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decommissioning fund should repmenf the full estimated costs of decommissioning without
netting out estimated salvage value. Lamont teb. pf at4; Ide pf. at 12.

336. Deerfield estimates the cost of decomnﬁséi(;njng as $853,302. Exh. DFLD-JZ-Rev12;
Habig Panel reb. pf. at 24; tr. 12/1/08 at 148, 158-159 (Habig, Cherlan)

-337. Deerfield's proposed Decommissioning Plan is largely snmlar to the decommmmomng
plan approved by the Board as a post-CPG filing in the UPC. Vermont Wind Project proceeding,
Docket No. 7156. -The plan calls for the establishment of a Decommissioning Fund, to be
funded by a Letter of Credit or other appropriate financial security. The plan also calls for the
fund to be increased over time to account for inflation. .'-Deerﬁeld has agreed not to consider
scrap ot resa]e value of project components in estabhshmg the s1ze of the fund. Habig Panel reb.
pf. at 24; tr. 12/ 1/08, vol. I at 159 (Chenan), exh. DFLD HGC-2 at 2; Zimmerman pf. at 37.

338 Deerﬁeld has agreed to post a Letter of Credlt for the Decommmsmnmg Fund prior to
commcnoembnt of construction. The fund should be hanlnuptcy—remote ;o protect it against
credltor clauns in the event the Project encounters financial dlfﬁculty Daparhnent Brief at 45;
Ide pf atl12. .

339.. If the Project fails to pmduce at least 65% of'the- output pro;ected by Deerﬁeld durmg
any consecuhvc two-year period, then a decommissioning review should be instituted. Jde pf. at

13,

i,

D:scussmg
‘. The purpose of the Deeommissioning Fund is to énsure that there are sufficient funds

_ available to return the Project site to an appropnate condition at the end of the Pro;ect‘s useful
. life or earlier should the Project cease or reduce operations-for any reason. The need for a
Decommissioning Fund is not disputed among the parties; however some partles dlspute the
vahdrty and sufficiency of the fund-as proposed by Deerfield. - - ~
IWAGISVR contend that the Decommissioning Plan lacks sufficient detall and that the.
dollar amount of the Decommmsmmng Fund has not been substant.lated and is hlqely to,be
.deﬁc_lcnt in meeting thrf._ costs of dismantling the Project. -NVAG/SVR recommenq that the Board _
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seek counsel from an outside mdependent expert to validate the plan and the estmated :
decommissioning costs. 90 s s

The Department recommends that the Decomnussmmng Fund “should not be controlled
by or be an asset of Deerfield or any of its affiliates"®! and should be creditor and bankruptcy

remote. The Department further states that if the Project's production falls below a level -
. established by the Board, a decommissioning review should be initiated. The Department

recommends that the production threshold should be set at 65% of the power output for the
Project, projected by Deerfield to be 92,500 MWh annually:?2 The Depastnitiat also advocatés
that the amount of the Decommissioning Fund be based upon the full cost of deoommissionid'g '
and not reduced by the estimated Ealvage v‘élue;for any components of the Project.? Pinaily, the .
Department recommends that Deerfield p;pﬁde, prior to construction, 2 revised detailed estimate .’
of the costs of decommissioning, covering all acﬁviﬁes‘épeciﬁed intheplan®
Deerfield argues that the circumstances wa.d'anung future deeomm1ssxomng and the

;-estab!!shment of its Deconmusswnmg Fund are essentlally the same. as those considered by the
+ ‘Board for the UPC Vermont Wind Project.3% Deerfield contends that its Project does not present
. uny unique issues with respect o deeOmmiSsiening that would necessitate & different '
| .approach.?6 Consequently, Deerficld asserts that its existing Decommissioning Plan, as

represented by Exhibit DFLD-HGC-2, is consistent w1th the post-CPG plan approved by the

- Board in the UPC case, and thus the need for a post-CPG ﬁlmg in this proceeding of an updated ’

plan is unnecessary.?” In addition, Deerﬁe]d argues that no other party has offered an estimate

. of the.cost of deeommissionidg the'Projee,t, nor is there any evidence that Deerfield's cost

90. TWAG/SVR Bricfat 8.
91 Dapartmt Brief at 46,

92, 'Dcpal‘lmcnl Reply Brief at 3; Flndlng No 8.

' 94, Dcpal'lmenl Reply Brief ot 4.

'95. Amended Petition of uvrC Vermout Wind, LLC Daocket 7 156 Fmal Ordex of 8/8/2007 at 107—1 10.

‘96. Decrfield Brief at 30.

97, -Id.



-

. Docketo. 7250

1623

I . Page94 .

'

-estimate is unreasonable or inaccurate.’¥ As a result, ‘-Decrﬁcld proposes the followmg CPG

Condlﬁon regardmg decommissioning;

Deerfield Wind shall implement the Decommlssmnmg Plan submitted as
Exh. DFLD-HGC-2. The Decommissioning Plan may allow the fund to
grow as the construction process proceeds such that the funding level is
commensurate with the costs of removing infrastructire in place. The .- -
amount of the fund may not net out the projected salvage value of the
mfrastructme :

. If actuai power production falls below 65% of pmjected production durmg

any consecutive two-year period, a deconmuss:omng review is initiatéd;
however, if Deerfield Wind can demonstrate that it has entered into stably
priced 'power contracts with Vermont utilities through which a substantial
amount 6f power is to be sold at stable prices, the Board rnay reduce'the
dacomrmssxomng trigger to as fow as 50%.9° ;

Subscquent mscusmons bétween Deerfield and the Depa.rtment have resulted in both -
partlcs reaching agreement on Deerfield's proposed condition above, plus three addmona.‘ CPG -
conditions goveming decommjssmnmg of the Pro_jectwo ' - :

Prior to commencement of construction; Deerﬁeld Wmd shall prepare a
revised detailed estimate of the costs of decommissioning, covetingiall of °
the activities specified in the Decommissioning Plan. Thé plan shall
certify that the cost estimate has been prepared by a person(s) with

approptiate knowledge and experience in wind generation projects-and

.cost estimating. The cost estimate shall be submitted to the Board for

review and approvel. Parties shall have two weeks to file any comments.

Deerﬁeld shall submit to the Board for review and approval, any permits,
or executed lease agreements with involved private Jandowners. Any such

' lease agreements may be redacted to protect confidential business

information. At a minimum, such lease agreements shall contain
provisions which ensure that decommissioning can effectively occur in the

-event of Deerfield's insolvency or dissolution, the revocation of any -

. permit issued to Deerfield, Deerfield's breach of any lease, or an order of -

' the Board requiring decommissioning, and allow access to the impacted ,

land forpurposes of fulfilling any CPG condition, including access by -

L representatives of the Departrmient of "Public Service, the Board, and the

- Agency of Natural Resources.. Uporn approval by the Board a noticeof .

!easehold interest for each lease agreement shall be recorded in the lend

98. Id

99, . 30-31.

n

100. Department lettor dnted 2/20/09 at l

a LI
ey " h
", .
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records of the relévant municipality. Deerfield may not begin significant
construction activities prior tp mvesngatxons surveys, light construction,
and other similar activities.

Deerfield shall submit to the Board the USFS special use permit and lease
covering the federal lands on the site. Parties may file comments on whether the -
federal permit and lease contain terms that ef!f‘ecl:wel:,r meet the same objectives as

detailed in the prior patagraph. 101

We largely adopt the conditions agreed to by the Department and Deerﬁeld as descnbed
above ‘We require Deerfield to ﬁ]e a Decommissjoning Plan w1th the Board and parties pnor to
commeneement of construction. The Plan shall mclude a revxscd esmnatc of the costs of |
decommsswmng, covering all of the activities spec1ﬁed n the Deconmnssmnmg Plan, and shall

, - contam certification that the cost estimate has been preparefd by a person(s) with appropriate
: knowledge and experience in wind generatxon pro;ects and cost esb.maung Also, the Plan may -
‘allow the Decom.rrussxonmg Fund to grow as the construction process proceeds such that the
ﬂmdmg level is commensurate w1ﬂ1 the costs of removmg mﬁastruéture in place. The amount of
" the Fund may not net out the projected salvage value of the mﬁ'asu'ubture In addmon we
- require that the Decommxssmmng Plan include a copy of the Letter of Credit to be posted by
Deerfield to secure the full amount of the Fund, and demonstrate how the Fund will be creditor
and bankruptcy remote in the event of Deerfield's iﬁsoiveﬁcjr or bﬁsiness failure. We further
requlre that the Letter of Credit be issued by an A-rated ﬁnanc:al institution and that it name the
Vermont Public Semce Board as the deslgnated bcneﬁclary The Letter of Credit shall be an '
u‘revocahle standby" letter of credit and shall include an auto-extensmn provision (i.e. '
"evergreen clause"). '

Similar to the approach we approved in the UPC Vermont Wmd Docket!92 we adopt the -
"Depamnents recommendaton that a trigger be set for decomrmsslonmg TevView. Therefore, if
actal producuon falls below 65% of projected production tiurmg any consemtwe two-year
penod, & decomnnss:omng review will be mmated.m-" However, in the event that Deerﬁeld can
show that it has entered into sfnbly-pnced power contracts w1th Vermont utilities, througfl which .

*

101. Department fetter dated 2/20/09 at4; Deerfield Reply Brief at Appendix A.
102, Docket 7156, Final Order of 8/8/2007 at 116 ' '

103 The 65% tngger for deeomm:ssmnms review is alim snmlh.r to ﬂxaf wh:lch we adopmd in oureom:dmnon of
the East Haven Wmdfarm Docket No 6911 Order of 7/ 17/06 at 85.
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a substantial amount of power is to be sold to Vermont utilities at stab]e prices, we may reduce
the decommissioning tngger to as low as 50% if we ﬁnd that those contracts provtdc sufficient,
- benefit to Vermont ratepaym In any case, Deerfield would have the opportunity to

demonstrate duting this review that there are reagons for'the decline in productxon such that the

1]

project should not be removed.

“Thé Board typicallzi'requires that design detail level plans be ﬁl’ed for Board apéroval.-‘ -
prior o construction. We continue this practice in this éase Deerf' Teld shall file. design:detail- _

I

] e
3 -

plans with the parties and the Board ,formajor project components mcludmg access roads o
collectmr lines, turbines, and the step-up substatmn Paities will have three weeks from the date

each set of plans are filed with the Boa.rd, to cbtnment on the plans
\

f

s . L < ‘ . .
B . . . . €. .
.
.

-

For the reasons déscribed above 'we‘cc;nCIude that the iject, subject to the conditions
listed below, will promote the' general good anda Certlﬁeate of Public Good shall be 1ssued

o —————

. allowing its construction andoperauon. : L . . L
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Abstract

Infrasonic sounds are‘generated internally in the body (by respiration, heartbeé_t, coughing, etc)
and by external sources, such as air conditioning systems, inside vehicles, some industrial
processes and, now becoming increasingly prevalent, wind ﬁrbines. It is widely assumed that
infrasound presented at an amplitude below what is andible has no inflience on the ear. In this
review, we consider possible ways that f;}w 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 ﬁequency sound components before they are u;ansminéd’ to the brain. T}_1:e 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 h‘anéﬁlit “hearing™ to /
the brain. The sensory stereocilia (“hairs”) on the IHC are “fluid coupled" to mechanical stimuli,
so their responses depend on stimulus veloc1ty and their sensitivity decreases as sound ﬁ'equency h
is lowered. In contrast, the OHC are dlrect]y coupled to mechanical stimuli, so their input h
remains greater than for IHC at low frequencies. At very low ﬁequenéies the OHC are stimulaied
by souﬁds at levels below those that are heard. Although the hair cells in other sensory.s‘;u'ucture'sn '
such as the saccule may be tuned to mfrasomc frequencies, auditory stimulus couphng to these
structures is mefﬁclent 50 that they are unlikely to be influenced by airborne mﬁ‘asound
Structures that are involved in endolymph volume regulation are also known to be influenced by
mnfrasound, but their seqsitivity- is also thoughi to be low. There are, however, abpormal states in
which the ear becomes hypersensitive to infrasound. In most casés, the inner ear’s respoﬁses to

.. infrasound can be considered normal, but they could be associated with unfamiliar sensations or

subtle changes in physiology. This raises the pbssibility that exposure to the infrasound

- component of wind turbine noise could influence the physioldgy of the ear.
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kef,r Words: Noise; iﬁfrasound; windmill;, wind turbine sylidrome
Abbreviations: CA: cécﬁlear aqueduct; CM: cochlear microphonic; CSF: cerebrospinal fluid;
cVEMP: cervical vestibular evoked myogenic potential; EP: endocechlear potential; IHC: inner
hair cell(s); oVEMP: ocular vestibular evoked myogenic potential, OHC: outer hair cell(s); RW:
round windo.w; ST: scala tympani; SV: scala vestibuli; . |
Introduction |

The increasing use of wind turbines as a “geen” form of energy generation is an impressive
technolo'gical achievement. Over time, there havé“been rapid -incréases in the size of the towers,

blades, and generator capacity of wind turbines, as well as a dramatu: mcrease in their numbers.

. Associated with the deployment of wind turbines, howeva has been & ratﬁer unexpected

development. Some people are very upset by the noise that some wind turbmes produce Wind

turbine noise beconies annoymg at substantially lower levels than other forms of transportatnon

noise, with the excepnon of railroad shunting yards (Pederson and Pemson,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 ceses are
severe enough to force them to move away. These symptoms include sleep disimbance,
headaches, difficulty concentrating, irritability and fatigue, but also include a ﬁumber of otologic

symptoms including dizziness. or vertigo, tinnites and the sepsation of aural pain or pressure

(Harry, 2007; Pierpont, 2009). The symptom group has been colloquially térmed “wind turbine

syndrome” and speculated to result from the low-frequency sounds that wind turbinies generate

(Pierpont, 2009). Similar syniptoms resuiting 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
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- vﬁnd turbines is of no consequence if it is below the audiﬁle threshold. The British Wind Eneréj
Association (2010), states that sound:s 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 enommous discrepancy between subjective

" reactions to wind turbines and the measured sound levels. Many people live without problems

near noisy intersections, airports and factories \.avhere sc;und levels are higher. The answer may lie

in the high iﬁfrasound component of the sound generated by wind turbines. A detailgd review of
the effects of low freqnex;cyﬁoise on the bo#y was provided by Leventhall (2009), Aﬁhqugh itis

: Widely believed that infrasound from wind turbines capno_t affect the ear, this view fails to

- ’recognize the complex plTysiqlogy fhat underlies the é-ar"’s'response to low frequency spunds.. |

.- This review considers the factors that influence how ti-ifferent;éoriiponents of the ear respond to

I low‘f‘:‘?requency stimulation and specificaily whether différent .s:'ms..bry. cell types of the inner ear
" could be stimulated by infrasound at the levels typmally experienced in the vicinity of wind

| turbines. A: |

" The Physics of Infrgsbund g

" Sounds represent fluctuating pressure changes superiﬁpds;ad on the normal ambient pressure,

and can be defined by their spectral ﬁe'q.uency components.: Sounds with ﬁ'eqﬁencim 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 ;rbih'ary and there is no physical distinction -

" between infiasound and sounds iu the audible range other than their frequency. Indeed,

infrasound becomes pérceptible if presented at high enough level.
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' ﬁ@somd are larger than those to sounds in the auditory range at the same le'_vel, with -

The level of 2 sound is normally defined in terms of the magnitude 6f. the i)ressure changes it
represents, which can be measured and which does not depend o 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 rednced. 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”

'

-

displacements at 1 Hz being 1000 times those at 1 kHz when presented at the same préssure -

levél.' ‘This corresponds to an increase in displacement at a rate of 6 dB/octave as frequency is .

o
T

lowered.

Overview of the anatomy of the ear .

* The auditory part of the inner ear, the cochlea, consists of a series of finid-filled tubes, spiraling
: around the auditory nerve. A section through the mlddle of a human cochlea is shown in F1g 1A

* The anatomy of each turn is characterized by three ﬂutd—ﬁlled spaces {Fig 1B): scala tympam :

(ST) and scala vestibuii (SV) containing perilymph (yeilow), separated by the endolymphatic
space (ELS)(blue). The two perﬂymphatié compartments are conpnected together at the apex of
the cochlea through an opening catled the helicotrema. Perilymph is similar in ionic composition

to most other exfracellular fluids (high Na®, low K*) while endol ph has a unique composition
] Yy q P

for an extracellular fluid in the body, being }ngh in K* and Tow in both Na* and Ca*". It is also

electncally polanzed by about +80 mV with respect to perilymph, which is called the

endocochlear potentxal (EP) The main sensory organ of the cochlea (Figs 1C,1D,1E, and shown
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. " 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 gelatiﬁous 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 stereccilia. In contrast, the stercocilia of the IHC do not contact the -
tectorial metnbrane but remain within the fluid of the subtectorial spﬁce (Kimﬁra 1975, Lim
1986). Because of this difference in how the hair cell stereocilia i mteract with the TeM, the two
types of hair cell respond differently to mechamcal stimuli. At low frequcncxes thc HC respond
accordmg to the velomty of basilar membrane displacement, whlle OHC res;)ond to the
d1splacem_ent itself (Russell and Sellick, 1983; Dallos, 1984). ) |
The two types of hair cells also contact different types of afferent nef:ve fibers, sending
hlfénnaﬁonrfo.the brain {Spoendlin, i972; Santi and Tsupnﬁl, 2001).’1.:_.",ach IHC is innervated ll)y
maultiple 'I‘)Irpe.‘l .afferent fibers, with each fiber innervating only a six;glé. ﬁ-IC. The Type I

‘. afferents represent the vast majority (95%) of the ﬁbe;s transmitting iﬁforma.tion 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 mal;e synaptic contacts
with a number of OHC. Type II afferents fibers are believed .to be unmpoﬁsive 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 HC receive no- ..

direct efferent innervation (Spoendiin, 1972).
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Mechanics of low frequency stimulation
Infrasound entering the ear thrqugh 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 undetlying
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 respéctively that are separated by a distensible membrane
representing the basila; membrane and organ of Corti. It is generally agreed that the differential
pressure between SV ad ST across thg: basilar membrane is the important factof driving the -
motion of the basilar membrane (von Bﬁkésy 1960; Dancer and Franke, 1980; I;I_akaj ima et al., -
2008; Merchant and Ro_sowski,‘ 2008). In cxamf)'ie. A, 2l] the boundaries of the inner eal; t;re solid

; and noncompliant v'vith the exception of the stapes. In thlS ndn-physiologic simation, the stapes

.‘:applies pressures to SV (indicated by the red'lan;c'@s) bué as the fluid can be considered
incomi:ressible-, pressures are instantaneously dis%ibuted throué,hout both fluid spaces and
pressure gradients across the basilar membrane vlvill be small. In panel B, the r(;und window
(RW)-and the cochlear aqueduct (CA) hénve been’édded to the base of ST. A.For frequencies below B
300 Hz the RW provides a compliance between. pefil;fmph and the middle ear (Nakajima et al.,
2008) and the CA provides fluid (lsénnmunication between perilymph and the cerebrospinzﬂ fluid
(CSF). Under this condition, pressures applied by the stapés 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 shat-:ljng. 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,
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- the compﬁaﬂt RW is situated close ta the location of aqueduct enu'f,;-_sb 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 waé shown that responses to 1 Hz pressure oscillation applied to the ﬂu;id in the

. basal turn of ST weré substantially increasgd when the wall of SV was perfofa!ed thereby
: p_rovidin’g greater compliance in that scala (Salt and DeMott, 1999).
_ THe final conditiqé in Figure 2D shows the consequences of a “third Windqiiv” on the
- 8V/vestibule side 6f the cochlear partition. This causes an increased “air-boﬂe gap” (_i'.é: an
_increase in sensitivity to bc';;le conducted vibration and a dec_.reaseti gensitivi,fy to-air ;;;oﬁducted
sounds, primarily at low frequencies; Mcrchant and Ros;owski, 2008). It may also produce an

.o : : . !
abnormal sound-induced stimulation of other receptors in the inner ear, such as the hair cells in

the ampulla of the semicipcﬁi?r canal, Thislis the basis of the Tullio phenomenon, in :v;hich
- externally or internally gene;'ated sounds, such as voice, induce dizziness. ;
Receptors in other c;rgans of fhe.inner ear, speciﬁcalljr both the saccule and t.l.le utricle ;.llso
- respond to airborne sounds 'del'iv.ered by the stapes, as discussed in more detail below. The
| mechanism'c;f hair cell stimulation of these organs is less certain, buf is.‘bclieved tobe r.elatedto
pressure gradients through the sensory epithelium (Sohmer 2006).
Physiologic responses of the ear to low frequency stimuli
- z) Cochlear Hair Célls’
When airborne sounds enter the ear, to be transduced into an electrical signal by the cochlear hair, - .

.cells, they are subjected to a numbet of mechanical and physiologic transformations, some of -

- which vary systematically with frequency. The main processes involved were established in
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many studies and were summarized by Cheatharn 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
 arate 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, tﬁis aftenuation characi_:eristic of middle
ear transmission results in the displacement of middle ear structures remaining almost constant
across frequency for sounds of constafit pressure 1t=.:vclT A second process attenuating low .

: frequency sounds is the fluid shuntmg between ST and SV through the helicotrema. The
hehcotrema has been shown to attenuate frequencies below 100 Hz by 6 dB/octave (Dallos
1970). The thll‘d ﬁlter arises from the demonstrated dependence of the lHC on stunulus veIoc1ty, ‘
mﬂler than dlsplacement (Dallos, 1984). This results in an attenuatlon czf 6 dB/octave for
ﬁequencms below approxnnately 470 Hz for the IHC, and causes 2 90° phase dlfference between
IHC and OHC responses (Dallos, 1984). The combmed results of these processes are compared

) ‘with the measured sensitivity qf human hearing (1SO 226:2003) m.F1g 3B. The three processes
combiﬁe to produce the steep decline of sensitivity (up to 18 dB/oét;lve) in human hearing for
frequencies between 100 and 20 Hz. This steep t.:utoﬁ 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 I afferent fibers are stimulated by the IHC and that mammals hear with their

[HC (Dallos 2008). However, an important consequen(;e of this underlying mechanism is that
the OHC and THC 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
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theory, the difference beméen IHC and OHC responses will increase as frequency décreases
(becoming over 50 dB at 1 ﬁz), ‘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 microphonic;s (CM) recorded in the organ pf Corti with low
frequency stimuli are in phase with the intracellular potentials of the OHC. This supports thé- D
view that the low-frequency CM is dominated by OHC-generated potentials, which follow the
displacement-of ﬁlc basilar memﬁmne (Dallos et a1, 1972). In confrast; infracellular resporlses -
‘from the IHC lead the organ of Corti CM response by an amount which approaches 90° as
frequency is J;educed to 100 Hz (Dal]os 1984) correspondmg to maxnrlal basilar membrane
velocity towards SV (Nuttall et al.,198 1) As ﬁequency is lowered, the intracellular potentrals of |
THC and afferent fiber responses show phase changes consistent with the IHC no longer .
respondmg to the increasingly attenuated velocrty stlmulus but instéad respondmg to the
extracellular potentlals generated by the OHC (Sellick et al, 1982, Cheatham and Dallos 1997)

A similar change of phase as frequency is lowercd was reported in human psychophysical

- measurements (Zwicker 1977) with maskmg patterns differing by approximately 90° .for
frequencies above and belorw 40 Hz. This n'rnsition from a response originating ﬁ'om 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 frek;uenpy sens_itivify '
in humans from 18 dB/octave above 20 Hz to 12 dB/octave below 10 Hz (Maller and Pedersorx,

- . 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
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lowest -'l_evel that ths 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 't]iose 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 stimulaiced at levels up to 40 dB below those that stimulate the IHC Although the
OHC at 1 kHz are approximately 12 dB 1less sensitive than ITHC (Dallos 1986), this differencs ‘
declines as frequency is lowered and differences- in hair cell sensitivity at very low frequencies
(below 200 i—Iz) have not been measured. g : ’

Much of the work lmderstandmg how the ear responds to low ﬁ'equency sounds is based on

measurements performed in ammals Although lqw ﬁ'equency heanng sensumty depends on

many factors mcludmg the mechamcal properties of the middle ear, low ﬁ:equsncy hcanng

sensitivity has been shown to be correlated with cochlear length for many. specles w1th non-

-specialized cochleas, mcludmg humans and guinea plgs (West, 1985; Echteler etal, 1994). The

thresholds of guinea plg hearing have been measured with stimulus frequencles as low as 50 Hz,
as shown in Flg 4A. The average sensitivity at 125 Hz for five groups in four studles (Heffner et
al., 1971; Miller and Murray, 1976, Walloch and Taylor-Spikes, 1976; Prosen et a.l, 1978, Fay,.
1988) \uas 37.9 dB SPL, which is 17.6 dB less semsitive than tﬂe human at the s.';me frequency -
and is consistent with the shorter cochlea of guinea pigs. In the absence of dafa to the contrary, it
is therefore r_easonable to assume that if low frequency responses are presént in the guinea pig at
a specific level, then they will be present in the human at a similar or lower stimulus level.

i) Cochlear microphonic measurements.

Cochlear microphonics (CM) to low frequency tones originate primarily from the OHC (Dallos.

et al,, 1972, Dallos and Cheaiham, 1976). The sensitivity of CM as frequency is varied is

7“-, P

-

n
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typically shown by CM isopotential contoﬁrs, made by tracking a specified CM amplitude as
frequency is varied. Figure 4B shows low ﬁ'equency 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
fréquency range, In the data from Salt et al., (2009), the stiﬁmlus level differences between 5 Hz
and 500 Hz average only 34 dB (5.2 dB/octave),.cémpared to the 105 ‘dB difference (15.8
dB/octave) for human hearing over the same range. Although these are suprathreshold,
extracellular responses, based off an arbitrary a:giplitude criterion, these findings are consistent
with the OHC having a lower rate of cutoff with:ﬁ'equenqy than the THC, and therefore N
;'l;esponding to lower level stimuli at verj low frqquencieél; : S | ,

The mez};uréd change in CM sensitivity with frequency may inclyﬁe&her component;, such as a
@ﬁtibﬁ;tion from transducer adaptation at the level o'ti théOHC s%t:,'ereocilia—a (Kros, 1996).
I;Z_e.:nncdy et al. t2003) bave suggested that adaptation of the mechénoeleétrical transducer’
channels is common to all haif cells and contributes to driving active motion of the hair-.ccll
, bundle Based on their measurements n cells 1solated ﬁ-om thc apical turns of neonatal rats, they
estlmated that adaptation caused high-pass ﬁItermg with a low frequency cutoff frequency of 2/3
of the best frequency for the cochlear 'locatlon. This type of adaptation, however, does not appcar
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 inves-tigation in our laboratory.
Figure_ 4C shows the influence of plugging the helicotrema. w1th gel on CM sensitivity with
- frequency, recorded from the basal turn of a guinea pig with a 500 #V criterion (Salt et al.,

-2009). These relative sensitivity changes, combined with a 90° phase shift in responses, replicate -

¢ - Ly,
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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 cépen/é]osed conditions with closed sound-field stimulatioél
suggest there is no pronoimced frcquency-dcpcn&enpe 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). : Lo '

iii) Low _frequem.y blasmg, aperatbtg point, and distortion generatwn

Asa result of the saturating, nonlmear u-ansdncer characteristic of cochlear halr cells, (Russcll
and Sellick, 1983, Kros 1996), the ﬁdchty of cochlcar transduction-depends highly on the so- -
called operating point of the cochlear -Iransduccr which can be derived by Boltzmann analysm of
the CM waveform (Patuzzi and Molemnho 1998 Patuzz1 and O'Beu'ne 1999). The operatmg .
: pomt can be regarded as the restmg pOSlthﬂ of the organ of Corti or its position durmg Zero -
crossmgs ‘of an applied stimulus (whlch may not be 1dent1cal as stlmulatlon can itself mﬂuence: —.
.operating point). Small dlsplacernents of operating point have a dramatic mﬂuence on even-order
distortions generated by the cochlea (2f f>-f1). while having little influence on odd-order “
distortions (3£, 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 generatéd
by the earr-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 -

13
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gumea pig at 4.8 Hz In animals where the helicotremea was occluded by injection of gel into
_ the peritymphatic spacé at the cochlear apex, even lower bias levels (down-to 30 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 soundé than the IHC. A similar hypersensitivity to 4.8 Hz bias tones was also found in
animals .w.ith surgically-induced endolymphatic hydrops (Salt et al., 2009). This was fhought to

be related to the occlusion of the helicotrema by the displaced membranous structures bounding

the hy&ropic endolymphatic space in the apical furn. In some c_a's.es of severe hydrops, Reissner’s
membrane was _s'ec_eg to herniate into ST. As eﬁdolymphatic hydiops is présent both in patients

with Menim’é' disease and in a significant number of asymptomatic pafi;:ﬁts (Merchant et al., i

2005), the possibility exists that some individuals may be more sensitive.to infrasound due the

.
i
i

presence of éndolymph;tic hydrops.
In the human ca;', most studies’have focused on the 2f;-f; distortion prodlirft, as even-orc.ier
distortions are dii"ﬁcult to record in humans. The 2f}-f; component has bt';en demonstrated to be
less seﬁsitive tofc;peraiing point change (Sirjani et al., 2004, Brm:m etal, 5009). Using different
criteria of bias-induced distortion modulation, the dependence on bias ﬁéqﬁeﬁcy was
S};stelnatically studied in humans for frequencies down to- iS 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 Eigure 5. Agam this may reflect the OHC origins of acoustic emissions,

. possibly combined with the processes responsible for the flattening of equal loﬁdness contours

for higher level stimuli, since the acoustic emissions methods are using probe stimuli

i i
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considerably above threshold. Althoﬁgh in some regions, slopes of 9-12 dB/octave were fouﬁ,d,
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 aﬁd Scherer (2007) (their

- Figure 3), significant modulation can be seen at levels down to 30 dB SPL at some of the test

frequencies. In one of the studies (Marquardt et al, 2007) equivalent measurements were

performed in guinea pigs. '};lthough somewhat lower slopes were observed in guiné; pigs it is

_. remarkabie that stimulus levels required for modulati'qn of distortion were within 5-10 dB of

each other for gninea pigs and humans across most of the frequency range. In this case the
gu.jnca' pig required 10\;ver levels than the human. Although the ﬁneshold of sensitivity cannot be
esfablished from thesc studies, it is worth noting. that for dis;tortion product measurements in the
audible ra;lge, “thresholds” typically require stimulﬁ,s levels in the 135-45 dB SPL range

(Lonsbury-Martin et al, 1990). In the Marquardt 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 mechaﬁical stimuli to electrical responses, but also respond
mechanically to electrical stimulation (reviewed by Dallos 2008) in 2 manner that provides
mechanical amplification. This “active tuning” primarily enhances respenses to high stimuius,
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, howevey, 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

! - !
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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 QHC 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 ﬁ'eq.pency
for the region (’Mountainr et al., 1983). Chan and Hudspeth (2005) have also sugéested 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*'(DaIlos 2010) f;:>r a number of
rcassns, one of which is the sopia}ic motor protein, prestin, has an extremely fast respon',se‘ .
capability. So the inten‘elatior;ships between hair cell motility and transduction, and bei"ween :
OHC and IHC remain an~intense focus of current research. "For low frequencies, it has bEen .
shown that an out-of phase motlon ex1sts between the THC reticular lamina and the overlymg TM
so that electromechanical action of the OHC may stimulate the IHC directly, without
involvement of the basﬂar membrane (Nowotny and Gummer, 2006). The poss1blc rolcs of the

. .OHC and efferent systems are r;lade more complex by recent findings of rec1proca1 syna;ses -
between OHC and their efferent termmals, seen as afferent and efferent synapses on the same
fiber (Thiers et al. 2008). One explanation for this system is that the synapscs may locally
(without involvement of the central nervous system) coordinate the responses of the OHC
populatien 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 jn which a “hysteresis” was observed (Bian et al,
-2004). The hysteresis was thought to result from active motor elements, either in the stermcilia'-

or the lateral wall of tﬁe OHC, shifting the transducer function in the direction of the bias. A -

.
1 - ¢
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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 mtegral 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 saccnle and utricle, respond to linear accelerations of the
. ‘,‘ .
}

; .

head (Uzim-Comhlu et al, 2007) and the semi-circular canals respond to angular acceleration. |

These receptors contnbute to the maintenance of balance and eqmlibnum In conirast to the hair -

cells of the cochlea ‘the halr cells of the vestibular organs are tuned to very: low frequencms,

€

typically below 30 Hz (Grossman et al, 1988). Frequency tuning in-vestibular hair cells results

from the electrochemlcal properties of the cell membranes (Manley, 2000; Art and Fettiplace,

~ "

]987) and may also involve active mechenical 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 airl)orne 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 indist_inguishable, 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

17
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‘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 cefls, 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 ofolith organs have been shown to

- respond to higher, acoustic frequencies Helivered 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 giﬁned populan'ty’as
a clinical test of otoﬁth function in the form of V;stibular-evoked myogenic pbtcntial (V'EMP):
testing (Todd et al, 2003; Zhoun and Cox, QOOil; Curthoys, 2010). These responses arise because -
higher ﬁ'cquency.stimuli are more effectively coupled to the otolithic hair ;;ells. But as sound or
vibratibn frequeney is reduced, its ability tb sﬁnulale =the'vestibular organs diminishes

. (Mﬁoﬁmhi 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 :activc tuning is invoked, mecilanical input is

being attenuated. While there have be;sn many;mdi&c of vestibular respbnses to physiologic
stimuli (i.e. head accelerations, rotations, etc) coxﬁprising of infrasonic frequency components,

we are unaware of any studies tﬁat have directly investigated vestibular responses to aﬁbome
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 externa.l 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 zl., 2004), and are exhibited as

?
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the Tullio ;')henomenon.(see garlier section). To our knowledge, th; 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 chan;ges

Some aspects of cochlear fluids homeostasis have been shown to be sensitive to low frequency - -

. pressure fluctuations in the ear. The endolympbatic sinus is a small structure between the saccule
“and the endolymphatic duct which has been implicated a5 playing a pivotal role in en('_io]ymph

volume regulation (Salt 2605) - The sinus has been shown to act as a-valve limit:ing 'the volume .

l

of endolymph dnven mto the endolymphat]c sac by pressure d1fferences across the

- endolymphatic duct (Sa.lt and Rask Andersen, 2004). The entrance of saccular cndolymph lnto ‘

the endolymphatic sac can be detected elther by measuring the K* concentration in the sac (as

L2

- saccular endolymph: has substarmally hlgher K’ concenu'atton) or by measuring hyd:ostatlc

pressure. The agphcauon of a-sustained pressure to the vestibule did not cause K _elevatlon or
pressure increase in the s;, cpnﬁrming that undel;.ﬂlis condition, flow was preven;d l?y the . .
me'mbranelof the sinus af.:.tiﬁg as a valve. In contrast, the application of 5 cycles at;O.é Hztothe -
external eai' canal, causeda‘ K increase in the sac, confirming that I'oscillation of pmésure applied
to the sinus allowed pulées of endblymph to be driven from thé sinus into the endolymphatic sac.
The pressure cha_pges dﬁving these pulses was large, comparable to those__ producéd 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
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endolymph within the cochiea {Salt and DeMett, 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
charaeterized by endolymphatic hydrops). The infrasonic stimi:lus (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 ﬁrovides an open perforation of the tympanic
membl:ane ‘which shunts pressure across the structure, so that es'sjcular movements (and cocﬁlear
*sti:ﬁulation) are minimized, and the pressures are applied difjectly to the l"ound window
mernbrane. Nevertheless the therapeutlc value of this device:is based on lnfrasound stlmeiatlon
mfluencmg endolymph volume regulation in the ear. | "

As presented above endolymphatlc hydrops, by occluding the penlymph commumcatlon
pathway through the helicotrema, makes the ear more sensmve to-infrasound (Salt et al, 2009) It
has also been shown that non-damagmg low ﬁ'equency sounds in the acoustic range may
themselves cause a transient endolymphatic hydrops (Flock and Flock, 2000; Salt 2004). The
mechanism underlying this volume change hae 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 resuiting from high level exposuree of sounds in the audible range

(Harding et al., 2007). This was explained as possibly resulting from increased mixture of

- endolymph andlpen'lymph around noise induced lesion sites in the presence of infrasound.

¢ . ) !

20



/bl

‘Wind turbine Noise
Demonstrating an accurate frequency spectrum of the sound generated by wind turbines creates a
number of technical préblems. 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 senjsitivity of human hearing,
- corresponding to the IHC respons;as. As we know the sensitivity for many other ¢lements bf o
inner ear related to the OHC do not decline at the steep slope seen for human hearing, then A-
weighting Gongiderably undcréstimates the likely influence of wind au'ﬁ’;ne noise on thef- ear. In
this respect, 1t is notable that in none of the physiological studies in the extenswe literature -
reporting cpchlear functlon at low frequenmes were the sound stlmuh A-welghted ThlS. is
because scientists in these fields realize that shapmg sound levels according to what the brain . d

rperceives is not relevant to understa.r';diﬁg: ‘perip}i:eral‘ prbéesses in the ear. A-_weighting is alsoj
( performed for technical reasons, becaus; ?ncasuﬁng un;weighted speéuja'df wind turbine noise is L
technically cﬁallenging and sui@ble illstz"llmentation is not widely avai-'lable. Most common |
: approacl;es to document noise lévels (m;ventional sound Ievel n;eters' video cameras, d;vices g
. using moving coil mlcrophoncs etc) are typlcally insensitive to the infrasound component Usmg | .
appropriate mstrumentauon, Van den Berg (2006) showed that wind turbine noise was .
dominated by nfrasound components, with energy increasing between 1000 Hz and 1 Hz (the |
lowest frequency that was meas_ured) at a rate of approximately 5.5 dB/octavé, reaching levels of
' approximatf;iy 90 dB SPL near 1 Hz. Sugimoto et al. (2008) reported a dominant spectral peak at -
. 2 Hz with levels monitored over time reachin_g up to 100 dB SPL. Jung and Cheung (2008)
reported a major peak near 1 Hz ata 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

L

-
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percéptible. This faiis to take into account the fact that the OﬁC are stimulated at levels that are
not heard..

Conclusions

The fact that some inner ear components (such as the OHC) may responrd to infrasound at the
frequencies and leveirs generated by wind turbines does not necessarily mean f;hat they will be
perceived or aisunb function in any way. On the contrary though, if iﬁfrasound is affecting cells
- and structures at levels that cannot be heard this leads to the possibility that wind turbine noise
could be i_riﬂuencing function or cansing unfamiliar sensations. Loﬁg term stimulation of
position-stabilizing-,ér’ﬂuid homeostasis systems could result in chahges that 'di‘sturb 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
B 5 [ i

[ ‘ 1

this review, we have confined our discussion to the possible direct influence of infrasound on the

I &

body mediated by receptors or h'on;eostaﬁc Processes in the fnner ear. This does not exclude the .
possibility that other;receptor systems, elsewhere m the body could contribu;te to the symptoms.
of some ind-ividuals.’d' .- .
The main points of our analysis can be summarized as follows:
- 1) . Hearing perception, mediated by the inner hair cells of the oochleé, 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.
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3) - Under some clinical conditions, such as 'Meniem’s disease, superior canal
dehiscence, or even asymptomatic cases of endolymphatic hydrops, individua.ls.méy
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 fo document the infrasound component
of wind turbine sounds under differént conditions:-. -

5) Based on our understanding of how low frequency sound is processed in the ear,
and on reports indicating that wirid turbine noise causes greater annoyance than
other sounds of s;imilar level and ﬁfects the quality of life in sensitive individuals,.
there is an urgent need for more research éiréctly- addressing the physiqlogic |

consequences of long-term, low level mfrasound cxposm‘es on humans.
y

i
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Fi'ghre Legendé

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 beén 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: mner 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:

Schematlc representatlon of the uncoiled inner ear for four dlfferent mechamca.l conditions with
. low ﬁ'equency 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. Spund 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
comphances 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-circuilar 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 consxdered a significant
compliance.
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Figure 3:
70 Attenuation by different components in the ear
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Upper panel: Estimated properties of high pass filter functions associated with cochlear signal
processing (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 IEIC as a result of their velocity dependence. Shown’

for comparison is the sensitivity of human hearing in the audible range (IS0226:2003) and the
sensitivity 6f 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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Hearlng sensHivity of the guinea ply
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Upper panel: Similar filter functions as Fig 3, with parameters appropriate for the guinea pig,
and compared with measures of gninea pig hearing. At 125 Hz the gninea 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 sensiuvity for the OHC with the aftenuation 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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Figure 5:
160 Bias induced distortion-modulation in humans .
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t Frequency dependence of low frequency bias induced modulation of the 2f;-f; 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 fails off at a much
lower slope than human hearing, consistent with the response originating from OHC with a
lower cutoff slope. o :
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