exist 
in which vestibular organs are more sensitive to low frequency 
sounds than the general population.

“  The million-dollar question is whether                
the effects of wind turbine infrasound              
stimulation stay confined to the 

   ear and have no other influence on the 
   person or animal.”
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6. Potential Protective Therapy Against Infrasound 
A commonly-used clinical treatment could potentially solve 
the problem of clinical sensitivity to infrasound. Tympanosto-
my tubes are small rubber “grommets” placed in a myringot-
omy (small incision) in the tympanic membrane (eardrum) to 
keep the perforation open. They are routinely used in children 
to treat middle ear disease and have been used successfully 
to treat cases of Ménière’s disease.  Placement of tympanos-
tomy tubes  is a straightforward office procedure. Although 
tympanostomy tubes have negligible influence on hearing in 
speech frequencies, they drastically attenuate sensitivity to 
low frequency sounds (Voss et al., 2001) by allowing pressure 
to equilibrate between the ear canal and the middle ear. The 
effective level of infrasound reaching the inner ear could be 
reduced by 40 dB or more by this treatment. Tympanostomy 
tubes are not permanent but typically extrude themselves after 
a period of months, or can be removed by the physician. No 
one has ever evaluated whether tympanostomy tubes alleviate 
the symptoms of those living near wind turbines. From the 
patient’s perspective, this may be preferable to moving out of 
their homes or using medical treatments for vertigo, nau-
sea, and/or sleep disturbance. The results of such treatment, 
whether positive, negative, would likely have considerable 
scientific influence on the wind turbine noise debate. 

Conclusions and Concerns
We have described multiple ways in which infrasound and 
low-frequency sounds could affect the ear and give rise to the 
symptoms that some people living near wind turbines report. 
If, in time, the symptoms of those living near the turbines 
are demonstrated to have a physiological basis, it will become 
apparent that the  years of assertions from the wind industry’s 
acousticians that “what you can’t hear can’t affect you” or that 
symptoms are psychosomatic or a nocebo effect was a great 
injustice. The current highly-polarized situation has arisen 

because our understanding of the consequences of long-term 
infrasound stimulation remains at a very primitive level. Based 
on well-established principles of the physiology of the ear and 
how it responds to very low-frequency sounds, there is ample 
justification to take this problem more seriously than it has 
been to date. There are many important scientific issues that 
can only be resolved through careful and objective research. 
Although infrasound generation in the laboratory is techni-
cally difficult, some research groups are already in the process 
of designing the required equipment to perform controlled 
experiments in humans.

One area of concern is the role that some acousticians and 
societies of acousticians have played. The primary role of 
acousticians should be to protect and serve society from nega-
tive influences of noise exposure. In the case of wind turbine 
noise, it appears that many have been failing in that role. For 
years, they have sheltered behind the mantra, now shown to 
be false, that has been presented repeatedly in many forms 
such as “What you can’t hear, can’t affect you.”; “If you cannot 
hear a sound you cannot perceive it in other ways and it does 
not affect you.”; “Infrasound from wind turbines is below the 
audible threshold and of no consequence.”; “Infrasound is 
negligible from this type of turbine.”; “I can state categorically 
that there is no significant infrasound from current designs of 
wind turbines.”  All of these statements assume that hearing, 
derived from low-frequency-insensitive IHC responses, is the 
only mechanism by which low frequency sound can affect the 
body. We know this assumption is false and blame its origin 
on a lack of detailed understanding of the physiology of the 
ear.

Another concern that must be dealt with is the develop-
ment of wind turbine noise measurements that have clinical 
relevance. The use of A-weighting must be reassessed as it is 
based on insensitive, IHC-mediated hearing and grossly mis-
represents inner ear stimulation generated by the noise. In the 
scientific domain, A-weighting sound measurements would be 

“ for years, they have sheltered behind the 
mantra, now shown to be false, that has been 
presented repeatedly in many forms such as 
‘What you can’t hear, can’t affect you.’ ” 
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unacceptable when many elements of the ear exhibit a higher 
sensitivity than hearing. The wind industry should be held to 
the same high standards. Full-spectrum monitoring, which 
has been adopted in some reports, is essential. 

In the coming years, as we experiment to better understand 
the effects of prolonged low-frequency sound on humans, it 
will be possible to reassess the roles played by acousticians 
and professional groups who partner with the wind industry. 
Given the present evidence, it seems risky at best to continue 
the current gamble that infrasound stimulation of the ear 
stays confined to the ear and has no other effects on the body. 
For this to be true, all the mechanisms we have outlined (low-
frequency-induced amplitude modulation, low frequency 
sound-induced endolymph volume changes, infrasound 
stimulation of type II afferent nerves, infrasound exacerbation 
of noise-induced damage and direct infrasound stimulation 
of vestibular organs) would have to be insignificant. We know 
this is highly unlikely and we anticipate novel findings in the 
coming years that will influence the debate.

From our perspective, based on our knowledge of the physiol-
ogy of the ear, we agree with the insight of Nancy Timmer-
man that the time has come to “acknowledge the problem and 
work to eliminate it”.

biosketches 

Alec N. Salt is Professor of Otolaryn-
gology at Washington University. He 
is a long-term member of the Acousti-
cal Society of America, the Associa-
tion for Research in Otolaryngology, 
and the American Otological Society. 
His research covers broad aspects of 
system-level cochlear physiology, with 
a major focus on the inner ear fluids, 

drug delivery to the inner ear, and low-frequency sound ef-
fects on the ear. 

Jeffery T. Lichtenhan is Assistant 
Professor of Otolaryngology at 
Washington University in St. Louis. 
He recently completed his postdoc-
toral fellowship in the Eaton-Peabody 
Laboratory of Auditory Physiology at 
Harvard Medical School. His research 
addresses questions on the mechanics 
of hearing to low-frequency acoustic 
sound, and the auditory efferent system. Ultimately, his work 
aims to improve the differential diagnostics of sensorineural 
hearing loss. 

Cheatham, M.A., Dallos, P. (2001). “Inner hair cell response 
patterns: implications for low-frequency hearing,” Journal of 
the Acoustical Society of America. 110, 2034-2044.

Drexl, M., Überfuhr, M., Weddell, T.D., Lukashkin, A.N., 
Wiegrebe, L., Krause, E., Gürkov, R. (2013). “Multiple 
Indices of the ‘Bounce’ Phenomenon Obtained from the 
Same Human Ears,” Journal of the Association for Research in 
Otolaryngology. (e-pub, before print copy) 10.1007/s10162-
013-0424-x

Harding, G.W., Bohne, B.A., Lee S.C., Salt A.N. (2007).  
“Effect of infrasound on cochlear damage from exposure to a 
4 kHz octave band of noise,” Hearing Research. 225:128-138.

Leventhall, G. (2006). “Infrasound From Wind Turbines – 
Fact, Fiction Or Deception,” Canadian Acoustics 34:29-36.

Leventhall, G. (2007). “What is infrasound?,” Progress in 
Biophysics and Molecular Biology 93: 130–137.

References



28  |  Acoustics Today  |  Winter 2014

Leventhall, G. (2013). “Concerns About Infrasound from 
Wind Turbines,”  Acoustics Today 9:3: 30-38.

Liberman, M.C., Dodds, L.W., Pierce, S. (1990). “Afferent 
and efferent innervation of the cat cochlea: quantitative analy-
sis with light and electron microscopy,” Journal of Compara-
tive Neurology  301:443-460.

Lichtenhan, J.T. (2012). “Effects of low-frequency biasing on 
otoacoustic and neural measures suggest that stimulus-fre-
quency otoacoustic emissions originate near the peak region 
of the traveling wave,” Journal of the Association for Research in 
Otolaryngology. 13:17-28.

Lichtenhan, J.T., Salt, A.N. (2013). “Amplitude modulation 
of audible sounds by non-audible sounds: Understanding the 
effects of wind turbine noise.” Proceedings of Meetings on 
Acoustics, Vol. 19: Journal of the Acoustical Society of America. 
133(5), 3419.

Nissenbaum M.A., Aramini J.J., Hanning C.D. (2012). 
Effects of industrial wind turbine noise on sleep and health. 
Noise Health. Sep-Oct;14(60):237-43.

Pierpont, N. (2009). “Wind Turbine Syndrome.” K-Selected 
Books.

Salt, A.N., DeMott, J.E. (1999). “Longitudinal endolymph 
movements and endocochlear potential changes induced by 
stimulation at infrasonic frequencies,” Journal of the Acoustical 
Society of America. 106, 847-856.

Salt, A.N. (2004). “Acute endolymphatic hydrops generated 
by exposure of the ear to nontraumatic low frequency tone,” 
Journal of the Association for Research in Otolaryngology. 5, 
203-214

Salt, A.N., Brown, D.J., Hartsock, J.J., Plontke, S.K. (2009). 
“Displacements of the organ of Corti by gel injections into 
the cochlear apex,” Hearing Research 250:63-75.

Salt, A.N., Lichtenhan, J.T. (2102). “Perception-based protec-
tion from low-frequency sounds may not be enough,” Pro-
ceedings of the InterNoise Symposium , New York.

Salt, A.N., Lichtenhan, J.T., Gill, R.M., Hartsock, J.J. 
(2013). “Large endolymphatic potentials from low-frequency 
and infrasonic tones in the guinea pig,” Journal of the Acousti-
cal Society of America  133 :1561-1571.

Schermuly, L, Klinke, R. (1990). “Origin of infrasound sensi-
tive neurones in the papilla basilaris of the pigeon: an HRP 
study,” Hearing Research 48, 69-77.

Schomer, P. (2013). “Comments On Recently Published 
Article, “Concerns About Infrasound From Wind Turbines,” 
Acoustics Today 9:4: 7-9

Schuknecht, H.F. (1977). “Pathology of Ménière’s disease as 
it relates to the sac and tack procedures,” Annals of Otology, 
Rhinology and Laryngology. 86:677-82.

Timmerman, N.S. (2013). “Wind Turbine Noise,” Acoustics 
Today, 9:3:22-29

Voss, S.E., Rosowski, J.J., Merchant, S.N., Peake, W.T.. 
(2001). “Middle-ear function with tympanic-membrane per-
forations. I. Measurements and mechanisms,” Journal of the 
Acoustical Society of America 110:1432-1444.

Weisz, C.J., Lehar, M., Hiel, H., Glowatzki, E., Fuchs, P.A. 
(2012). “Synaptic Transfer from Outer Hair Cells to Type II 
Afferent Fibers in the Rat Cochlea,” Journal of Neuroscience. 
32:9528-9536.


