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Abstract
Wideband Reflectance Acoustic Reflex Thresholdsin Normal Earsof Younger and
Older Adults
by
Helen Salus-Braun
Adviser: Carol A. Silverman, Ph.D.
Introduction: The purpose of the study was to evaluate wideband reflectance (WBR), in
comparison with the traditional acoustic-immittance (Al) method for thesumemnent of
contralateral acoustic reflex thresholds (CARTS) for the broadband noidé ¢é3id
1000-Hz tonal activators in younger versus adults, and to examine the any gty ef

on the WBR CARTSs.

Methods. The WBR (Mimosa instrumentation with a 24-chirp probe stimulus and signal
averaging of 16 responses) and Al BBN and 1000-Hz CARTs of 10 younger (20-30 years
of age) and 10 older adult females (60-70 years of age) with essentiallyl-heanag

sensitivity were investigated.

Results: The WBR frequency-response graphs revealed a positive peak in the low-
frequency region and a negative peak at a higher frequency region. Good test-retes
reliability was obtained for the WBR CARTSs in both groups. The mean 1000-Hz CART
was slightly, but significantly higher for the WBR than Al approach in the y&ung

adults, and was essentially the same for both approaches in the older adults. No



significant age effect occurred for the WBR CARTS for either acivathe NTD was

significantly larger with the WBR than Al approach in both age groups.

Discussion: In the frequency-response WBR graphs, the positive peak reflects increased
energy reflectance by the middle ear; the negative peak reflects etteargy

absorption into the middle ear. The significantly WBR than Al NTD suggestththat
WBR rather than Al method should be used for NTD measurement for prediction of
hearing sensitivity based on the CARTSs, especially in older adults, in whom the
traditional Al approach yields reduced NTDs. The significant improvemeaheiWBR
BBN CARTSs in comparison with the Al BBN CARTs may result from summation of the
energy of the BBN activator and the chirp probe stimulus. Because the WBRdpproa
yielded an expanded NTD that primarily is attributable to the improved WBR BBN
CART as compared with the Al BBN CART and to the summation effect, futurarobse
needs to re-examine all other parameters of the acoustic reflex reléted2BN

stimulus, such as latency, magnitude, and temporal integration and aging @fi@ct

these parameters.
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CHAPTER I: INTRODUCTION
Purpose
General Purpose

The general purpose of the proposed study was to evaluate a new method
(wideband reflectance) for the measurement of CARTS, as well as to gdiara be
understanding of the effects of the aging process on the auditory mechanisrncalyecif
the contralateral acoustic reflex arc. The findings of this experirhentdaid in the
ongoing efforts to build a precise functional model of the ear. The results of the
investigation also have implications for clinical acoustic-refleeasment of individuals
with hearing impairment and CART-based prediction of hearing status in dider a
subjects.

Specific Purpose

The purpose of the study on a group of younger adults and a group of older adults
with normal-hearing sensitivity was threefold: (a) to refine the worken@fcriteria for
defining the wideband CART; (b) to compare the tonal (1000-Hz) and BBN CART
obtained with the two measurement approaches; (c) to examine the effect of lage on t
wideband reflectance and traditional tonal and BBN CARTSs. The set of teaciar
defining the wideband reflectance CART that had been developed and refitiesl b
investigator aided in obtaining of sensitive and specific wideband CARTwéha then
compared with the traditional acoustic-immittance CARTs. The noise-toneedidte
(NTD), the difference between the tonal and BBN CARTSs, were comparedrappig
two approaches, as this measure has implications for prediction of hearifrgihoske

acoustic reflex (e.g., the bivariate plot procedure) in younger and oldes.adult



The wideband reflectance CARTs and NTDs obtained in this study also may be
combined with similar data from future investigations and thereby corgribut
establishing normative CART and NTD data witt'§@rcentile values and bivariate plot
normative data.

Definition and Explanation of Terms
Absent Acoustic Reflex

An absent acoustic reflex describes the condition whereby the acoflstic-re
threshold (ART) is elevated above the highest activator intensity level. Theethne
used to describe this conditionns respons¢Gelfand, Schwander, & Silman, 1990)
Acoustic

“The word “acoustic,” an adjective, means intimately associated wuthds
waves or with the individual media, phenomena, apparatus, quantities, or units discussed
in the science of sound waves” (Beranek, 1954, p.9).

Acoustic Reflex

The acoustic reflex is a term referring to contraction of the middle-escles,
particularly the stapedius, in response to sufficiently intense acoustidagton. The
acoustic reflex occurs bilaterally, so a response can be monitored in eitivre@aone
ear is stimulated. The ternpsilateral acoustic reflexefers to stimulation and response
in the same ear, whereas the teontralateral acoustic reflexefers to stimulation to
one ear and monitoring of the response in the opposite ear. In the context of the proposed
study, the right contralateral reflex describes the situation in which thelgs is
presented into the riglaictivator earand the response is measured in thepleibe ear

(see APPENDIX A, Figure Al).



The human acoustic reflex is believed to occur primarily due to the stapedius
muscle contraction (rather than tensor tympani contraction), resulting invaardut
deflection of the tympanic membrane. The acoustic reflex may be observed via an
increase in the acoustic impedance of the middle ear when a 226-Hz probe toneds applie
during traditional acoustic-immittance-based acoustic reflex testihg. tife acoustic
compliance component of middle ear impedance which is primarily affected thee t
increased stiffness of the middle ear in normal adult ears, Gelfand, 1998).

Acoustic Reflex Latency

The acoustic reflex is not observed immediately upon the presentation of
activating signal. Acoustic-reflex latency is the time interval betvibe presentation of
the activating signal and the measurable acoustic-immittance or widedfathnce
change. The length of latency depends on both the stimulus intensity and frequency. The
acoustic-reflex latency may vary between 20 ms and 150 ms (Gelfand, 1998).
Acoustic Reflex Magnitude

Acoustic-reflex magnitude is traditionally assessed through quatiahoaf the
middle-ear acoustic immittance (acoustic immittance after dorgeor the ear-canal
volume) change resulting from stapedial muscle contraction. The magnitinde of t
stapedius reflex related middle-ear impedance change (changdestethaf the
tympanic membraneNZyve rerLex ; €quals the difference between middle-ear impedance
during the stapedius muscle contractiongZerLex) and the middle-ear static impedance
(Zme staTic). The physical unit is acoustic ot

AZye Rerilex = ZMeRerFLEX - ZMe sTATic [Q]



Similarly, the magnitude of the stapedius-reflex-related middleemarséic-admittance
change A Yve rerLey €Xpressed in acoustic mmho, is computed as follows:

AYwMe RerLtex = YMEREFLEX - YMmE sTaTic [MMhoO]

The middle-ear acoustic admittance change at the level of tympanic aremsbr
deduced directly from the admittance change at the probe. The impedance ahang
measured at the probe must be transformed in order to account for nonlinear changes
between the probe and tympanic membrane. (Popelka, 1981).

Acoustic-Reflex Parameters

Acoustic-reflex parameters and their characteristics are peesentable 1. The
data are based on the findings of several investigators (Emmer, 20001d2888;
Gelfand & Piper, 1981; Jakimetz, Silman, Miller, & Silverman, 1989; Popelka, 1981,
Silman,1979; Silverman et al., 1983; Thompson et al., 1980; Wilson, 1981; Gelfand &
Piper, 1981)

Table 1

Acoustic-Reflex Parameters and Characteristics

Parameter Characteristics

ART Pure tone 250 —4000 Hz activators
85 —100 dB SPL
Effects of hearing loss observed
BBN activators
65-80 dB SPL
20 dB better than pure-tone elicited AR threshold
AR related to the bandwidth — critical bandwidth
The width of the critical band increases with imgiag center
frequency. The acoustic reflex critical band isstahtially wider than
the psychoacoustic critical band

Effects of age and hearing loss observed




Table 1 Continued

Parameter

Characteristics

Latency of AR =
time period between
stimulation and the
onset of the acoustic-

immittance change

Depends on intensity and frequency

Latency shortens with increasing intensity and desgcy

Latency is a measure of mechanical response oflenaid, rather than a
neural response (neural transport time for thexedkc).
Electromyographic response of stapedius musclge shart as 12 msec
and 6 dB lower than impedanace obtained ART

Latency relaxation at the onset of AR responserapsrted by some
researchers (partial relaxation before contraatioset)

Pure tone activators

150 msec at 80 dB SL at 1000 Hz

40 msec at 100 dB SL at 1000 Hz

Other research: 25-130 msec for 500, 1500 Hz, shiwot higher
frequencies

Noise activators

As short as 20 msec

Magnitude of AR
Amount of acoustic-
immittance change
associated with the

acoustic reflex

Stimulus Duration

Increasing stimulus level causes an increase insticereflex magnitude
The relation between stimulus level and the rasgléicoustic-reflex
magnitude may be described by the acoustic-reftewth function
Pure tone activators

85t0 120 dB SPL

Essentially linear growth

Steeper AR growth function with increasing f reped by some
researchers

BBN activators

70 -110 dB SPL

Essentially linear growth

Less than about 1 sec

Temporal summation: the time-intensity trade asplDiffering results
among researchers have been obtained.

Interaction of age and duration observed for BBkl with NTD

greater in younger subjects for durations 300 @01s (Emmer, 2000).




Table 1 Continued

Parameter Characteristics

Several seconds and more
Decrease in magnitude with prolonged stimulation
Greater adaptation of acoustic reflex (decreaseagnitude) as the
activator frequency increases
Faster adaptation with greater intensity

Loudness Equal-loudness contours and equal-reflex contoumsparison reveals
controversial results in terms of relationship betw loudness and AR
(Differing results among different researchers Ha&en obtained. The

issue remains unresolved.

Acoustic Reflex Threshold (ART)

ART obtained via the acoustic-immittance technique

The ART “can be defined as the level of the activating stimulus that resalts i
change in an acoustic-immittance quantity (impedance or admittante) jinst
detectable” (Popelka, 1981). Knowledge about the acoustic reflex has mostly bee
derived from the experiments assessing the changes in acoustic imnutiange
contraction of the middle-ear muscles at the level of tympanic membrane.
Electromyographic recordings and cochlear microphonic measurementsalwaARTSs
at levels substantially lower than those obtained via the traditional aconstitance
technique (Galambos & Rupert, 1959; Simmons, 1959).

Signal-averaging techniques are used to improve the signal-to-naisefrati
acoustic-immittance measurement. Such techniques are not yet available i
commercially available devices. The results of ART studies emplsygmgl averaging

with the traditional acoustic-immittance technique have shown improved ARTs



(Terkildsen et al., 1973; Jerger et al., 1977; Zito & Roberto, 1980; Hayes &,JE3§8r
Stach & Jerger, 1984).

ART obtained via wideband reflectance technique

With the traditional acoustic-immittance tehnique, the ART represents the
activator level that results in just detectable baseline acoustic imogtthange or
related quantity shift. Similarly, the wideband reflectance ART fisiéle as the activator
level that leads to just detectable baseline wideband reflectance siifematically
described asd R = Rsaseiine— Raciivator (FEENEY & Keefe, 2001). Reflectance
measurements at the baseline, as well as at each activator levelaaredas a function
of frequency, and the magnitude of the shift will vary with the frequency (F&ene
Keefe, 1999, 2001). Feeney and Keefe (2001) noted that as the level of subsequently
presented activators decreases, the response shifts maintains the saste@apasvhile
decreasing in magnitude. Repeated baseline measurements exhibit cemtain nor
variability. Therefore, determination of the ART based on the wideband esftect
technique is not straightforward and requires a rather complex approach.

Feeney and Keefe (2001) suggested following approaches for measurerhent of t
ART based on the wideband reflectance technique. For the acoustic-rafjiexude
test, the ART equals the lowest activating signal level for which shiftsdeband
reflectance (or the related quantity of admittance magnitude) meetltheifhgl criteria:
1. The pattern of wideband reflectance change across frequency is sinfikr to t
observed for higher activator—level conditions.
2. The wideband reflectance change exceeds two standard deviations beyond the mean of

the absolute difference between baseline conditions for at least a taaif-oange.



3. The wideband reflectance changes at all activator conditions higher thharetld
level meet the aforementioned criteria.

According to Feeney and Keefe (2001), using the correlation method, a high
positive cross-correlation between the wideband reflectance response thl@fhighest
activator level and the lower activator level is consistent with a presféat.rThey noted
that the acoustic-reflex shifts in wideband reflectance are well defined up to 2qo0 H
case of reflectance and admittance magnitude). Therefore the appriegaiency
range for the use of cross-correlation method is 250-2000 Hz.

Acoustic Reflex Threshold Noise-Tone Difference (ART NTD)

The tonal ART minus the BBN ART represents the NTD. For calculation of the
NTD, the tonal ART can be for a single tonal activator (500-, 1000-, 2000-, or 4000-Hz)
or can represent the average of tonal activators (Emmer, 2000).

Activator Ear
SeeAcoustic Reflex.
Activator-Baseline Difference (ABD)
The term activator-baseline difference (ABD) refers to the shift laataince

A R (f) calculated as a difference between the baseline reflectancetaadioa
reflectance in a given frequency:
ABD (f) = AR (f)= R activator (f) - R BaseLne (f)

For example, if, at a particular frequency, the baseline reflectancé2#@and
the activator reflectance was 61%, then the ABD in that frequency would have been 9%
(Feeney & Keefe, 1999).

Adiabatic Variation



Adiabatic variation in volume of a gas results in temperature rise \Whegas is
compressed and temperature fall when the gas expands. The time duclegda cy
compression and expansion is not sufficiently long to permit heat outflow (Beranek,
1954).

Admittance
Seelmmittance.
Ambient Pressure

SeePressure.

Capacitance (C) of an Electrical Line

Distributed capacitance.

Between the conductors of the line exists a uniformly distributed capasi@n
It is expressed in Farads per unit length [Farad / m]. (Johnson, 1950)

Shunt capacitance.

On an infinitesimally small section of the ling, the shunt capacitance will be
Cax expressed in Farads (Johnson, 1950).

Conductance (G) of an Electrical Line

Distributed conductance.

Distributed conductance of an electrical line represents the imperfectioe of
insulator of the line which allows leakage from one conductor to another. It should be
noted thats is not the reciprocal of resistané®, The physical units for distributed
conductance are mmho per unit length (mmho/m) (Johnson, 1950).

Shunt conductance.
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On an infinitesimally small section of the ling, the shunt conductance i\&
expressed in mmho (Johnson, 1950).
Energy Reflectance ()

SeeReflectance, Energy Reflectance
Energy Reflection CoefficienK (w)

Other terms used faner gy reflection coefficient arereflection coefficienand
pressure reflectanceSeeReflectance, Pressure Reflectance.
Evanescent Mode

Evanescent mode of propagation of the sound refers to the non-planar mode of
propagation. At the level of tympanic membrane, all the non-planar evanescestanave
in phase. They die off at a short distance, laterally from the tympanic rmweenfdfoss &
Allen, 1994).
Functions of External Ear and Middle Ear and Methods for Assessing These
Functions

The primary functions of the external and middle ears are to gather tigg ehe
sound and conduct it into the inner ear through ossicular coupling, coupled motion of
tympanic membrane, ossicles, and stapes footplate. They represent a cascade of
interdependent acoustical and mechanical processes targeted at ovethemingo-
fluid impedance mismatch and ensuring efficient energy transmissiortheoair to the
cochlea. The response of the system to the stimulus is dependent upon the frequency of
the driving sound pressure and is very well illustrated by measurements of@cousti
impedance or reflection of energy as a function of frequency. The middiepear

impedance reflects the acoustical and mechanical characteristicawtithie-ear
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system. The contributing components are usually modeled either as a sifimgsss
mass, and resistance in series, or using Zwislocki’s model or a modifidatiomodel.
The acoustical and mechanical characteristics of the human middleszamadihy areas
of physiological, psychological acoustics and medical engineering. Tiesde the
interpretation of the hearing threshold data, diagnosis of middle ear pathottagiem
and calibration of headphones, and design of amplification

In summary, acoustic impedance/admittance at the tympanic membrane is an
indicator of the behavior of the middle-ear system. The acoustic impedaneassred
in the ear canal at some distance from the tympanic membrane. At low fregudnei
lumped impedance model is appropriate. At higher frequencies, because of the
complicated configuration of the ear canal and tympanic membrane, a trsinaniise-
based approach is appropriate.

Immittance

Acoustic immittance.

The term immittance refers to the ability of the system to transfegyene
Admittance(Y) describes system’s acceptance of energyirapddance (Zyefers to the
system’s rejection of energy. The acoustic impedance at a given sarflaeeomplex
ratio of effective acoustic pressure averaged over the surface taveffemitime velocity
through it. Admittance is the reciprocal of impedance (Beranek, 1954). Impedance and
admittance physical quantities and units (based on Beranek, 1954; Silman & Silverman,

1991) are presented in Table 2.
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Table 2

Acoustic Impedance and Admittance Physical Quantities and Physical Units

Acoustic impedance (Z) Acoustic admittance (Y)
Quantities Z Impedance Y Admittance
p Acoustic Pressure p Acoustic Pressure
p  Volume Velocity p  Volume Velocity
Relationship P 1 i
Z = - 0] Y = - = e [mmho]
u Z p

d s cno 1mmho =@ 1

Physical Units 10

1Q = 10% Pas n3 =Nsm®

Within the scope of hearing science and audiology, the middle ear is the system
that is most frequently assessed using acoustic-immittance instraoe(&ee
Instrumentation). The measurements are typically made for a given probe-tone
frequency ranging between 220 Hz and 1000 Hz, with 226 Hz being the frequency that is
used most often.

Impedance and admittance are complex physical quantities, containiagdeal
imaginary components and may be expressed using rectangular or polar notations.
Magnitude values of impedance and admittance are frequently used for gunoases.
Measurement of the magnitude impedance/admittance involves the vector addiiain of r
and imaginary components.

The real component of impedance is resistaRrarid the imaginary component

is reactanceXy ). The components of reactance are stiffness reactég@d mass
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reactanceXy. Similarly, admittanceX) has a real component called conductaie (
and an imaginary component labeled susceptdhgeThe susceptance contains two
oppositely directed vector components, mass susceptapcarn(d stiffness susceptance
(Bs). The angle between the real and imaginary component is the phasé#.angle,

Margolis et al. (1999), in their comprehensive review of impedance, credit
Heaviside (1886) with the concept of complex impedance for long electanahtission
lines. The concept of electrical transmission lines also serves as a foarfidiatio
wideband reflectance design. According to Margolis et al. (1999) thadmsistical
application of impedance by Webster dates back to 1919. West, in 1928, was the first to
obtain human ear acoustic impedance measurements for telephone receiversis Btargol
al. (1999) points out that Georg von Bekesy in the 1930s was the first to make
tympanometric measurements by recording impedance as a function oh&laaica
pressure (although the term tympanometry would not be used for another thressyecad
The mechano-acoustic bridge was invented in Denmark by Metz, who assessed with his
instrument a variety of ear pathologies in human subjects as well as in tebgras
The first electro-acoustical instrument to record acoustic impedarckiastion of ear-
canal air pressure was developed by a Danish team—Terkildsen and Thomsen (1959)
and Terkildsen and Nielsen (1960). Their prototype led to the later development of the
clinical acoustic-immittance instrumentation.

Characteristic impedance,¢Zof a freely traveling acoustic plane wave

(specific acoustic impedance).

If a plane wave travels through a tube with rigid side walls and with a perfect

absorbing termination, a reflected wave will not occur and the particleityeloand the



14

sound pressur@, are in phase. The characteristic impedance of a gas, sometitads cal
specific acoustic impedance, is purely resistive. 4fie the complex ratio of sound
pressure at a point in an acoustic medium to the effective particle velocit¥, Tey be
computed from the average density of the gas and the speed of sound as follows:

Zo = plu =pec (N.s.nm)

The physical units are Newton.second.m&{@eranek, 1954; Tipler, 1976).

Characteristic impedance @I of an electrical line.

Characteristic impedan@ is determined only by the characteristics of the line
per unit length. It does not involve the length of the line or the character of the
terminating load. A load impedance equal to characteristic impedamoesaao
reflection of the received wave, and for this termination only, the stea@yastasending
end impedance of the line would be equal to characteristic impedance regairthess
length of the line. The characteristic impedangg ¢f an electrical line is computed as
follows:

Zo = VZIY (ohms) (Johnson, 1950)
Impedance

Seelmmittance
Inductance (L) of an Electrical Line

Distributed inductance.

When a current flows in the conductors of the transmission line, a magnetic flux
is set around the conductors. Any change in the flux induces a voltage. The inductances
of the transmission line conductors are smoothly distributed throughout their length.

Inductance is expressed in Henrys per unit length (Henry/m) (Johnson, 1950).
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Series inductance.

On a infinitesimal section of the uniform ling, the inductance of the section,
termed series inductance Ligx expressed in Henrys (Johnson, 1950).
Instrumentation

Immittance instrumentation principles.

For decades, middle-ear function has been evaluated utilizing the acoustic
impedance or admittance method. The instrumentation employe@c®astic
impedance meteor acousticadmittance meterThe general term scoustic-
immittance device

The probe assembly of the acoustic-immittance measurement systeredsiple

external auditory canal, lateral to the tympanic membrane. The probe assenthiyps
two transducers and a pressure pump. The first transducer, the so-called driviendunct
as a loudspeaker through which the probe tone is presented in to the ear canal. The other
transducer is a microphone used to monitor the sound-pressure in the ear canal. The
pressure pump allows the air pressure in the ear canal to be varied.

With anacoustic impedance meter, the driver presents sound at a constant volume
velocity. The resulting ear-canal sound pressure is transduced via the microptene of t
probe assembly into electrical voltage. This ear canal pressure/voltagectlydir
proportional to the impedance.

With anacoustic admittance meter, the driver voltage is continuously adjusted so
that the microphone voltage/ear-canal sound pressure is kept constant. The volume

velocity is directly proportional to the admittance.
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Values of the static-acoustic immittance of the ear cgpabf Yec) and of the whole
ear acoustic immittance (total immittan&e,or Yt ) are obtained. The ear-canal acoustic
immittance Zecor Yec), also called the equivalent ear-canal volume, is measured at an
extreme ear-canal air pressure (+200 or — 400 daPa) so the middle ear isdefxolade
the acoustic-immittance measurement. The total ear acoustic amoeitftcombined
middle-ear and ear-canal admittance) usually is usually obtained at pinessure
associated with maximal transmission of sound energy (the tympanometric peak
pressure).

The arrangement of the middle-ear and ear-canal components of acoustinoemitt
of the total ear4gc or Yec) is analogous to parallel electric components of an electrical
circuit (see APPENDIX A, Figure A2). This lumped element model is agdgedor
low-frequency probe tones up to approximately 2000 Hz. Based on parallel acoustic-
immittance components of the ear, the values of the middle-ear immittanberare t
obtained as follows,

For impedance (2):

14 = (U Zec + LZyg)

Zve = [(Zec)(ZD))( Zec - Z7)
For admittance at low probe-tone frequencies:

Y1=Yec + Yue

Xie = Y7 - YeC

At high probe-tone frequencies, or for more precise calculation at low probe-tone
frequencies, admittance is computed as follows (in admittance devices, the wéctor
admittance and its components are obtained directly):

¥ieZ = Gue® + Bime® (Popelka, 1981; Silman & Silverman, 1991)
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Isothermal Variation

Isothermal variation in volume of a gas is a change in volume that takes place in a
constant temperature. The heat that is generated during the compressiome haglaw
to other parts of the gas or, if the gas is confined, to flow to the walls of the container
(Beranek, 1954; Tipler, 1976). (The opposite term is adiabatic variation.)
Lossless Line

The hypothetical case of a line without a loss is a case of a line for RidB =
0 (i.e., resistance and conductance are equal to zero). This assumption is goioe for a |
where the losses are much smaller than the energy that travels aldng fdelnson,
1950).
NTD (Noise-Tone difference)

SeeAcoustic Reflex Threshold Noise-Tone Difference (ART NTD)
Planar Mode

Planar mode refers to the plane wave propagation of the sound in which the wave
fronts are approximately parallel planes perpendicular to the directioa pfdapagation
and do not expand laterally. If a plane wave is incident on a spherical obstaplanthe
symmetry is lost. Since a sound wave is a longitudinal wave, the motion of theuhas|
of the air occurs parallel with the direction of the propagation. On the other hand, in the
propagation of transverse waves (e.g., light, radar, radio, television), the distuiba
perpendicular to the direction of the wave (Beranek, 1954; Tipler, 1976).
Power

Power(r) is a physical quantity, whose real component is computed from the

pressure response and conductance of the system in the following manner:
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n = %G |P|
The physical units in SI system are Watts. AttoWatts (aW) are tiypicsed to describe
the power absorbed by the middle ear.

1aW = 10°W (Feeney & Keefe, 1999)

Pressure

Ambient air pressure (static pressure).

In the absence of a disturbance in the medium, gas particles (molece)es) a
the average, at rest. They have random motion, but no net movement of the particles in
any direction occurs, so the particle displacement is zero. The value fonapressure
may be determined from the readings of a barometer. In other words, ambssuirer
(static pressure) at a point in a medium refers to the pressure that wistilat éxat point
with no sound waves present (Beranek, 1954).

Sound pressure.

When a sound wave is propagated in a medium, the particlas@lerated and
displaced from their rest positions. The particle velocity at any givenemiodiffers
from zero except during the moments that the particle’s direction of motion charnge
pressure at any point varies above and below the ambient pressure. This iratrement
variation of pressure is called sound pressure (Beranek, 1954).

Instantaneous sound pressure [(p(t)].

The instantaneous sound pressure [p(t)] at a given point refers to the inctementa
change from the static pressure at a given instant caused by the podssoal wave
(Beranek, 1954).

Effective sound pressure (p).
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The effective sound pressum at a given point is the root mean square (rms)

value of the instantaneous sound pressure over a time interval at that point. In tife case

periodic sound pressures, the interval is an integral number of periods (Beranek, 1954).

The effective sound pressure value or effective amplitude is usually simply
provided by measuring devices. Conceptually, it usually involves the following
computation: first the values of all positive and negative instantaneous soundgsressur
displacements are squared. The resulting values are all positive numbecesr(foar
the resting position instances). The mean of all these numbers is obtained. The root
square of the mean is the rms value. The rms pressure and amplitude of a sinusoidal
signal is mathematically equal to 0.707 (0.707 ¥2)times the peak sound pressure or
peak amplitude, respectively (Gelfand, 1998).

Static pressure.

SeeAmbient Pressure.

Reflectance

Energy reflectance£(w)].

The energy reflectanee(w) is a physical quantity, representing the ratio of the
reflected to incident energy. It is defined as squared pressure refle(dqnased
reflectance coefficient):

% (0) = R @)

In the human ear canal, energy reflectance is a measure of the ineffici¢he
middle ear and cochlea (Voss, Allen, 1994). The concept of energy reflectarest &=

a basis for the development of wideband reflectance instrumentation that is used for
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middle-ear function assessment. The technique allows measurements aebamnvd of
frequencies. For detailed information, see APPENDIX B. and APPENDIX

Pressure Reflectance (Reflection Coefficient) pg)(

“The pressure reflectancedt is the transfer function which may be defined for
a linear one-port network by the ratio of reflected complex preggiasdivided by the
incident complex pressum()”:

K(®) = p(o)/pi(w) (Voss & Allen, 1994)
For detailed information see APPENDIX B and APPENDIX C.
Reflectometry

Reflectometry is a diagnostic method developed primarily for the dmteuiti
middle-ear effusion. Reflectometry should not be confused with widebanctaefte,
sometimes also called energy reflectance or power flow. Reflectpoprates on the
basis of the quarter-wavelength theory. It utilizes the principle that alemacoustic
wave traveling in a tube that is closed at one end is almost completetye@flgon
reaching the closed end. This reflected wave cancels the incident vaadestnce of

one quarter of the wavelength from the closed end of the tube.

1 In order to prevent confusion between the physical quantitiesesfly reflectance
pressure reflectancandresistancethe symbok is used for energy reflectandee
symbolK is used to denotaressure reflectanceand the symbdR is used to denote
resistance This use of symbols is in agreement with Johnson (1950), whereas Voss &
Allen (1994) useR to describe pressure reflectance antb describe energy reflectance.
Stinson, Shaw & Lawton (1982) uBdor energy reflectance, which they call energy

reflection coefficient, and they ubdor pressure reflectance
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The device for the measurement is termed an acoustic otoscope for mMeaure
of acoustic reflectometry. It is a hand-held device that resembles anpepegcept that
it has a built-in speaker and microphone. The probe of the device is placed into the
orifice of the external auditory canal. No hermetic seal is required. Eakep
generates in the ear canal a tone of 80 dB SPL across several frequencies 43000 t
Hz) in a brief period (100 ms). A certain portion of the sound is reflected at the tgmpani
membrane. The built-in microphone receives the reflected sound wave. The léeel of t
reflected sound is indicated in the units of reflectivity, which ranges from 0 to 9. The
higher the reflectivity, the more likely is the presence of fluid. The asfglee
reflectivity may positively contribute to more accurate differerdrabetween normal
versus abnormal ears (Block et al., 1999; Katz, 1994).

Resistance (R) of an Electrical Line

Distributed resistance.

The distributed resistance of a line represents the imperfection afrtiaator.
It is expressed in ohms per unit lend@}irq) (Johnson, 1950).

Series resistance.

On an infinitesimally small section of the linex, the series resistance, will be
RAX, expressed in ohm&} (Johnson, 1950).

Sound

Sound is said to exist if a disturbance propagated through an elastic material
causes an alteration in pressure or a displacement of particles of énmahtlaat can be
detected by a person or an instrument. Pressure in the gas is a scalar (noiowiaens

guantity (Beranek, 1954). (See aR@ssure)
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Transmission of Energy via Auditory System

Human sound perception results from a complex process of transmission and
transduction of acoustical energy via the auditory system, which comprisas¢inge
middle, and inner ears, auditory nerve and central auditory pathway. The outer, middle,
and inner ears represent the peripheral auditory system. The process ofsiamsamd
transduction of sound energy is not, even in a healthy ear, a simple processtiorRsfle
amplification, losses and distortions at several instances accomparangmigsion and
transduction of the energy of the original sound wave. The air-propagated sound wave
travels through the ear canal until it reaches the termination of the eaattral
tympanic membrane. At the tympanic membrane, the energy of the sound is divided. Part
becomes a reflected sound wave (see APPENDIX A, F§ByeThe remainder sets the
tympanic membrane into a vibratory motion. Through this process, acoustical energy i
converted into mechanical energy. The vibration is transferred furthgy thiemalleus,
incus and stapes, bones of the ossicular chain, into the stapes footplate, which is in direc
contact with the membranous labyrinth of the cochlea at the oval window. The cochlea
may be conceptualized as a transducer that converts the vibratory stimulusomto a f
usable by the nervous system. It also is an organ, which performs substaatiat af
analyses (Gelfand, 1998).
Uniformity of the Ear Canal

The cross-sectional and/or directional changes of the ear canal aaelgal ginat
no significant energy of the sound traveling through the ear canal isedditek before
it reaches the tympanic membrane (Voss & Allen, 1994).

Velocity of Sound Wave Propagation (Speed of Sound)
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The velocity of sound wave propagatianis expressed in meters per second
(m/s), and varies with temperature and water vapor in the air. Calibraticangfctinical
and laboratory acoustic devices is performed at room temperature, appebxiciraa 20
°C (293.15 K) and velocity is corrected according to the equation below. The correction
for the water vapor in the air is nearly negligible (Popelka, 1981).

c = 331.45 (T/273.18%, where ¢ = velocity of sound in m/s, and T =
temperature (in K).
So, for example, in room air temperature of 20°C (293.15 K), the velocity of sound
equals 343,37 m/s (Beranek, 1954).
Wideband Reflectance

SeeReflectance andnergy Reflectance.
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CHAPTER I1: BACKGROUND AND RATIONALE
The topic of investigation of the ARTSs in younger and older adults for BBN and
tonal activators obtained via acoustic-immittance and wideband refledestmiques
was inspired by several areas of research. The interest is in thecinbdersé the main
themes as follows: the ART, acoustic immittance, wideband reflectancegiagd a
Therefore, the following sections in this chapter focus on and draw conclusions fr
research in these fields.
The ART: Traditional Acoustic-lmmittance Technique
Effects of Stimulus Spectrum, Duration and Age on the ART

Most of what is nowadays known about the acoustic reflex comes from the
experiments using acoustic-immittance based techniques. The measuretnent of
acoustic reflex is an important component of the standard audiological evaluation. The
most frequently employed clinical application of acoustic-reflex asssgss ART
estimation.

Numerous studies have shown that the lowest intensity for eliciting a minimal
change in middle-ear acoustic immittance, in other words, ART, may rang& @rton
100 dB HL in normal hearing subjects. Already early acoustic-reflex i#sbad shown
that there cannot be established direct relationship between the ART leviet aledjtee
of the hearing loss (Metz, 1946). Earlier studies utilizing the traditional @cous
immittance based technique for measurement of the ART revealed theoéHetivating
stimulus bandwidth on the ART. As stimulus bandwidth increases around the center
frequency, the ART in normal young adult ears remains unchanged until stimulus

bandwidth reaches critical bandwidth; thereafter, the ART decreases inlmearvi



25

fashion as the bandwidth increases beyond the critical band (Popelka, 1981). The BBN
ARTSs are approximately 15 to 20 dB lower than the tonal ARTs for normal young adult
(Deutsch, 1972; Djupesland, Flottorp & Winther, 1967; Margolis & Popelka, 1975;
Popelka, 1981; Silman, Popelka & Gelfand, 1978).

The relation between the ART and hearing threshold level is complex as the
ARTSs for tonal and BBN activators are related to hearing threshold levélaredt
ways. The tonal ARTs remain constant in normal ears and ears with hearesggupdse
30 to 40 dB HL and increase as the hearing loss increases beyond 40 dB HL. For BBN
activators, the ARTs for persons with hearing impairment not exceeding@bdBtHL
increase with hearing level at a rate of approximately 0.4 dB per 1 dB afignézarel.

When the hearing thresholds exceed 60 dB HL, the BBN ARTs do not increase any
further and remain relatively constant (Popelka, 1981) (See Appendix A, Figure A

Jerger et al. (1978) reported that aging was associated with a deocrérestonal ARTs

and no change in the BBN ARTSs. In contrast, the results of Silman’s study (1979) on the
contralateral ART for younger and older adults revealed higher BBN ART sdier tblan
younger adults and the absence of significant differences in the tonal ARVERbet

younger and older adults. Silman related these findings to Bredburg’s theory (1968)
regarding degeneration of outer hair cells as a function of aging.

Similar to Silman (1979), Gelfand and Piper (1981), Osterhammel and
Osterhammel (1979) and Thompson et al. (1980) did not observe any aging effect for the
tonal ARTs. The findings of Gelfand and Piper (1981), Thompson et al. (1980) and
Wilson (1981) corroborated Silman’s findings regarding the aging effect on the BBN

ART.
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The methodological differences between Silman’s (1979) and Jerger ét9q18 (
studies on the effect of age on the ART were examined by Silverman et al. (1983). The
contralateral ARTs for BBN and tonal activators (500, 1000, 2000, 4000 Hz) were
obtained under clinical and research conditions for 72 normally hearing subjegtgyra
in age from 20 to 69 years. In the clinical measurement condition, the ascending-
descending procedure was employed with 5-dB increments and visual morntcitieg
response (needle deflection on the balance meter), following JergeMéeahART was
defined as the response at the lowest intensity level at which needleioleftecthe
balance meter was observed three times in consecutive ascending orderesedheh
measurement condition, 1-dB intensity increments and a strip-chart necenee
employed following Silman. The ART was defined as the lowest stimulus irytéewe
at which deflection was noted on the strip-chart recorder. The deflectiomgadteto be
time-locked within one second after the stimulus presentation and distinguisbatle fr
random pen deflections.

Silverman et al’'s (1983) results showed that the participant’s age wakatsuir
with the BBN ART for both conditions but not the tonal ART for either condition. The
correlation between age and the BBN ART was more robust under the 1-dB than 5-dB
condition. Participants were divided into five groups according to their ageldvibr 15
subjects representing each of the five age decades. The mean BBN ARTSs for the
youngest three age decades, with ages ranging from 20 to 49 years, formed one
homogenous subset, and the means for the oldest three age decades, ranging in age from
40 to 69 years, formed a second homogenous subset. The group of the subjects between

40 and 49 years of age exhibited mean BBN ARTs common to both age subsets. Thus,
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Silverman et al. concluded that changes in the BBN ART associated with thge agin
process have their onset in the fifth decade of life, even when hearing sgnsitvithin
normal limits. This conclusion appeared to be in good agreement with other literature on
auditory aging. For example, as the authors pointed out, Marston and Goetzinger (1972)
and Sticht and Gray (1969) reported aging associated decrements in timessachpre
speech recognition ability in adults with normal hearing sensitivity.

Jakimetz, Silman, Miller and Silverman (1989) studied the effects of spectral
density and the effects of bandwidth on the ART in older adults. Two groups, 20 young
(20-30 years of age) and 20 older (60-71 years old) normal-hearing adultsgstede t
using multicomponent tonal complexes of varying density and bandwidth. For the
investigation of spectral density, the number of components varied from 3 to 53 and the
bandwidth was 500 to 3920 Hz (centered at 1420 Hz). The bandwidth effect was
assessed with multitonal complexes having components equally spaced in logdyequen
bandwidth varied between 320 and 3420 Hz with a low frequency cut-off at 500 Hz and a
high-frequency limit at 3920 (the stimuli were centered at 1420 Hz).

Jakimetz et al.’s (1989) spectral density findings revealed that as sdecisay
increased, the ART decreased as the number of components increased up to 7
components in the younger adults and up to 5 components in the older adults. With more
than 7 components in the younger adults and more than 5 components in the older adults,
the ART remained unchanged. The mean ART decrease with increase in number of
components until no further changes in ART were observed was 8.1 dB for the younger
adults as contrasted with 5.6 dB for the older adults. These findings indicated that olde

adults have reduced ability to summate the sound energy from a multitonal complex
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signal, implying diminished frequency resolution ability. Jakimetz etladrslwidth
findings revealed a substantially reduced bandwidth effect for the older asr@shwith
younger adults. Increase in bandwidth from 320 to 3420 led to a decrease in the ART of
only 3 dB as compared with 9 dB in the younger subjects. Jakimetz et al. explained these
findings in light of critical band theory, suggesting that the number of the th#ods is
reduced and their width is increased in older adults. The absence of the bandwidth effect
in older adults resembles the absence of this effect in young adults withirseumsdr
hearing impairment Popelka et al. (1976).

Emmer’s (2000) investigation of relationship between the subject’s age and
temporal integration of the BBN ART and 1000-Hz ART for stimuli durations from 12
ms to 1000 ms (12, 25, 50, 100, 200, 300, 500, and 1000 ms) indicated interaction
between age and stimuli duration for the BBN ART. A large NTD of about 10 dB was
noted between the younger (10 men and 10 women, 18 to 29 years old) and older subjects
(10 men and 10 women, 59 to 75 years old) at the three longest durations. At durations
less than 200 ms, the NTDs in older subjects were similar to those in younger adult
subjects

Diagnostic Applications of Acoustic-Reflex M easur ement

The diagnostic significance of acoustic-reflex measurement igegelgnized.
Detection of retrocochlear pathology and prediction of hearing loss with thealévari
plotting procedure represent two major areas of ART applications

Detection of Retrocochlear Pathology
Numerous studies have indicated that the ART is an essential tool for detecting

retrocochlear pathology (Gelfand, Schwander, & Silman, 1990). There is ameekpec
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range of ARTs that is associated with normal-hearing sensitivitgarear impairments.
Normative ART data, as a function of hearing sensitivity in normal and seesiai
hearing-impaired ears (cochlear origin of the impairment) have besligiséd by

several investigators (Gelfand & Piper, 1984); Gelfand, Piper, Silman, 1983; Silman &
Gelfand, 1981.

The distinguishing characteristic of retrocochlear abnormalitiesastsatateral
tonal ART that is elevated relative to the normative data or absent. A prepoedgfranc
ears with retrocochlear pathology has tonal ARTs that exceedtfhmﬁﬂantile-ranges
(Gelfand, 1984; Olsen, Bauch, & Harner, 1983; Sanders, 1984). Thus"tper@@ntile
values frequently are used as cutoff values to determine the risk of retemzochl
pathology. There are, however, two issues which must be taken into consideration when
applying o percentile values for the prediction of retrocochlear involvement. One of
them is related to the magnitude of the hearing loss at the activator freqUlbe®ther
is concerned with the inclusion versus exclusionmfesponsem the calculation of the
90" percentile values. Gelfand, Schwanderd Silman (1990) showed that cutoff values
based on the calculations including “no responses” (absent reflexes were coded at 125 dB
HL for activator frequencies 500, 1000, 2000 Hz) are higher than those excluding “no
responses” for hearing losses greater than about 55 dB HL. fipeaentiles
including the effects of no responses were able to identify ears with i@ichdear
pathology for hearing losses as great as about 75 dB HL. When the hearingHess at t
activator frequency exceeds 75 dB HL, however, the no-response rate for bogacochl
and retrocochlear impaired ears becomes so high that it precludes ddteyeriietween

cochlear and retrocochlear pathologies.
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Prediction of Hearing Loss with the Bivariate Plot Procedure

Because of the initially observed “lack of definitive [ART’s] dependence on the
degree of the loss of hearing” (Metz, 1946), the potential use of the acousticaoeflex f
detection of hearing loss was not explored until much later (Popelka, 1981). The first
attempts of hearing loss prediction from ART were made by Niemeyer ateft@sn
(1974), followed by Jerger et al. (1974) using the SPAR (Sensitivity Prediabion fr
Acoustic Reflex). Niemeyer and Sesterhenn (1974) attempted to divide thesutifect
groups according to the anticipated hearing sensitivity (normal, mild, meders¢vere,
and profound). Using the SPAR procedure, which represented a modification of
Niemeyer and Sesterhann’s method (1974), Jerger et al. tried to predict thg hearin
threshold levels. The SPAR method was further revised by Jerger (1975) and Jerger,
Hayes, Anthony, and Mauldin (1978).

Although these aforementioned methods represented innovative exploration of the
relations among the ART, stimulus bandwidth, and magnitude of hearing impairment,
these approaches incorrectly assumed that the NTD decreases asitigeiin@airment
increases. This incorrect assumption led to large false-negative ragaesiulis of
research on the ARTs for BBN vs. tonal activators suggest that the NTD does not
decrease as the hearing impairment increases beyond about 60 dB HL. Thedlescribe
prediction procedures were plagued by high false-positive rates as we#. &rfhas
most likely stem from the large variability in the NTD in normally-heguadults and
adults with mild- or high frequency- impairment (Popelka, 1981; Silman et al., 1984).

Efforts to overcome the limitations of the early predictive methods of Niemey

and Sesterhann and the revised versions of the SPAR (Jerger, 1975; Jerger, Hayes,
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Anthony & Mauldin, 1978) led to thigivariate-plot methodieveloped by Popelka,
Margolis and Wiley (1976) and Popelka (1981) (which, hereafter, will be refereed t
thetraditional bivariate plo}. The bivariate-plot method displays two reflex-related
guantities, X and Y, on the coordinates of the bivariate plot. Quantity X, the ratio of the
BBN ART to the average of the tonal ARTs (multiplied by 100) is shown on the abscissa,
while the ordinate displays the second quantity, Y, which is the average of the tonal
ARTs. Since these two quantities increase as the hearing sensitolibhedgpresence or
absence of hearing loss may be determined from the bivariate plot. Therieddit
bivariate plot is constructed by plotting of the X and Y quantities based on the ART dat
from young, normal-hearing adults. Two line segments, one vertical and one with the
slope of —1.0, are drafted, so that at least 90% of the data for the normally-lyeargg
ears are situated to the left of the line segments (Popelka, 1981).

The graph with the line segments then serves as a template for the detection of
hearing impairment. To determine whether someone has hearing impairment, the
individual's ARTs are obtained, and the ART-related quantities are cadwdat then
plotted. If the data point falls to the left of the line segments, normal heamsgivity
is predicted. If the data point falls to the right of the line segments, heapagnnent is
predicted. The bivariate plot method is employed with difficult-to-tesviddals. The
results of research indicate relatively good predictive accuracyafemath normal
hearing or with more significant losses, when mild or high- frequency impaisraes
absent. The accuracy of the aforementioned traditional bivariate plotting pmcedur

appeared to be affected by subject’s age as well (Hall & Koval, 1982).
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The effect of age on accuracy of prediction of hearing impairment with the
traditional bivariate plotting procedure was thoroughly evaluated by Silmaar8an,
Showers and Gelfand (1984) in their study on 72 normal-hearing subjects (20%6fyear
age) and 86 adults with sensorineural hearing impairment of cochlear {283
years of age). Analysis of the results revealed age 44 years toitieaacut-off point
on the traditional bivariate plot. Accuracy of prediction was reduced when suinject
than 44 years of age were included. Exclusion of subjects who were 45-years old or
older resulted in significant improvement of predictive accuracy of the taditi
bivariate plot. This finding was in excellent agreement with observation of iBéwveet
al. (1983) that the BBN ARTSs are increased beginning with the fifth decade.of lif
Silman et al. obtained further decreases in the false-positive and false+aegis
following modification in the construction of the bivariate plot: The line segmesits w
constructed only after the data points for all the subjects (those with hearingnemga
as well as those with normal-hearing sensitivity) were plotted. Thedgraents were
placed (and the slope of the diagonal line segment adjusted) such that 90% or more of the
data for the subjects with the mild or high-frequency sloping hearing fisletteft.
Improvement of the modification is illustrated by the contrast betweemtid® abtained
via traditional (Popelka, 1981) and modified (Silman, Silverman, Showers, & Gelfand,

1984) bivariate plot (see Table 3).
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Table 3

Predictive Accuracy of the Traditional and Modified Bivariate Plots

Traditional bivariate plot Modified bivariate plot

Subject age: 20-83  Subject age: 20-44 Subject age: 20-44

False- False- False- False- False- False-
Positive Negative Positive Negative Positive Negative

Subjects with

Normal 12 % 3% 14 %

Hearing

Sensitivity

Subjects with

Mild Loss/ 57 % 42 % 4%
High

Frequency

Sloping Loss

Subjects with

Significant 31 % 21 % 4%
Loss

(Moderate and

Worsg

Summary and Conclusions

In summary, acoustic-immittance-based ART research showed aginig effiec
the ART for a complex signal. Higher BBN ARTs were obtained for older thanger
adults (Silman, 1979; Thompson et al., 1980; Gelfand & Piper, 1981; Wilson, 1981,
Silverman et al, 1983) This aging effect on the BBN ART is first observed irftine fi
decade (Silverman et al, 1983) The effects of spectral density on the ART dftamall
complex differs with age (Jakimetz et al., 1989). Similarly, the bandwidth effethe
ART of a multitonal complex also differs with age (Jakimetz et al.). Desieas
frequency resolution may explain the spectral density findings whereasdeclumber

and increased width of the critical bands may explain the bandwidth findings in older
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adults (Jakimetz et al., 1989). For auditory perception, aging effectgéirsbserved for
complex signals, such as speech, before being observed for pure-tone signals.

The utility of the use of the §percentiles to detect retrocochlear pathology from
acoustic-immittance based ARTSs in persons with normal-hearing senstivity
sensorineural hearing impairment becomes limited when the magnitude ofrihg hea
impairment exceeds about 75 dB HL because the no-response rate for the aefterstic
for both cochlear and retrocochlear impaired ears becomes high when the hearing
impairment exceeds that level. The use of the bivariate-plot method for aletsfcti
hearing impairment from acoustic-immittance-based ARTs becomésdimthen used

on older adults more than 44 years of age (Silman, Silverman, Showers, & Gelfand,
1984) The ART NTD is not adequate for the prediction of hearing impairment in young
adults when the duration is shorter than 200 ms and should not be used for this purpose in
older subjects regardless of the AR stimulus duration (Emmer, 2000)

For accurate and valid measurement of the ART with the acoustic-immittance
based technique, the highest probe-tone frequency that can be employed is apelpxim
2000 Hz. At higher probe-tone frequencies, the variations in acoustic pressurédnalong t
external auditory canal are large, and sound pressure at a single locatagero |
defines an acoustic input into the auditory system. At these higher probe-tone
frequencies, acoustic immittance provides unreliable assessment of saddlgction
(Khanna & Stinson, 1985; Stinson, Shaw & Lawton, 1982; Wiener & Ross, 1946). Two
major factors play role in the observed acoustic pressure variations:rftedgrence
between incident and reflected acoustic pressure waves leads to standingesalties

in the sound pressure variation as a function of ear canal measurement locationysecondl|
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the ear-canal and tympanic membrane anatomy such as irregular shapeaofad with
overall taper, or ear canal termination with an oblique tympanic membrane, cause
acoustic pressure variations along the canal and even across the tympaliamsem
(Khanna & Stinson, 1985).

With the traditional acoustic-immittance based technique, the frequencyrdiema
very restricted, as the probe-tone frequency employed is a singlerfoggsach as 226
or, less commonly, a higher frequency such as 678 Hz. The results of some studies have
shown lower ARTS, on the order of 2-6 dB, when a higher (e.g., 678 Hz) probe-tone
frequency is employed as compared with a lower frequency (e.g., 226 Hz) probe tone
(Beattie & Leamy, 1975; Burke & Herer, 1973; Porter, 1972; Wilson & McBride, 1978).
Thus, it may be interesting and beneficial to evaluate the acoustic réfieedrghysical
changes (impedance, admittance or other quantities) as a function of freqadner
than at singular frequency. The expansion of the frequency domain for measurement of
the ART might unmask the most sensitive frequencies or frequency regioRTor A
measurement. Wideband reflectance, on the other hand, would allow examination of the
immittance changes caused by the stapedial reflex with step Sm@alisas 47 Hz in a
broad frequency range, such as 200 to 8000 Hz, thereby the investigator tdheskect t
frequencies yielding the lowest ART.

The acoustic-immittance based ART procedures in the clinical settingyusuall
employ one or few stimuli presentations at a given intensity level, radueistgnal
averaging. Signal-averaging has been successfully used, however co tfezlgignal-
to-noise ratio in many areas of health technology. Signal-averaphigT

measurement has been employed in research settings. The ARTs obtdirsgnait
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averaging are generally improved as compared with those elicited withoalk sig
averaging (Hayes & Jerger, 1983; Jerger et al., 1977; Stach & Jerger, 1984is€arki
al., 1973; Zito & Roberto, 1980). Thus, signal averaging represents a method for
enhancement of the ART.

Thus, ART measurement techniques which are based on a broad frequency
domain (e.g., wideband reflectance), and which use signal-averaging teghmaégyg
yield ARTs at lower thresholds than those based upon a restricted frequeraig dach
the absence of signal averaging. Consequently, these techniques should be used to re-
evaluate aging, hearing loss, spectral density, bandwidth, and other effdestamal
and BBN ART. Additionally, ART measurement using wideband reflectance may
provide additional information about the ear function over a broad frequency domain. If
ART differences are seen with the enhanced techniques as compared witltacousti
immittance based procedures without signal averaging, then clinical mébnods
detection of retrocochlear pathology (e.g"@@rcentiles) and hearing impairment
(bivariate plot procedure) need to be revised. In light of the theoretical andlclinic
results obtained in the past decade, it appears that wideband reflectance nagthod m
overcome shortcomings and ambiguities of the earlier acoustic-imnettased ART
research.

ART: Wideband Reflectance Technique

The wideband reflectance technique is based on the transmission line model of ear
canal and middle ear, rather than on the lumped elements’ concept employed in the
acoustic-immittance instrumentation. The transmission line model allowsavide of

human ear canal measurements, reaching frequencies as high as 8000 Hz, or perhaps



37

even higher. The transmission line theory and its wideband reflectanceatipplare
explained in detail in APPENDIX B. APPENDIX C provides the wideband raftee
method summary (method by J.B. Allen).

The wideband reflectance technique has been used in number of scientificas wel
clinical investigations. The body of wideband reflectance literaturdeavided into
several categories: (a) research primarily dedicated to the cermrebtnethodology of
wideband reflectance (Allen, 1985; Keefe, 1984; Keefe, 1997; Keefe, Ling & Bulen,
1992; Voss & Allen, 1994); and (b) studies focusing on clinical applications of wideba
reflectance (Burns, Harrison, Bulen & Keefe, 1993; Burns, Keefe & Ling, F58)ey

& Keefe, 1999; Feeney & Keefe, 2001; Feeney, Keefe & Marryott, 2003; Feendg, Kee
& Sanford, 2004; Feeney & Sanford, 2004; Jeng, Levitt, Wei & Gragd9 Keefe,

Bulen Hoberg Arehart & Burns, 1993; Keefe, Folsom., Gorga, Vohr, Bulen & Norton,
2000; Keefe, Gorga, Neely, Zhao & Vohr, 2003; Keefe & Levi, 1996; Keefe & Simmons,
2003; Keefe, Zhao, Neely, Gorga & Vohr, 2003; Margolis, Saly & Keefe, 1999;
Piskorski, Keefe, Simmons &Gorga,1999). As the main focus of this investigation is
directed at the ARTS, the foregoing section will concentrate on the widlebectance
studies concerned with the acoustic reflex.

Burns and his colleagues (1993) obtained pre-contraction and peri-contraction
wideband reflectance measurements in a young female with voluntary dontcHct
middle ear muscles. The wideband reflectance increased for frequencigsabeut
4000 Hz during the voluntary contraction of the middle-ear muscles. The acoustic-
immittance changes associated with the voluntary contraction of the matdiedscles

were judged to be comparable to those reported in literature for the acefiekc
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Feeney and Keefe (1999) successfully used the wideband reflectance system
(Keefe, Ling, & Bulen, 1992) to obtain tonal ARTs from three young normal-hearing
female subjects at levels that were at least 8 dB lower than those dbtaim¢he
traditional immittance-based clinical method. The wideband reflectanueigee
allowed not only a wide frequency range of measurements, but also evaluation of
acoustic-reflex induced changes in the domains of admittance, reflectance and powe

The tonal activator signals of 1000 and 2000 Hz were generated by a Madsen 622
diagnostic audiomet@nd were delivered via an ER-3A insert earphone into the subject’s
left ear. The right ear served as the probe ear. This arrangement was usdd for bot
acoustic-immittance based (using a GSI 33 middle-ear analyzer) ancanadeb
reflectance-based ART measurements. With the traditional clinicaltazoumittance
technique, measurement parameters included an ascending intensity neetivaglagt70
dB HL, activator duration of 1-2 seconds, and a 2-dB intensity step size. The ART was
defined as the first activator level to produce a 0.03 mmho or greater change titacous
admittance on three ascending runs.

The wideband reflectance measurements consisted of two types of dat@ocollec
baseline measurements using chirp stimuli in probe ear in the absence tfamgc
stimulus in the contralateral ear, and measurements using chirp stimuli in theg@robe
with activating stimuli in the contralateral ear. The instrumentatiomgeraents are
depicted in Figure 1. The activating stimuli were presented using 2-d8adtigyvels
within £ 8 dB of the ART as measured earlier in the experiment, using the traditiona
acoustic-immittance technique. Two ascending runs were completed atbaating

stimulus frequency for each subject. The activator duration varied from 2-3 seconds
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depending on the levels of the noise associated with the measurement. A tingedivera
wideband reflectance response was obtained based on 8 chirp stimuli in the probe ear.
The wideband reflectance response was measured between 200 and 8000 Hz, in 1/12-
octave steps. The wideband reflectance technique allowed computation oéphysic

guantities of admittance/impedance, reflectance and power.

WIDEBAND REFLECTANCE
AUDIOMETER
Chirp AR Activating Signal
‘[ ]> ¢ (Pure Tone or BBN)

v

Pec measurement

Activator Ear
Probe Ear

Figure 1. Schematic drawing of instrumentation arrangements for catdgral ART
measurement via wideband reflectanpg; is the ear-canal acoustic pressure used to
compute impedance Z, admittance Y, reflectance R and paweuantities that describe
peripheral ear response (The admittance and impedance measunaarentormalized by ear
canal's cross-sectional ardBased on Feeney& Keefe (1999, 2001)].

The results of the wideband reflectance measurements were displayed in thei
report as reflectance-, normalized admittance magnitude- and power lengésha
between the baseline condition and the activating signal condition as a function of
frequency. The results for wideband measurement for the 1000-Hz activatintusti

were similar to those for the 2000-Hz activating stimulus. Systematiittadce
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magnitude and wideband reflectance changes as a function of activatoryniemsit
noted. The most significant acoustic-reflex elicited reflectancegasamnere observed at
the low frequencies below 1000-1200 Hz, with several peaks and notches at higher
frequencies. The instrumentation set-up used by Feeney and Keefe (19993 tckbewd
that the wideband reflectance method not only can be successfully employed for ART
measurement but also that the method yields ARTSs for tonal activatorslstiatere
at least 8 dB lower than those based on traditional acoustic-immittancegteshni
Feeney and Keefe (2001) and Feeney, Keefe and Marryott (2003) used egsentiall
the same instrumentation set-up as in their earlier study (Feeneyf& K689) for
evaluation of the ART. In contrast with their earlier investigation, Feeney aafd Ke
(2001) examined the ART in response to the BBN activating stimulus using wideband
measures of admittance, and power as well as wideband reflectandbrdaltjuantities
are measured across wide range of frequencies, rendering them widedzeudes.) The
investigation was divided into two experiments. The first experiment was ceddurtt
the same three female participants as in the preceding research (&d&refe, 1999).
The ART was defined using a magnitude and correlation technique. The baseline
responses to eight chirps were combined to obtain a time-averaged baselmeoUdie
reflex was tested with activator levels starting at 32 dB below theidrzaliacoustic-
immittance-based threshold and ending at 8 dB beyond that value. The actastor w
presented in ascending order using 2-dB steps. With the correlation approach, the shape
of the wideband reflectance responses was evaluated, whereas with the magnitude
method, the shifts in magnitude of the wideband reflectance responses wemrdassess

With the magnitude approach, the activator-baseline difference was compdrdaewit
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baseline variability and an acoustic-reflex was assumed to be presenbiintiee was

larger than the latter. Also, in order to be considered acoustic reflex #iteatideband
reflectance shift had to exceed 2 SDs beyond the mean of the absolute differeeea bet
baseline conditions over half octave range (equivalent of at least 6 six consecutive
frequencies). The lowest level of activator that met these conditionaosepted as

ART. The correlation method approach was based on the observation that the response
shifts preserved the same basic configuration while the intensity of thatactvas
decreased. Cross-correlations between the shifts for the highest actitatinose

elicited by lower-intensity activators were calculated. High positigeszcorrelation

values were attributed to the acoustic reflex effect. The cross-c¢mmslavere

transformed via Fisher’s Z transformation. And the correlations weessad using a
one-tailed test at a 0.05 level of significance. The lowest activatonidnase correlation

with the highest activator level response exceeded criterion palees accepted as ART

(po = V0.3 =0.548). (In a regression mode, the corresponding linear regression between
two variables with correlation value of 0.548, would be estimated to account for 30% of
overall variance).

Only the wideband response data between 250 and 2000 Hz were examined in the
analysis. The average difference (across the 3 participants) betwe&pdheental
wideband ART and the traditional acoustic-immittance ART ranged from 12.3 dB
(average ART difference between the wideband admittance magnitude method and
traditional admittance method) to 16.3 dB (when wideband power correlation method
results were compared with traditional admittance approach). Comparis@ehbehe

ARTSs obtained via experimental wideband reflectance correlation method and the
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traditional admittance technique yielded difference of 14.3 dB. The diffetsteveen
averaged wideband reflectance magnitude method ARTs and averaged traditional
admittance measurements was 13.7 dB.

As it was unclear which analysis technique (magnitude or correlatiodggiel
lower ARTS, the goal of the second experiment was to improve the design of both
techniques and to determine whether a combined test would be superior over either
technique. Eventually, the magnitude approach was modified to include an F-tesif(rat
the variance in the presence of the activator to the baseline variance) aadétation
method focused on correlations between the responses to successively loataracti
presentations rather than the first experiment’s cross-correlatitwedrethe response to
the most intense activator, and a particular lower activator presentation.

The participants of the second experiment were two young adult femdleés@an
young adult males. Three wideband response bandwidths were analyzed: 250 Hz to 2000
Hz (range used in the first experiment), 250 Hz to 4000 Hz, and 250 Hz to 8000 Hz. The
magnitude method was revised (revised magnitude method) to include an F test to
evaluate whether mean-square amplitude of activator response shift vias tig@athe
corresponding baseline change. With the magnitude method, for each wideband response
bandwidth, three baseline measurements were obtained to account for baselinéyariabi
(i.e., baseline differences among the 3 pairs of baseline measures were carnrpated)
given wideband response bandwidth, the baseline yielding the smallest baseline
difference among the 3 baselines was determined to represent tireebzegance.

These three baseline differences were then summed to form a single baseimeva

estimateV/ARDb. Variance in the presence of the activatbkRa was determined as the
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variance across frequency based on the wideband reflectance shift. VARb aad VAR
were calculated for wideband admittance and wideband power. VARDbs and VA®Ras w
used to calculate the F ratios, defined as VARa/VARbD. A one-tailed Fassisgessed
with a = 0.001. ARTs were determined evaluating the F ratios in descending order,
starting from the highest level of activator ART was defined as the |l@aetgator level
associated with a significant F ratio.

The previously used correlation method was modified so that each activator
response was correlated with the response from the activator at the nextdugher |
rather than with the response to the very highest activator. This method was denoted as
consecutive correlation method.

The revised magnitude method ARTs and consecutive correlation method ARTs
were compared, and the higher (i.e., poorer) from each pair of estinetehosen as
the final ART.

When the most restricted bandwidth was employed, agreement across the three
types of measurements (wideband admittance, reflectance, and power) was glood. Wi
increasing analysis bandwidth, there was a trend of increastiedpand reflectance
ARTs and wideband admittance ARTSs, but unchanging wideband power ART. The
wideband power ARTs were slightly lower (more sensitive) than the wideba
reflectance and admittance ARTs. On the other hand, the false-positive rate
(misidentification of a baseline as an acoustic reflex response) wasfbethe
wideband reflectance ARTs than the wideband power or wideband admittance ARTS.
The wideband reflectance ARTSs for the 250-2000 Hz and 250-4000 Hz bandwidths and

with wideband admittance for the former bandwidth were judged to possess good
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sensitivity as well as specificity. The average traditional acoumstiattance ART was
81 dB and the average wideband reflectance ART was 62.5 dB (when the cross-
correlation analysis was based on the 250-2000 Hz bandwidth). This improvement in
ART for the wideband reflectance as compared with the traditional acedshittance
measurement technique was attributed to the combination of improved hardware, noise
reduction through computerized signal averaging and the use of a widebandemeasur
technique (Feeney & Keefe, 2001).

Using a similar methodological and analytical approach, Feeney, Kedfe
Marryott (2003) examined the wideband reflectance ARTs, wideband adraiArics
and traditional acoustic-immittance ARTs using the 1000-Hz activator indngyadult
subjects and the 2000-Hz activator in a different group of 17 young adult subjects. The
activator intensity varied in each run from 24 dB below the acoustic admif&iceo 4
dB above that threshold, with 4-dB step sizes and random order of presentation of
intensities. Two runs were completed for each activator frequency. To determi
whether response bandwidth affected the ART, the wideband reflectance artdrammit
responses were evaluated under four bandwidth conditions: with the upper liofit cut
frequencies of 1000, 2000 and 4000 Hz, and with the full bandwidth (250-8000 Hz). The
responses were analyzed using the magnitude method utilizing an F-test and the
consecutive-correlation method. Following Feeney and Keefe (2001), the tigher
two ART estimates (correlation or magnitude) in the given intensity reraa@epted as
the ART.

The results from the two intensity runs for each tonal activator weraged and

the averaged value was accepted as the final ART. The wideband adsrattanc
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reflectance ARTs were about 12 dB lower than the traditional acoustidtanoe ARTS.
It should be noted that in several subjects both wideband reflectance and wideband
admittance acoustic-reflex responses were obtained at the loweatadgvel,
suggesting that these responses were obtained at suprathreshold levels. When the
response bandwidth of analysis was 250-2000 Hz, specificity was 96%, inditating
96% of baseline responses were correctly rejected (i.e., not accepted-aticited
responses). With the cross-correlation statistical method, robust respangesigc
from noise rather than the acoustic reflex are accurately reje@edversely, the
magnitude method functioned to eliminate sub-reflex-threshold activator corsditir
which small changes in middle-ear stiffness occurred that were ngligthable in
magnitude from normal baseline variability” (p. 131, Feeney et al., 2008 .authors
also reported that the traditional acoustic immittance ARTs were momuha
dispersed whereas those obtained using wideband reflectance and widebarasheglmitt
measurements are more widely dispersed in normal young adult subjeotsy(Féeefe,
& Marryott, 2003).

Feeney, Keefe and Sanford (2004) investigated ipsilateral and contiaAddia
for high-frequency tonal activators in 27 young adult subjects with norraahlige
sensitivity using the traditional acoustic immittance-based technigweglbaas the
wideband reflectance and wideband admittance methods. With the traditiondicacous
immittance technique, only CARTs were measured, and only the 4000-Hz activator wa
used (maximum intensity used was 92 dB SPL). As the largest acaikdicelicited
shift in wideband reflectance and admittance previously was noted to oceqguedricies

below 2000 Hz (Feeney, Keefe & Marryott, 2003) care was taken to separate the
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frequency distance between the activator and probe stimuli by using a 4Qi@amMe
band-filtered click (rather than the broad 250-10,000 Hz chirp used in several previous
studies) with an upper cut-off frequency of 2000 Hz for the response bandwidth.
Reflectance recordings in a Zwislocki coupler confirmed that the $tiglogivator level
produced negligible artifacts. The presumed activator-elicited shifesevatuated in

the frequency range from 314 to 2000 Hz using a statistical method that analyzed both
the magnitude of the shifts in reflectance and admittance as well agtélaton of

shifts at the lower levels with those at higher activator levels. Toaditacoustic-
immittance ARTs and wideband reflectance and wideband admittance ARTs were
obtained under all conditions for 9 of the 27 subjects (traditional acoustic-imoaitta
contralateral, wideband reflectance contralateral, wideband eeftexipsilateral,

wideband admittance contralateral, and wideband admittance, ipsilatEnal)wideband
reflectance and admittance CARTs were comparable and both were low#rgha
(traditional acoustic immittance-based CARTSs by approximately 3 diilaBifindings

were obtained for the ipsilateral and contralateral activator conditions.

Greater acoustic-reflex adaptation to high frequency activators gsaocedwith
lower frequency activators was proposed by the authors as possible explanatian for
relatively small difference between the traditional and wideband AR Wgaslbbserved,
for example that two subjects had adaptation to the baseline within 2.4 secdnds wit
wideband measures. Adaptation would be more pronounced with wideband than
traditional acoustic-immittance measures as the activator duratmmgierifor the former
than latter measure. Another factor in the 3-dB difference might be theitgtand the

type of probe stimulus. Feeney, Keefe & Sanford (2004) used a filtered clicKugtim
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(200-2000 Hz) at 70 dB peSPL. Earlier studies (Feeney & Keefe, 2001; Feeney, Keefe &
Marryott, 2003) used a 40-ms chirp having an overall level of 65 dB SPL as nekissure

a Zwislocki coupler. The authors hypothesized that “it is possible that ifabe prere
presented at a level slightly below reflex threshold that it couldtteilan acoustic

reflex in combination with the activator stimulus, thus lowering the reflesltiotd”

(Feeney, Keefe & Sanford, 2004, p.427). This phenomenon might be the reflection of the
width of the auditory filter for the acoustic reflex.

In summary, the recent ART research has employed the experimerttabinét
wideband reflectance as well as the wideband reflectance-relatedds@f wideband
admittance and wideband power to re-examine the conclusions of the earlier ART
research utilizing the traditional acoustic-immittance techniqueofAle wideband
reflectance studies have shown CARTS that are improved with the widebandneiect
technique as compared with the traditional acoustic-immittance techniqueestritts of
studies are inconsistent regarding the amount of improvement. The differeneerbetw
wideband reflectance and traditional acoustic-admittance CARTSs Veayiadas low as 3
dB, when 4000 Hz tonal activator and band-filtered click as probe stimulus were used
(Feeney, Keefe & Sanford, 2004), up to differences well over 10 dB. For example,
Feeney & Keefe (2001) documented CART improvement of 13.7 dB for BBN activator
and 250-2000 Hz probe bandwidth when magnitude statistical method was used; 14.3 dB
in the same study when correlation approach was applied; 18.5 dB when crossi@orrela
method was employed. The large improvements in CARTSs appeared to hold a promise
for improving the diagnostic and predictive capabilities of the ART. Varietgabbrs

may account for these large differences between the wideband refleClaRds.:
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statistical analysis approach, activator stimulus, probe band width, aceadietc-r
adaptation to high frequency activators, number of participants. Possibilityanirai
summation of the BBN activator and probe chirp stimulus should be examined in future
as well. None of the studies examined the wideband versus traditional acoustic-
immittance NTD or the CART age effects. Future research needs to résohsasting
controversies using larger sample sizes and to evaluate the widebandneflersus
traditional acoustic-immittance NTD using appropriate criteria &inthg the ART.

Theoretical Concepts and Models underlying Acoustic | mmittance and Wideband

Reflectance Techniques
In order to be able to apply the techniques of traditional acoustic-immittance and
wideband reflectance and interpret the obtained results correctly withieatine of the
peripheral ear function, it is imperative to understand the underlying thebeeinczpts,
limitations and assumptions of different models of the ear as well as those pplibd a
techniques. Moreover, good understanding of the acoustical behavior of the peripheral
ear is essential in other areas as well. To name just few: design analticadibf
earphones and hearing aids, diagnosis of middle ear pathologies, prediction of the
outcomes of auditory (re)habilitation and surgical outcomes, application of cancent
development of new medical technologies The degree of required precision in the mode
representing the external auditory canal and tympanic membrane tsdlicyethe
measurement frequency (Stinson & Lawton, 1989).
Lumped Element Model
In the lower range of frequencies, below approximately 2000 Hz, measusement

of ear-canal acoustic immittance are valid indicators of the middleedavior at the
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level of the tympanic membrane (Lawton & Stinson, 1986). At these frequencies,
various mechanical components, such as the ossicular chain and the tympanic membrane
can be treated as lumped elements and the middle ear is generally wedtood
(Stinson, Shaw & Lawton, 1982). The assumption underlying the lumped element
approach is that specification of acoustic pressure at a single location umigfileds
the acoustic input into the ear. At 1000 Hz, for example, the diameter of the tympanic
membrane is only about 2.5% of the wavelength of the 1000-Hz tone, and the longest
dimension of the external auditory canal, about 25 mm, is significantlyhi@sgite
guarter-wavelength of that pure tone. In other words, under the lumped element concept
based upon measurement with the traditional acoustic-immittance technegaeotistic
pressures at the ear-canal measurement point and at the level of tympabmangeare
identical. Equality of acoustic pressures at these sites occurs only@awtirequencies
below approximately 2000 Hz, depending on the specific ear-canal anatomy. (Stinson,
Shaw & Lawton, 1982; Khanna & Stinson, 1985). At 10,000 Hz, on the other hand, if a
specific point in the ear canal has been chosen for measurement of traditiontt acous
immittance, and the impedance value at that point is measured to be (300 + 200i) cgs
acoustic ohms, then it may be shown that £ 1 mm change in the measurement location
would cause the resistance to vary between 100 and 600 ohms and the reactance to vary
between 0 and 400 ohms (Stinson, Shaw, & Lawton, 1982).
Transmission Line Model

At higher frequencies, where the lumped element representation breaks down, a

more complicated approach is required. As mentioned earlier, large var@t@csustic

pressure along the external auditory canal occur at high frequencies, amagtheude
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and frequency dependence of a reference signal would depend upon the position chosen
for the reference measurement (Khanna, Stinson, 1985; Wiener & Ross, 1946).

Up to 4000 Hz, transmission line theory predicts the pressure variations alongréne e
ear canal length when the ear canal is represented by a straight tuberofh enifss-
section area with the tympanic membrane terminating the tube perpendi¢atarspn
& Lawton, 1989). If the measurements are limited to the central axis, tlisl s
appropriate for frequencies as high as 8000 Hz. (Stinson & Lawton, 1989). At
frequencies above approximately 10,000 Hz in humans, significant spatialoveriati
acoustic pressure can be expected in the immediate vicinity of the tympanbrane
(Stinson & Shaw 1982). The external auditory canal acoustic pressure variatiof®must
considered when specifying the acoustical input to the ear at high frequdingesain
factors and relationships influencing ear-canal acoustic pressuagosrasi(Khanna &
Stinson, 1985are as follows: (a) reflection of substantial portion of the energy entering
the external auditory canal; (b) standing waves produced by the interferémeerbe
incident and reflected waves that may yield strong acoustic pressurenaalang the
ear canal, especially near a standing wave pattern minimum; (gredrgeometry, the
ear canal taper in particular, which affects the acoustic pressuieutistr so that the
acoustic pressure extrema shift and the altered height of adjacentamxituce
modifications in the pressure distribution because of external auditory canadigg (d)
the oblique rather than perpendicular termination of the external auditory cahal by
tympanic membrane causes variation in acoustic pressure over the tympatianme
as well as along the main body of the ear canal; (e) vibration of the tyenpambrane

in sections rather than as a single unit at the high frequencies (Khanna & Tonndorf,
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1972); the acoustic pressure measurement will depend upon how the particular section of
the tympanic membrane contributed to the middle-ear motion (Khanna & Stinson, 1985).
Wideband Reflectance Technique

Based on transmission line theory (see APPENDIX B), energy reftexa, is a

guantity that is less ambiguous than impedance or admittance becauseré gable
along the length of the ear canals; it is computed from the acoustic pressurean the
canal. The energy reflectance magnitude is essentially the samdagiheing as at the
termination of the ear canal. The error is negligible (Allen, 1985; Voss & Allen, 1994)
Thus, the acoustic pressure measurement in the beginning of the ear cana<llnate
of energy reflectance magnitude at the tympanic membrane. For d@téalenation see

APPENDIX B. Energy reflectance is related to the pressure reflectance coefficient

(sometimes simply referred to as reflectari€efatio of reflected acoustic pressyyeo
incident acoustic pressupe(K = pi/ pr) . In a given frequency, energy reflectamce
equals to reflectandé squared § = K 2 ). At frequencies essentially up to about 8000
Hz, energy reflectance and pressure reflectance coefficiEntan be determined using
the previously mentioned wideband reflectance technique (Allen, 1985; Voss & Allen,
1994). For detailed information on the technique see APPENDIX C.
Standing Wave Ratio (SWR) Technique

Another approach, allowing measurements of energy reflectarme pressure
reflectance coefficierik even in the frequencies above 8000 Hz, going up to about 13
kHz, is the standing wave ratio method (Lawton Stinson, 1986; Stinson, 1990). Incident

acoustic waves traveling towards the tympanic membrane are melduya@fvaves

propagated outward from the tympanic membrane. Their interactions produce standing
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wave patterns in the canal. These patterns may be described by standingtiwaye r
SWRs, defined as the difference between the acoustic pressure maximkamnd-
acoustic pressure minimum.k. The energy reflectanee then may be calculated from
SWR (Stinson, Shaw & Lawton, 1982) as follows

SWR= Lmax - Lmin

SWR=20log[(1%&*) /(1-2Y%)] dB
Series of measurements of sound pressure distribution in thirteen normalaaheae
shown the SWR range to be between 18 and 24 dB at 8000 Hz, and corresponding energy
reflectance to range from 60% to 78 % (Stinson, Shaw & Lawton; 1982).

Above 8000 Hz, the tympanic membrane is no longer small when compared with
the wavelength of the stimulus. The inclination of the tympanic membrane, ifsamar-
shape, and the extreme non-uniformity of its vibration pattern cannot be disregarded.
Studies have already demonstrated that wideband reflectance measurementidtite
ear is speedy. Although wideband reflectance measurement largely geaimextal
technique, it has the potential for becoming a clinical technique for meamirem
middle-ear function. The standing wave ratio method is tedious and time consuming.

However, it has the potential to validate results of wideband reflectance gawiests



53

CHAPTER III: METHODS
Participants

Participants were recruited from flyers distributed in Graduate Sthooeérsity
Center, CUNY and Brooklyn College, CUNY. All test sessions were schedulegs
and times that were convenient for the participants. Participants viefiedkabout the
purpose of the study and counseled regarding their audiologic findings. (The subject
informed consent form appears in APPENDIX D, Figure D1.)

To rule out any possible gender effect, gender was restricted to $enfalethe
independent variable of age, participants were classified dichotomouysivrager
versus older adult females. The younger adult group comprised 10 women between
twenty and thirty years of age. The older adult group comprised 10 womesebetixty
and seventy years of age.

All participants met the following criteria for study inclusion: (a) nakwtologic
and audiologic history; (b) normal otoscopic findings; (c) pure-tone air-conduction
thresholds< 20 dB HL (re: ANSI 1996) at 250, 500, 1000, 2000, and 3000 Hzs &5d
dB HL at 4000 Hz; (d) air-bone gaps not exceeding 10 dB at all frequencies between 250
and 4000 Hz; (e) peak-compensated static-acoustic admittance (SAA) hét@ead
1.6 mmho; (f) tympanometric peak pressure (TPP) > -50 daPa); (e) GARIG0, 1000
and 2000 Hz tonal activators measured using clinical acoustic-immittancaelp§s-
dB steps) not exceeding the 90th percentiles (Silman & Gelfand, 1981); (g)lequiva
ear-canal volume not exceeding 2.5 mmho; (h) BBN CART measured using clinical
acoustic-immittance approach (5-dB step8b dB HL to avoid loudness discomfort

during testing.
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I nstrumentation

Participants were tested in a single-walled Industrial Acousticgp@oyn Inc.,
series 400, sound-attenuating booth. The ambient noise in the sound-attenuating booth
was measured using digital sound level meter (Quest Model 2900) with octave-band
analyzer. The levels of the ambient noise were as follows: 26.3 dB SPL at 250 Hz, 20.5
dB SPL at 500 Hz, 16.3 dB SPL at 1000 Hz, 14.8 dB SPL at 2000 Hz, 15.8 dB SPL at
4000 Hz, 17.2 dB SPL at 8000 Hz.

Pure-tone air- and bone-conduction testing was performed with a two-channel
diagnostic audiometer (Grason-Stadler GSI 61) with insert earphones (EEt{ARA3-A)
periodically calibrated using an HA-2 (2-cc) coupler with rigid tube attach@ccording
to ANSI (S3.6-1996) standards. Bone-conduction calibration was performed péiyodica
according to ANSI S3.6-1996 standards using a mechanical coupler that meéts ANS
S3.13-1987 (R 1997) design specifications. Biologic checks of the audiometer were
performed each day that it was used, prior to assessment of any participant.

Traditional acoustic-immittance tympanometric and acousticxreieessment
using the 226-Hz probe tone were performed with a Grason Stadler Middle-Bgzekna
(GSI 33). Calibration was performed in accordance with ANSI S3.39-1987 (R2002)
standards. For CART testing, the activating signals were generated adgaustic-
immittance device and presented into the activator ear through an inser¢reddie
CARTs were inferred from changes in acoustic admittance of titeesariddle ear
admittance (during presentation of the activating stimuli) that weesssd using a 226-

Hz probe tone in the probe ear, which was contralateral to the ear receivinguingct



55

stimuli. Activator duration was 3000 ms and the interstimulus interval wassatslra
seconds (Jerger & Oliver, 1987).

Wideband reflectance assessment of the CARTs was performed usiagpa Gr
Stadler (GSI 16) diagnostic audiometer with an insert earphone, widebawuctarefee

device, and synchronization switch. The instrumentation set-up is shown in Figure 2.

WIDEBAND
REFLECTANCE AUDIOMETER
& ER 3-A

Chirp |mm m

AR Activating
Pec Measurement 1 )|« Signal

R computed from pec

T SYNCHRONIZATION
SWITCH

Figure 2. Schematic drawing of instrumentation set-up for CART measuring using
wideband reflectance

Wideband reflectance measurements of the CART for BBN and tonal activators
in the frequency range of 200-6000 Hz were obtained with the Mimosa Acoustics
Clinical Reflectance System. The instrumentation consisted of a laptop evwihta
PCMCIA (Personal Computer Memory Card International Association) ¢ailegpter,
personal computer printed circuit board (type I PCMCIA card for audio dgtasitoon
and delivering, and for digital signal processing), probe interface calder{hect the
probe to the personal computer printed circuit board) and ER-10CP probe (safe as D
2000, with two output transducers and one input transducer), and a four-cavity calibration

device. The probe interface cable also functioned as a pre-amplifier fanothe
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First, during calibration, a sequence of chirps delivered through an ER 10CP
probe fitted with compressible foam ear-tip was used to obtain the signaasiersitu
pressure frequency responses in four calibration cavities. Then, the sytiematacally
computed the transducer source pressure and source impedance that weedlater us
the system, along with the ear canal pressure measurements,dar-ttamal wideband
reflectance computations.

The chirps were also delivered into the ear canal during the ear-canal
measurements. The intensity level of the chirps was estimated to beSFPLdihd was
verified during the ear-canal calibration measurement that precedactula¢ ear-canal
wideband reflectance measurement. The chirp intensity was suffidegilfo minimize
otoacoustic emissions and sufficiently low to preclude acoustic-reftesafion (Voss &
Allen, 1994). The chirp stimulus is a short-duration click signal that is all-{kesed
with a group delay proportional to the signal’'s overall frequency range duringpd pé
about 50 ms. “The output chirp is akin to a rapidly swept sine wave with frequency
dependent amplitude” (Burns, Keefe, & Ling, 1999, p. 464). Twenty-four chirps were
presented over two seconds.

The four-cavity calibration of the probe was performed prior to testing bf eac
subject. (The principles of the calibration procedure are described in detail i
APPENDIX B and APPENDIX C). The compressible foam ear-tip of the probe was
inserted into the calibration cavities during calibration or into the ear danaf the
testing, so that the rear of the foam plug was flush with the tube entrance, an&ar-c
entrance. The length of the foam plug was about 12 mm. On some earlier versions of the

wideband reflectance device (which had a broader frequency range thkaviteeused
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in this study), the microphone probe tip protruded about 3 mm beyond the edge of the
foam plugto reduce evanescent mode coupling between the flow source and probe tip
(Voss & Allen; 1994). In the wideband reflectance device used in this study, the
microphone probe tip terminated together with the tip of the earphone’s microphone’s
plane at the so-called sending point, which was located at the same plane as the
earphone’s measurement point. (For a further description, see APPENDBI¥ures

A4. and A5.). Themominal ear-canal length from the entrance to the tympanic membrane,
based on Fletcher's measurements, was assumed to be 23.5 mm (Voss & Allen, 1994).
Depending on the exact probe tip insertion and individual anatomical variation, the
distance between the microphone probe tip and the tympanic membrane was in the
vicinity of 8.5 mm. Acoustic pressure measurements obtained at this ear-canal
measurement point served as the basis for the computations of the widebarahoeflect
magnitude that describe events at the level of the tympanic membrane dweetre
measurement is impossible (Voss & Allen, 1994).

A synchronization switch was employed to time-lock the presentation of the
acoustic-reflex activating stimulus with the onset of the wideband reflexta
measurement, so that the acoustic-reflex response would be elicitedahmmstimuli
presentation for measurement @gp The chirp presentation anggmeasurement
lagged behind the onset of the acoustic-reflex activator by one setoadime relations
among presentations of the acoustic-reflex activating stimuli (pure tori@Bixidand
the wideband chirp stimuli and measurement of ear canal presggrarg@depicted in

Figure 3.
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Figure 3.Time relations among presentations of the acoustic-reflex activating and
wideband chirp stimuli and measurementsgf p
Design and Variables

The study design was a mixed, repeated-measures design (combineehbet
subjects design and within-subjects design). For the between-subjects thesig
classification variable was age, which was bivalent (younger vs. older adtdis)he
repeated measures, within-subjects design, the independent variables fokogvas(a)
measurement technique (traditional acoustic-immittance vs. widebandaediex; and
(b) acoustic-reflex activating stimulus (1000-Hz tonal activator vs. B&8Nador). The
design types, independent variables, and their values and symbols atie [isbte 4.

The dependent variables, for both the between-subjects and within-subjects
designs, were the CART (dB HL) and NTD (dB). The CART that was mehesneg
traditional acoustic admittance was labeled AI-CART, and the CART tsitweasured
using wideband reflectance was labeled WBR-CART. Similarly, th&WBD referred
to the NTD based on the wideband reflectance, and AI-NTD referred tTibdased

on traditional acoustic immittance.
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Table 4

Study Design and Variables

Independent Independent Value/type of Symbol /
variable variable Independent variable Abbr.
Within subjects =~ Measurement Acoustic immittance Al
approach Wideband reflectance WBR

Within subjects Activating signal  Tonal (1000 Hz) 1000 Hz

Broad-band noise BBN
Between subjects  Age 20-30 years

60-70 years

Procedures

The principal investigator read out the consent form to each potential participant
and then gave the informed consent form to the potential participant to read. The
principal investigator advised each participant to read the form cgrahdl encouraged
each participant to ask any questions he or she may have relating tadgharsd
participation in it. Testing commenced upon obtaining informed consent. All tesisg
performed in the audiometric booth (previously described ihnsteumentation section)
of the hearing science laboratory.

Screening was administered to determine if the potential particigarnhen
inclusion criteria. Based on the results of the screening, if the potentialgertimet
the inclusion criteria she was enrolled in the study and underwent CART assessme
using the traditional acoustic immittance versus the wideband reflectanocacigs.

The screening comprised elicitation of a history, inspection of the eas caittal
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otoscopy, pure-tone air- and bone-conduction threshold tests, tympanometry, and
acoustic-immittance CART (Al ART) testing using pure-tone and BRiNwi (5-dB

step size) with the 226-Hz probe tone. The screening CART was defined as téte lowe
stimulus intensity in dB HL yielding the smallest detectable chamgniddle-ear

acoustic admittance. The experimental CART was determined usingditenal
acoustic-immittance technique (Al CART) and wideband reflectance (WBRT).

The order of the CART measurement approach, Al versus WBR, was couarteduhl
The CARTSs for the tonal (1000-Hz) and BBN activators were obtained from ofeaear
selected was counterbalanced) of each participant. The activatartpce@enal vs.

BBN) was counterbalanced.

The CART measured using the traditional acoustic-immittance technagie
determined using ascending runs with 2-dB intensity steps and a skawvehgt circa 8
dB below the screening CART. The CART was defined as the first acttoaym@ld a
0.02 mmho change in SAA on two ascending runs. In order to confirm the CART, the
measurement was repeated with an activator presented at 2- and 4- dBallOART.
Equivalent or greater changes in acoustic admittance magnitude wenedlaithese
suprathreshold levels.

The WBR CARTSs were obtained for the 1000-Hz tonal activator and BBN
activator presented during the test and retest sessions, yieldiad)@f eltogether four
WBR CARTs. The WBR CARTs were obtained through the analysis of difiesenc
between the WBR response in the presence of a contralateral activatergdiaator
response) and WBR responses in the absence of an activator (WBR baseline

measurements with the activator set at -10 dB HL). The order of basetretivator-
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response measurements was alternated. The activator startingde\about 26 dB
below the Al CART determined during the screening procedure. The maximum level of
the activator did not exceed the screening Al CART by more than about 4 &8 unle
visual observation during the collection of WBR ART responses suggested that WBR
CART was not reached. In those cases the activator level may have ex8e€eRT
by up to circa 8 dB. For example, for a participant whose scre@hiGRT was 80 dB
HL, the activator range during WBR CART testing was 54-84 dB HL. If th&kWB
response at 84 dB appeared to be identical to the preceding baseline, an &ddiiéna
baselines and 1 to 2 activator responses at 86 dBHL and 88 dBHL, respectively, would be
obtained. As for the traditional acoustic-immittance CART, the activatimgs were
presented using ascending runs with 2-dB intensity steps. The 30-d@atange (16
highest WBR activator responses and their preceding 16 WBR baselines) deriestt
and retest sessions were used to determine the four WBR CARTSs (test BRal W
CART, test BBN WBR CART, retest tonal WBR CART and retest BBN WBRRTA
Resultantly, across both activators and sessions, a total of 64 baselines andt# act
responses were obtained for each participant for the computation of 4 WABRSG&R
each participant. The computations of the WBR CARTSs were performed gtrsg) t@nd
are discussed in the results section.

Upon completion of the testing, the principal investigator debriefed theipartt
about the audiologic findings. A summary of the study findings was submitted to the

participants upon the conclusion of this investigation.
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Data Recording

Theconsentform is shown in APPENDIX D, Figure D1. The screening
procedure results were documented on the indivi@talogic and Audiologic History
and Otoscopy Recoi@ee APPENDIX D, Figure D2) and the individual audiometric
results were marked on the individdaldiogramform (see APPENDIX D, Figure D3).
A summary of the individual pure-tone air- and bone-conduction thresholds for all
participants is shown in Table 5. Records of the individual GSI-33 tympanouadric
Al-CART results were retained. A summary of the individual TPP#s5Aand 500-,
1000-, 2000-Hz and BBN screening CARTSs for all participants is displayed ia §abl

Experimental younger and older group Al CART results are presented in the
Resultssection. Each individual experimental Al CART testing GSI 33 instrumentat
print-out was retained and the individual results could be reviewed together with the
WBR-CART results in théppendix Esection.

The WBR baselines and activator responses were stored in the Mimosa laptop for
off-line analysis. An example of baseline and activator responses istpreseRigure
4. These baseline and activator responses show the absence of the acoustie refle

these curves overlapped nearly completely.
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WIDEBAND REFLECTANCE
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Series1: Baseline response

Series 2: Activator response
Figure 4.Baseline and activator response recordings for BBN retest in Subject 001. The
BBN activator was presented at 48 dB HL.

One Mimosa file captured 8 WBR measurements: 4 baseline responses and 4
activator responses. So, four files captured responses for a single aciiehaght files
captured all responses for both activators; and sixteen files captuitesl réisponses for
both activators under both the test and retest conditions used for the WBRCART
determination. One baseline or activator response encompassed measui@UENts a
about 250 frequencies. Thus, one participant’s recordings across 250 frequencies for
sixteen baselines and sixteen activators, for both activators, in both the tesesind re
conditions included 32,000 measurements. The raw data for the sixteen Mine&x file
each participant were labeled and exported to Excel for reformatting scaihieybe
statistically analyzed using SAS statistical software. An exampkeofest data as

recorded in Microsoft Excel File is presented in APPENDIX A, Figure F1.
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Statistical Analysis

Several series of statistical comparisons were performed using Al CARITS
WBR CARTSs obtained from the younger and older participant groups. When WBR
CARTs were employed only test CARTs were used, except when testreditdstity
was examined. Also, comparisons were drawn between the obtained Al CARTs and
NTDs, and those obtained by Silman (1979). Grubb’s test [Extreme studentized deviation
(ESD) method] was used to identify CART and NTD outliers. Paired twaktatksst
and Wilcoxon signed ranks test were used for within-subjects comparisons. Unpaired
two-tailed t-test (independent groups two-tatiedst) and Mann-Whitney test were used
for between-subject comparisons. The parametast was used when the data were
assumed to be normally distributed. The Wilcoxon signed ranks test and MannyWhitne

test were used for non-parametric analyses when outliers were ihclude
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CHAPTER IV: RESULTS

This study focused on three main goals :(a) development of the workingpariter
for the wideband CART identification; (b) comparison of the tonal (1000-Hz) and BBN
CART obtained with the two measurement approaches (CARTs obtained with traditiona
acoustic immittance technique versus wideband CARTS); (c) to exaomwdtine effect
of age on the wideband reflectance and traditional tonal and BBN CARTSs. In@rder
achieve these goals series of tests on the participants as wethasnaizcal
computations had to be performed before the actual CARTs were available ahdecoul
analyzed. Th&esultschapter presents the younger and older group results in a logical
order that allows the reader to see the rationale behind the WBR CARToariind
TheResultschapter is divided into 2 sectiorBesultsandAnalysis TheResultssection
is then divided into 3 part&udiometric Results, Acoustic Immittance Results, Wideband
Reflectance Result$he last part is then subdivided into subsections. The individual
results are presented in APPENDIX E.

Audiometric Results

The Younger and Older group audiometric results are presented in Table 5. All
the individual thresholds were within normal clinical limits and met the inclusitaria
(See CHAPTER I, Methods, Participants). Individual audiometric resudig be seen

in APPENDIX E, Table E1.
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Table 5

Younger and Older Group Mean Pure-Tone Air-Conduction Thresholds (dB HL),
Standard Deviations (S.D.), Standard Errors of Mean (SEM) and 95% Confidence

Intervals (95% CI) at the Test Frequencies 250 through 4000 Hz in the Right and Left

Ear
- Right ear air-conduction thresholds Left ear air-conduction thresholds
(&)
[}
g £ 250 500 1000 2000 3000 4000 250 500 1000 2000 3000 4000
e S Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz
O o
N 10 10 10 10 10 10 10 10 10 10 10 10
Mean 550 550 550 550 3.00 4.50 7.0 650 450503. 350 4.50
& S.D. 550 4.38 497 643 632 369 422 626 599.097 580 4.38
§’ SEM 1.74 138 157 203 200 117 133 198 1.89 242 183 1.38
5 95%Cl 16- 24- 19- 09- -15- 19- 40- 20- 02- -06- -07- 1l4-
> 9.4 8.6 91 101 7.5 71 100 110 28 76 7.7 7.6
N 10 10 10 10 10 10 10 10 10 10 10 10
Mean 13.50 13.00 12.00 1050 1250 16.50 13.50 012.41.50 11.50 12.00 17.0
S.D. 412 422 537 497 540 7.09 412 422 412.422 632 6.32
5 SEM 130 133 170 157 171 224 130 133 130 760. 200 2.00
S 95%Cl 10.6- 10.0- 82- 69- 86- 11.4- 106- 9.0- 86- 98- 75- 125-
o 164 160 158 141 164 216 164 150 144 132 165 215

Acoustic I mmittance Results

A summary of the younger and older group mean TPPs (daPa), SAAs (mmho),
and 500-, 1000- and 2000-Hz tonal and BBN- CARTSs (dB HL) and their standard
deviations (S.D.), standard errors of mean (SEM) and 95% Confidence Intervals (95%
Cl) as obtained via the acoustic-immittance method (AI-CART) is predem(Table 6.
When the right ear was the test ear, the probe was in the right ear for thedT'BRAa
but was in the left ear for the CART (activator was in the test ear).laBynivhen the
left ear was the test ear, the probe was in the left ear for the TPP and SAAshuoithe

right ear for the CART. Comparison of this study results with the sametype
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measurements by other investigator is present@aatysissection of this chapter.

Individual participants’ TPPs (daPa), SAAs (mmho), and 500-, 1000- and 2000-Hz tonal
and BBN- CARTSs (dB HL) as obtained via the acoustic-immittance methe@A®T)

may be reviewed in APPENDIX E, Table E2, E3.

Table 6

Younger and Older Group Mean TPPs (daPa), SAAs( mmho), and Tonal and BBN
CARTs ( dB HL) and their Standard Deviations (S.D.), Standard Errors of Mean (SEM)
and 95% Confidence Intervals (95% CI) with the Acoustic-Immittance Method

Right ear Left ear
Jai F NE  NE = E NE  NE =
. ¢ vy Iz iz ¢ p% 1% I% ¢
3 o < 20 80 80 zO a < s0 80 80 ZO
6 & = » BT 3T K o= F » B 23 8 o<
N 10 10 10 10 10 5 10 10 10 10 10 5
Mean 6.00 0.60 9550 89.30 9250 76.40 5.00 0.66.5091 89.50 89.00 74.80
& S.D. 937 019 685 474 599 261 527 032 412504 658 2.28
§ SEM 296 0.06 217 150 1.89 117 167 010 1.30 421. 2.08 1.02
d 95%Cl -07- 05- 906- 859- 862- 731- 12- 04- 886- 863- 843- 720-
> 127 07 1004 927 948 796 8.8 09 944 927 937 77.6
N 10 10 9 10 10 5 10 10 10 10 10 5
Mean 150 0.76 92.22 8850 86.00 78.00 950 0.67.5094 89.18 87.50 80.40
S.D. 1667 040 755 7.15 658 812 1257 035 83516 6.77 5.73
= SEM 527 013 252 226 208 3.63 398 011 263 631. 214 256
T 95%Cl -104- 05- 86.4- 834— 81.3- 67.9- 05— 04— 886— 86.1— 82.7- 73.3-—
O 13.4 10 980 936 907 881 185 09 1005 935 923 875

Wideband Reflectance Results
Wideband Reflectance CART (WBR-CART) Definition
The WBR CART was defined as the lowest activator level which resulted in a
computed change in the activator-elicited reflectance from thedibaseflectance in the
absence of the activator. The threshold is determined for specified eetatiag to the

frequency range of the change and the magnitude of the difference betweesetime ba

and activator-elicited reflectance responses.
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Activator-Baseline Difference (ABD)
The term activator-baseline difference (ABD) refers to the shift laataince

AR (f) calculated as a difference between the baseline reflectadactvator

reflectance at a given frequency. The ABDs were computed at all \WegRencies for

all activator levels as the difference between the activatdRWeBueR activator (f) and

the immediately preceding baseline WBR vakigseiine (f):

ABD (f) = AR (f) = Ractivator () - Reaseume (f)

WBR CART Definition

The WBR CART represents the lowest activator level that was assbeidh an
ABD outside the * 1 standard deviation (SD) of the mean reflectanceneafeelat least
ten adjacent frequencies, and that produced greater ABDs at all highatoadevels. A
response occurring only at the highest level was accepted as a CARDlifacated by
consistent pattern of ABD change in ABD graphs (8BB® Graph3. This approach was
designed to prevent the misidentification of ABDs associated with natuedineas
variance as acoustic-reflex responses.

Baseline SD

The baseline SDs were calculated as follows: WBR baseline va&lyes, N
was used to determine four mean baselinesaseLing for each of the four tests, at every

WBR frequency (248 frequencies) for each participant: BBN CART Test, BBRITC
Retest, 1000-Hz WBR CART Test, 1000-Hz-WBR and CART Retest. Each of thisse tes

involved 16 baseline measurements (associated with each of the 2-dB intepsifyfat
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each of the 248 frequencies. So, for example, the mean baseline values for the BBN

CART Test,®saseLine TesT 8ekf), Were calculated as follows:

16

zl RBASELINE TEST BBN (f)

R saseLine TesTBaN(f) =

16
where the reflectances at each of the 16 baselines are averaggdeat frequency.
The baseline variance valudg@DsaseLins Was computed for each of the four tests at each
WBR frequency. For instance, the SD value for the BBN-CART BE3sseLine TEST BBN
(f), was computed using the following formula:

SDegaseune Testeen () =

:\/ 2116 {[ R BaseLNe TEST BBN(f) - R BASELINE TEST (H1°H(16 — 1)
where the 16 squared differences betweens the baseline reflectancerapdrtmseline
reflectances are summed at a given frequency.

Graphs depicting = 1 SD (illustrated in blue) of the mean baselinetegftecand
the individual ABDs at a specific intensity and activator (BBN vs. 1000-Hz¢w

constructed for all tests and presentation levels. A sample graph is shBigarie 5.
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Figure 5. ABDs for 52-dB HL BBN activator (upper graph) and 72-dB HL BBN
activator (lower graph) obtained during the Test of subject 003. The prohgusti
frequency is shown on the horizontal axis. The ABD (%) is shown on the vertigal ax

The £ 1-SD limits (from the baseline means) are shown in blue.
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Graphs showing the + 1-SD limits from the baseline means (shown in blue) and
individual ABDs at the CART level and at specified levels below and above tR§ CA
for each participant are shown in APPENDIX F.
Algorithm for the WBR-ART Criterion
The algorithm for the WBR-CART criterion in the SABrogram was

constructed as follows:
For each subject, a data file was created with the following fieldshlesia

- Frequency

- Intensity

- Baseline

- Response

- Shift,which equaled (activator associated response — baseline)

- Baseline Meanwhich was the mean across all 16 baseline measurements at

that frequency

- Baseline SDwhich represented £ 1 SD of the Baseline Mean at that

frequency

- Above which was an indicator of whether the reflectance shift (ABD) was

greater than a certain multiple of the SD.
2. The data set first was sorted by intensity, and then (within each vahierddity) was
sorted by frequency.
3. At each level of intensity, the data was stepped through and a running count was kept
(initially set to zero) of the number of consecutive frequencies for whimbv& was

true. This variable was calledBovecourit At a given frequency, it was checked
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whether ‘above was true. If true, then the count was incremented by one. If not true,
then the count was reset to zero. After doing this, then a check whether “aboVe@sunt
greater than the threshold criterion was performed (this was set to 10utorese
frequencies—this parameter can also be changed). If so, the indiaéblesa
“abovecrit was set equal to one (initially, abovecrit was set to zero). When the last
frequency within this particular intensity was reached, then the informati@ovecrit”
was output to a new data file. This procedure was repeated at each inéxesjty
producing a new (smaller) data file with one row for each intensity, and antordita
whether, at each intensity, the criterion number of consecutive frequaboies the
threshold criterion was achieved.
4. Now, starting with this new data file, each intensity was stepped thamaigén indicator was
maintained of whether or not the ART has been met and, if so, another variable indiEating
intensity at which this occurred. The indicator was call@Treachetiand the intensity at
which it was reached was in a variable callART. This was achieved by doing the following:
- Initialize “ARTreached” to be zero (meaning no, or false).
- Initialize “ART” to be missing (unknown).
- Then, at each intensity, do the following:
- If ARTreached=0, then:
- If abovecrit=1 (true), then:
- Change ARTreached to be one (true)
- Change ART to be equal to the current value of intensity
- Next, if ARTreached=1, then:

- If abovecrit=0 (false), then:
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- Change ARTreached back to zero

- Change ARTreached back to missing
This last step relating to abovecrit=0 (false) ensured that if intemagyreached at which the
criterion was met, but was not sustained at a higher intensity, then it would/adiden
identified as the threshold. But if at every subsequent intensity theamiteas still met, then
the value of the intensity at which that first occurred would have been saved.

5. At the very end, a single record was put out to a new data file that containediédseofal
ART reached and “CART".

The ART criterion denoted as Criterion 1SD/10f, used multiplier 1 (1standardidevia
of the mean baseline) as the condition for “above” and 10 consecutive frequencies for
“abovecount”.

WBR-CART Results

The WBR data for all the subjects were assessed via visual inspection and
mathematically using the WBR-CART criterion of 1SD/10f. Visual iesipa of the ABD
graphs provided the so-callessually estimated WBR-CARTgathematical approach yielded
thecomputed WBR-CARTNlean group results for both visually estimated and computed WBR-
CARTS in younger and older groups of participants are presented in Table 7. Individual

participants’ results may be viewed in APPENDIX E, Table E3.
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Table 7

Younger and Older Group Experimental Mean AI-CARTs ( dB HL), Mean Visualtyaisdi
WBR-CARTS ( dB HL) and Mean Computed WBR-CARTSs (dB HL and Their Standard
Deviations (S.D.), Standard Errors of Mean (SEM) and 95% Confidence Intervals (95% CI). No
BBN and 1000 Hz Retest Data Were Collected for AlI-CART.

Test Parameter AI-CART Visually Estimated Computed
g [dB HL] WBR-CART WBR-CART
o [dB HL] 1SD/10f
O [dB HL]
BBN Test N 10 10 10
Mean 75.60 61.60 61.60
S.D. 2.46 8.68 9.32
SEM 0.78 2.75 2.95
95% CI 73.84 - 77.36 55.397-84 54.93 — 68.27
BBN Retest N 10 10
Mean 65.20 65.20
S.D. 4.73 4.92
5 SEM 1.50 1.55
@ 95% CI 61.81 — 68.59 61.68 — 68.72
3 1000-Hz Test N 10 10 8
> Mean 89.80 92.40 92.75
S.D. 3.19 4.09 4.65
SEM 1.01 1.29 1.64
95% CI 87.52 — 92.08 89.49 — 95.32 88.86 — 96.64
1000-Hz Retest N 7 6
Mean 92.00 92.67
S.D. 5.16 5.01
SEM 1.95 2.04
95% CI 87.22-96 78 87.41—-97.92
BBN Test N 10 10 9
Mean 79.20 66.40 63.78
S.D. 6.75 14.78 13.76
SEM 2.13 4.67 4.59
95% CI 74.37 — 84.03 55.83 — 76.97 53.20 — 73.46
BBN Retest N 10 10
Mean 67.00 67.20
S.D. 9.49 10.12
SEM 3.00 3.20
g 95% CI 60.21 — 73.79 59.96 — 74.44
[e) 1000-Hz Test N 10 9 8
Mean 89.20 89.56 89.75
S.D. 6.20 4.88 5.70
SEM 1.96 1.63 2.02
95% CI 84.77 — 93.63 85.81 — 93.30 84.98 — 94.52
1000-Hz Retest N 10 10
Mean 90.80 91.00
S.D. 8.65 8.18
SEM 2.74 2.59
95% CI 84.61 — 96.99 85.15 -96.85
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ABD Graphs

Visual inspection of the ABD graphs showed a distinct pattern of ABDs as @funtt
frequency. The pattern tended to emerge just below or at the CART levelastitregor and
became more pronounced as the activator level increased. The patteriytigptéivo or more
peaks: a positive peak at the low frequencies that was consistent withrézsain the
reflectance in the presence of the activator; and a mid-frequency ABtie was suggestive
of decrease in the reflectance. These findings were consistent witly Be&eefe (1999),
Feeney & Keefe (2001). The two peaks often were followed by additionéiveamnd negative
peaks in mid-to-high frequency region. The formation of the pattern and its progriess

illustrated in Figure 6.

(a) (b)

WBR Change [%]

Frequency [Hz] Frequency [Hz]

Figure 6. ABDs for BBN activators: 54 dB HL BBN (a), 58 dB HL BBN (b) obtained during
the test of subject 010. The visually estimated WBR-CART was 66 dB HL. Prohgusti
frequencies are shown on horizontal axis. The ABD (%) is shown on the verticalTaeis 1-

SD limits (from the baseline variances) are shown in blue.
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Figure 6. (continued\BDs for BBN activators: 64 dB HL BBN (c), 66 dB HL (d), 68 dB HL

(e), 74 dB HL (f) obtained during the test of subject 010. The visually estimated C\ABH-

was 66 dB HL. Probe stimulus frequencies are shown on horizontal axis. The ABD (%) i

shown on the vertical axis. The + 1-SD limits (from the baseline variances)@sa in blue.
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Figure 6. (continued)ABDs for BBN activator 80 dB HL (g) obtained during the test of subject
010. The visually estimated WBR-CART was 66 dB HL. Probe stimulus frequemeishown
on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD linots (e

baseline variances) are shown in blue.

The level of activator at which ABDs were greater than 1SD of the meainbaseer a
discernable range of frequencies and formed a “peak-like” pattertalveled as the visually
estimated WBR-CART. The “peak-like” pattern became more pronounced atjsebdy
higher activator levels.

Computed WBR CARTS

Computations in SABusing the algorithm for WBR CART criterion (1SD/10f) yielded

8 WBR CARTSs for each participant (4 test and retest WBR CARTSs for bo®BNeand 1000-

Hz activators for both criteria) were denoted asGbeputed WBR CARTs
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The visually estimated WBR CARTSs based on 1SD/10f criterion and computed WBR
CARTSs using criterions of 1SD/10f are presented together with the exqedl Al CARTS in
Table 7. It may be noted that some of the visually estimated WBR CARTs and comiBite
CARTSs were identified only at the highest activator level (WBR CARTikeahwith ‘" in
Table 7). Although the presence of the acoustic reflex could not be verified at dagjkiator
level in these cases, the clear emergence of the charactetitgio paas accepted as reliable

confirmation of the WBR CART. An example of WBR CART that was obtained at theshighe

activator level is presented in Figure 7.

(@) (b)

WBR Change [%]

Frequency [Hz] Frequency [Hz]

Figure 7.ABDs for 1000-Hz activator during the retest of subject 102: (a) activatel &t 92
dB HL, (b) activator level 94 dB HL. Both WBR CARTSs - the visually estimat&RVCART
and computed WBR CART for criterion 1SD/10f, were at 94 dB HL. The probe stimulus
frequency is shown on the horizontal axis. The ABD (%) is shown on the verticalTdrast 1

SD limits (from the baseline means) are shown in blue.



79

Statistical Analyses Results
The results of the paired two-tailetest (N = 10) revealed the Al BBN CARTSs to be
significantly better than the Al 1000-Hz CARTSs in the younger grg@p<£ 15.50,p < 0.0001).
The mean difference = 14.2 dB (95% CI =-16.3 - -12.1, SE = 9.2). (The individual Al BBN a
Al 1000-Hz CARTs and resultant Al NTD data for the younger group are shoppendix E,

Table E4.) The results of the descriptive analysis are presented in Table 8.

Table 8
The Al BBN CARTS, Al 1000-Hz CARTSs, and Resultant Al NTDs for the Younger Group
Parameter Al BBN CART Al 1000-Hz CART AINTD
N 10 10 10
82 g 8
7° 7° 7°
Range 72-80 84 - 94 10 - 18
74 - 8¢ 84 - 94 10 - 18
74 - 80 86 - 94
Mean 75.6 89.8 14.2
76.G% 89.5 13.58
76.3 90.2 14.0°
S.D. 2.5 3.2 2.9
2.4 3.5 2.8
2.4 2.9 2.6
95% ClI 73.8-77.4 87.8-91.8 12.1 - 16.3
74.0 - 78.0 86.6 - 92.4 11.2-15.8
74.0 - 78.8 87.6 - 93.0 11.6 - 16.4

*Excluded S003 & S006
PExcluded S003, S006, & S007

Comparisons between the mean Al BBN Test CARTs and Al 1000-Hz Test CARTs in
the older adult group performed using the nonparametric paired Wilcoxon signedesih
all participants included revealed a mean Al BBN CART that was &gnify lower than the
mean Al 1000-Hz CART (Y r=10,W=-55, z =-2.78p = 0.0054). When S102 was excluded
from the sample,, the results of the paired two-tdHest revealed similar findings regarding the
relation between the mean Al BBN CART and the mean Al 1000-Hz CABJTH11.63,p <

0.0001) with the mean difference = 8.7 dB (95% CI =-10.4 - -7.0, SE = 0.8). (The individual Al
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BBN and Al 1000-Hz CARTs and resultant Al NTD data for the OLDER group are shown in
Appendix E, Table E5).The results of descriptive analysis for the Al BBN and 10@ARTs

in the older group are presented in Table 9.

Table 9
The Al BBN CARTSs, Al 1000-Hz CARTS, and Resultant Al NTDs for the Older Group
Parameter Al BBN Test Al 1000-Hz Test NTD
CART CART
N 10 10 10
*h g *h
Range 72 -92 80 - 98 6-22
72 -92 80 - 98 6-12
Mean 79.2 89.2 10.0
80.0° 88.7 8.7
S.D. 6.8 6.2 4.7
6.6 6.3 2.2
95 % CI 74.4 -84.0 84.8 - 93.6 6.6 - 13.4
749 -85.1 83.8-93.5 7.0-10.4

*Excluded S102

Grubb’s test [Extreme Studentized Deviation (ESD) Method] was employddritfy the

outliers. The results are shown in Table 10.

Table 10
Participants with Outlier CARTs or NTDs as Identified with Grubb’s Test
Measure Younger group Older group
Al BBN CART No outliers No outliers
Al 1000-Hz CART No outliers No outliers
AINTD No outliers S102
WBR BBN Test CART S0G7 No outliers
WBR BBN Retest CART No outliers No outliers
WBR 1000-Hz Test CART No outliers No outliers
WBR 1000-Hz Retest CART No outliers No outliers
WBR Test NTD S00%7 S109

*p<0.05
The mean Al NTDs in the younger and older adult groups were compared using the
unpaired two-tailed-test. The results revealed significantly greater Al NTDs in the g@utinan

older group (18] = 2.40,p = 0.0274). The mean difference = 4.2 (95% CI=0.5-7.9, SE =
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1.8). With S102 excluded because the AI-NTD CART was an outlier, the results of tiredinpa
(independent groups) two-tailédest revealed a greater mean Al NTD in the younger than older
group ([17] = 4.61,p < 0.0002). The mean difference =5.5 (95% Cl =3.0-8.1, SE = 1.2).

The descriptive Al NTD data are shown in Table 11.

Table 11
Al NTDs in Younger and Older Adult Groups
Parameter Al NTD younger group Al NTD older group
N 10 10
9a
Range 10-18 6-—22
612
M 14.2 10.0
8.7
SD 2.9 4.7
2.7
95% ClI -16.3 — -12.1 6.6 -13.4
7.0-10.4

*Excluded S102

Using the unpaired two-taild@eest, the mean Al CARTSs from this study were compared
with those obtained by Silman (1979). The results revealed no statistigaiifycsint difference
between studieg[28] = 0.81,p = 0.4256) for the Al BBN CART in the younger adult group.

The mean difference = 3.0 (95% CI = -4.52 — 10.4, SE = 3.7). No statisticailffycsigt

difference for the Al 1000-Hz CART occurred between studies in the yogngap ([28] =
0.22,p=0.8297). The mean difference = 0.4 (95% CI =-3.0 — 3.7, SE = 1.6). Similar findings
were obtained with respect for the Al BBN CART in the older group (t[28] = p.39).1771) .

The mean difference =-3.70 (95% Cl =-9.2 — 1.8, SE = 2.7). When S102 was excluded from
the analysis, the findings remained essentially unchanged for the Al BB GAthe older

group (t[27] = 1.05p = 0.3023) . The mean difference =-2.90 (95% Cl =-8.6 — 2.8, SE =
2.8).And similar findings were obtained with respect for the Al 1000-Hz CART iolties

group ([28] = 0.34,p = 0.7388). The mean difference = 0.8 (95% Cl =-5.7 — 4.1, SE = 2.4);
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when S102 was excluded, the findings remained essentially unchai2géd0.54,p =
0.5823). The mean difference =-1.33 (95% CIl = -6.4 — 3.8, SE = 2.5). The descriptive Al

CART data for younger and older participants are shown in Tables 12 and 13.

Table 12
Al CARTSs for Current Study and from Silman (1979) in Younger Adults
Current Study Silman (1979) Current Study Silman (1979)
Parameter Al BBN CART Al BBN CART Al 1000-Hz CART Al 1000-Hz CART
N 10 20 10 20
Range 72-80 55-96 84 -94 82 -99
Mean 75.6 72.65 89.80 89.45
S.D. 2.5 11.3 3.19 4.55
95 % CI 73.8-774 67.4-779 87.8-91.8 87.3-91.6
Table 13
Al CARTSs for Current Study and from Silman (1979 )in Older Adults
Current Study  Silman (1979) Current Study Silman (1979)
Parameter Al BBN CART Al BBN Al 1000-Hz Al 1000-Hz
CART CART CART
N 10 20 10 20
g g
Range 72 —-92 66 — 98 80-98 82 — 107
72-92 80 -98
M 79.2 82.9 89.2 90
80.C° 88.7
SD 6.8 7.0 6.2 6.1
6.6 6.3
95 % CI 74.4 —-84.0 79.6 — 86.2 84.8-93.6 87.2-92.9
74.9-85.41 83.8-93.5

*Excluded S102

Test-retest reliability was assessed with the paired twedtaiest for the WBR CART in
the younger and older adult groups. The results of this statistical analgskerethe absence
of statistically significant differences between the test are$tr&/BR BBN CARTSs in the
younger adult group (t[9] = 1.68,= 0.1245). The mean difference =-3.6 (95% Cl =-8.4 — 1.2,
SE = 2.1). With S007 excluded (WBR BBN Test CART was identified as an outlienabef

statistical difference became stronger ([8] = 123,0.2367). The mean difference =-2.0 (95%
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Cl=-5.6 — 1.6, SE = 1.56). Similar findings were obtained for the older adult group@t[32,

p = 0.7589) when S104 was excluded (for no response for WBR 1000-Hz Test); the mean
difference = -1.1 (95% CI =-9.2 — 7.0, SE = 3.5). When both S104 and S109 (WBR NTD
outlier) were excluded from the data analysis, no statistically signtfdifferences between the
test and retest WBR BBN CARTSs were obtained in the older adult gij@lig(77,p = 0.4681);
the mean difference = 1.75 (95% CIl = -3.64 — 7.14, SE = 2.3). (The individual test and retest
WBR BBN CARTSs are presented in Appendix E, Table E6). Thedescriptivesenediating to

test-retest reliabili for the WBR BBN CART is shown in Table 14.

Table 14
Test and Retest WBR BBN CARTSs in the Younger and Older Adult Groups
Younger adult group Older adult group
Parameter WBR BBN CART WBR BBN CART WBR BBN WBR BBN
Test Retest CART Test CART Retest
N 10 10 10
9 9 o° o°
8 g°
Range 38-70 56 -74 34-80 58-84
56 — 76 60 —74 34-80F 58-82
56-80F 58-82
M 61.6 65.2 67.2
64.2 66.2 64.2 65.3
68.0° 66.3
SD 9.3 4.9 10.1
4.5 3.F 14.3 8.7
9.3 8.8
95% CI 54.9 - 68.3 61.7 —68.7 59.9-74.4
60.8 — 67.7 63.2 — 69.2 53.3-75.9 60.9-73.8
60.3-75.2 58.9 -73.6

#Excluded S007.
PExcluded S104.
‘Excluded S104, S109.

As for the WBR BBN CART, test-retest reliability was assessgidlu the paired two-
tailedt-test for the WBR 1000-Hz CART in the younger and older adult groups. With S003,
S006, and S008 (for no response for some of the tests) excluded from the data, the th®ults of

statistical analysis revealed no statistically significant difiees between the test and retest
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WBR 1000-Hz CARTSs in the younger adult group (t[6] = 55,.0604). The mean difference
=-0.6 (95% CI =-3.1 - 2.0, SE = 1.0). Similar findings were obtained for the older amgt gr

(t[7] = 0.27, p = 0.7939), with S104 and S105 excluded. The mean difference = 0.5 (95% CI = -
3.9-4.9, SE = 1.8). (The individual test and retest WBR 1000-Hz CARTSs are presented in
Appendix E, Table E7). The descriptive measures relating to test-ediability for the WBR

1000-Hz CART are shown in Table 15.

Table 15
Test and Retest WBR 1000-Hz CARTSs in the Younger and Older Adult Groups.
Younger adult group Older adult group
Parameter Test Retest Test Retest
N 8° 10
7° 7° g° g
Range 84 - 98 78 — 102
84 - 96 84 -98 84 — 100 78 — 100
M 92.6 90
92.¢0 92.6 89.8 89.3
SD 4.7 8.4
4.5 4.6 5.7 8.0¢
95% CI 88.9-96% 84.0 - 96.0
89.5 - 96.0 89.18-95.96 84.98-9452 82.6-959

#Excluded S003, S006.
PExcluded S003, S006, SO08.
*Excluded S104, S105.

To examine whether an age effect was present on the WBR CARTS, the unpaired tw
tailedt-test was applied. The non-parametric Mann-Whitney U test wasrafsoyed for the
examination of the age effect on the WBR BBN CART. The differences are d¢eine
statistically insignificant. The results of descriptive analysishoavn in Table 17. No
significant age effect was present for the WBR BBN CART7{ = 0.48, p = 0.6378) when
S104 (no response) was excluded; the mean difference =-2.6 (95% CI =-14.2 - 8.9, SE =5.5).
Similar findings were obtained when S007 (outlier), S104 (no response), and S109 (WBR NTD
outlier) were excluded|(5] = 1.09, p = 0.2930); the mean difference = -3.8 (95% Cl =-11.2 —

3.6, SE = 3.5). Also Mann-Whitney U test produced insignificant difference (pad0&f S
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{highest BBN CART in the younger group] and S104 was excluded due to the absent S104
WBR BBN CART) (U=40.5, z = 0.04 =0.9681) Similarly, for the test WBR 1000-Hz CART,
no significant age effect was preseft4] = 1.15, p = 0.2681) when S003, S006, S104, and
S105 were excluded; the mean difference = 3.0 (95% CI = -2.6 — 8.6, SE = 2.6). The results of
descriptive statistics also are shown in Table 16.

The results of the paired two-tailed t test revealed a mean WBR CARWdhkat
significantly lower for the BBN than for the 1000-Hz activator in the younger gdulip when
S003 and S006 (for no response in WBR 1000-Hz Test) were excluded from the atj@]ysis (
13.56,p <0.0001); the mean difference = -31.5 (95% CI = -37.0 - -26.0, SE = 2.3). Similar
findings were obtained when S003, S006, and S007 (outlier) were excluded from the analysis
(t[6] = 24.28,p < .0001); the mean difference = -29.4 (95% Cl = -32.4 - -26.5, SE = 1.2). When
S007 (outlier) was included (S003 and S006 were excluded due to the absent WBR 1000-Hz
CARTS) the results of statistical analysis using the non-parameilicoXxtn signed ranks test
(W=-36, i/fr = 8,p=0.01)revealed statistically significant difference as wéfi the older
group, as for the younger group, the results of the paired two-tadstirevealed a mean WBR
CART that was significantly lower for the BBN than for the 1000-Hz activiattte younger
adult group when S104 and S105 were excluded from the analysis (for no resgpohse.05,
p < .0005); the mean difference = -24.5 (95% CI =-34.1 - -14.9, SE = 4.1). Similar findings for
the older group were obtained when S104, S105 (no response), and S109 (WBR NTD outlier)
were excluded from the analystfs{ = 10.2,p < .0001); the mean difference = -20.9 (95% CI =

-25.9 - -15.9, SE = 2.0). The results of the descriptive analyses are shown in Table 16.
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Table 16
Test WBR BBN and 1000-Hz CARTSs in the Younger and Older Adult Groups
Parameter WBR BBN CART WBR 1000-Hz CART
Younger group Older group Younger gr8up  Older group
N 10 o
9 8 8 8
Range 38-70 34 - 80 84 - 96 84 -100
56 - 7¢ 56 — 80
M 61.6 64.2 92.75 89.8
64.2 68.0
SD 9.3 14.3 4.65 5.7
4.5 9.3
95% ClI 54.9 - 68.3 53.3-75.2 88.86 — 96.64 85.0-94.5
60.8 —67.7 60.3 - 75.7

®Excluded S007.
bExcluded S104.
“Excluded S104 and S109.
YExcluded S003 and S006.
°Excluded S104 and S105.

The resultant mean WBR NTDs in the younger and older adult groups are shown in
Table 17, along with the results of descriptive statistical analysegpa@mon of the mean WBR
NTDs between the younger and older groups using the paired two-tailédextdading S003,
S006, S007, S104, S105, and S109) revealed that the mean WBR NTD was significantly smaller
in the older than younger adult grodfd 2] = 3.61,p < .0036); the mean difference = 8.6 (95%
Cl=3.4-13.7, SE = 2.4).
Table 17

WBR NTD in the Younger and Older Adult Groups

Parameter Younger group Older group
N g 8
7b 7d
Range 24 — 46 10 - 50
24 — 34 10 — 26
M 315 24.5
29.4 20.9'
SD 6.6 11.5
3.2 5.4
95% ClI 26.0-370 149-341
26.5—32.2 15.9-25.9

3Excluded S003, S006.
PExcluded S003, S006, and S007.
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‘Excluded S104, S105..
YExcluded 104, S105, and S109.

The CART measurement methods, Al method and WBR method, were assessed with
regards to participants’ age and activator type. Paired two-taibsd iid shown the WBR to
yield highly significantly lower CARTSs for BBN activator than for tAkactivator in the
younger group regardless of whether S007 (WBR BBN CART was identifiaa astlier for
S007) was includedt[@] = 5.28,p = 0.0005); the mean difference = 14.0 (95% CI = 8.0 - 20.0,
SE = 2.65), or excluded[8] = 10.10,p < 0.0001); the mean difference = 11.56 (95% CIl =8.9to
14.2, SE = 1.14). Wilcoxon signed ranks test (non-parametric paired analysis) with all
participants included confirmed the statistically significant improvemeéh the WBR method
(W =55, n/r =10, z= 2.78, p = 0.0054). Similarly, WBR produced highly significantly lower
CARTSs for BBN activator in the older grou)g] = 3.56,p = 0.0074); the mean difference =
14.0 (95% CIl =4.9 - 23.1, SE = 3.93) (S104 was excluded for no response to the WBR 1000-Hz
activator) . All the analysis details for the BBN CART comparisons thodeare displayed in
Table 18.

Table 18

Comparison between Al BBN CARTs and WBR BBN Test CARTSs in Younger and Older Adult
Groups

Younger group Older group

Parameter Al BBN CART  WBR BBN Test CART Al BBN CART WBR BBN &st CART
N 10 10

9? 9? o° o°
Range 72 -80 38-70

72 — 86 56 — 76 72 -92 34 -80

M 75.6 61.6

75.8 64.2 78.2 64.2
SD 2.5 9.3 6.4 14.3

2.5 4.5
95% ClI 74.1-77.1 55.8 -67.4

73.8-774 60.8 - 67.7 73.3-83.4 53.3-75.2

®Excluded S007.
*Excluded S104 No Response.
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No method (WBR versus Al) difference was observed for 1000-Hz activator atdtre
group (7] = 0.94,p = 0.3776); the mean difference = -1.5 (95% CI =-5.3 — 2.3, SE = 1.59). Al
produced slightly better CARTs than WBR for 1000-Hz activator in the yowgrgap ([7] =
3.05,p = 0.0185); the mean difference =-3.25 (95% CI =-5.8 - -0.7, SE = 1.07) . All the
analysis details for the 1000-Hz CART comparisons by method are displayedulenl®a
Table 19

Comparison Between Al 1000-Hz CARTs and WBR 1000-Hz Test CARTs in Younger and Older
Adult Groups

Younger group Older group
Parameter Al 1-kHz CARTs WBR 1-kHz Test Al 1-kHz CART WBR 1-kHz Test
CARTs CART
N 10 10
8 8 & &°
Range 84 -94 80 -98
84 — 94 84 — 98 80 -98 84 — 100
Mean 89.80 89.20
89.5¢ 92.7% 88.2% 89.7%
S.D. 3.19 6.20
3.5F 4.65 6.45 5.7¢
95% ClI 87.5-92.1 84.77 — 93.63
86.6 —92.4 88.9 — 96.8 82.9-93.8 85.0—94.5

*Excluded S003 and S006.
PExcluded S104 and S105 excluded.

Further, the Al — WBR method comparison focused on NTD using paired two-tailed t-
test. WBR method produced highly statistically greater NTDs than Al methibe iyounger
group, regardless whether S007 was includ&d € 6.36,p= 0.0004); the mean difference = -
18.00 (95% CI =-24.69 - — 11.31, SE = 2.83), or exclugjéfl£ 11.34,p< 0.0001); the mean
difference = -15.43 (95% CI =-18.8 — 12.1, SE = 1.36). Wilcoxon signed rank test through the
nonparametric approach analysis (with outlier SO07 included) confirmed thicsigi
difference (W= -36, #r = 8,p = 0.01) between the Al NTD and WBR NTD in the younger
group. The older group presented with similar findingg3] & 2.93,p = 0.0220); the mean

difference =-14.25 (95% Cl =- 25.75 to — 2.75, SE = 4.86) with S109 included[éhd .67,
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-10.00 (95% Cl = -16.7 - -3.3, SE = 2.73) without S109.

Wilcoxon signed rank test again showed WBR NTD to be significantly greaterin@i NTD

in the older group as well (W =-33;/n= 8, p< 0.05) (Individual WBR NTD values are

presented in Appendix E, Tables E8, E9). All the NTD-by-method comparisortsoare s

Table 20.

Table 20

Comparison Between AI-NTD and WBR NTD in Younger and Older Adult Group

Younger group Older group
Parameter AINTD WBR NTD AINTD WBR NTD
Sample 10
8 g 8 &
7b 7b 7d 7d
Range 10-18
10-18 24 — 46 6272 10 — 56
10-18 24— 34 6 — 22 10 — 26
Mean 14.20
13.5¢ 31.56¢ 10.25% 24.50
14.00 29.43 10.86 20.86
SD 2.90
2.7¢ 6.57 5.28 11.45
2.58 3.2P 5.40 5.4¢
95% ClI 12.1-16.3
11.2-15.8 26.0 - 37.0 5.8—14.7 14.9-341
11.6 — 16.2 26.5—32.% 59-158 15.9 - 25.9

*Excluded S003, S006.

*Excluded S003, S006, S007.

‘Excluded S104, S105.

YExcluded S104, S105, S109.



90

CHAPTER V: DISCUSSION

The general purpose of the study was to evaluate a new method of WBR for the
measurement of CARTS, as well as to gain a better understanding of tte effthe aging
process on the auditory mechanism, specifically, the CART. The findings ekffesiment
represent a contribution to the ongoing efforts to build a precise functional molkelezirt The
results of the investigation also have implications for clinical acoudtexrassessment of
individuals with sensorineural hearing impairment, particularly CARTbasediction of
hearing status in older adult subjects. The specific purposes of the studpwdreglopment of
criteria for defining the WBR CART,; (b) comparison of the WBR versus Alltd@00-Hz) and
BBN CARTS; and (c) examination of the effect of age on the WBR and Al tonal and BBN
CARTSs.

The set of criteria for defining the WBR CART that were developed and refingusb
investigator in the course of this investigation aided in the obtaining of sensitivpeaniiics
WBR CARTSs that then were compared with the traditional Al CARTs. The WBR andige-
tone differences (NTDs), that reflect the difference between the tonBIBEMCARTS, were
compared in this investigation as the NTD has implications for prediction of héassfyom
the acoustic-reflex threshold (e.g., the bivariate plot procedure) in youmgyetder adults.

Visual Observations of the WBR ABD Graphs

Visual inspection of the WBR ABD graphs often revealed a pattern showing a@ositi
peak in the low-frequency region, typically below 1000 Hz, and a negative peak in tte mid
high frequency range, usually above 1000 Hz. This pattern of a positive peak followed by a
negative peak in some cases was followed by additional one or more peaks in thdigid-to

frequency region. The positive peak at the CART activator level and atlsegtadld levels is
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consistent with decreased energy flow through the middle ear; the negatkvat pee CART
activator level and suprathreshold levels is suggestive of energy gaingseartd Fig.8)..

Areas above and below the mean baseline were estimated for the WBR-BBN test
subject 010 at the suprathreshold activator levels of 74 and 80 dB HL (see Fig. 6, paded$. f
The triangular areas were calculated using the frequency range belpeak in Hz as a base,
and maximum ABD at the peak in percentage as the height. The positive aredddsisna
triangular area between the curve of ABD and the horizontal axis repredhetimgan baseline
WBR; expressed in Hertz multiplied by percentage) for the 74 dB HL actwamestimated as
3,800 and the negative area was estimated as 3,100. So, proportionately, the amount of overall
WBR decrease at the mid frequencies reached about 82% (3100 divided by 3800) oRthe WB
increase at the low frequencies due to the effect of acoustic-reftéatedn. The positive area
for the 80 dB HL activator was estimated at 7,225 and the negative area waseeistin®,100.
So, proportionately, the amount of overall WBR decrease at the mid frequenchesdrabout
71% (5,100 divided by 7,225). Similar ratios were obtained even when the areas corresponding
with 1 SD or 2 SD of the mean baseline were subtracted from the triangular EeakEnas,
the acoustic reflex should not be viewed as an energy reducing mechanisnhdragan
energy redistributing system favoring the mid-frequency region, possihigad#eg the upward
spread of masking, and thereby optimizing speech perception in the presenceeftiramsnse
low-frequency noise.

The computed WBR-CARTSs were, in the vast majority of cases, based on the responses
in the low-frequency range where the positive peaks formed and, in all casespmeerated
by the results of visual assessment at the CART stimulus level, as wediudssaquent stimuli

intensities. Computations of the WBR-CARTSs at higher frequencies wedtists adversely
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affected by the widening of the positive low-frequency peaks with increasesvator
intensity. In other words, as activator intensity increased, the positivérexywuency triangular
peak became higher and wider with ABD growth, thereby shifting the subseqgatvae
triangular peak upwards towards higher frequency region. This phenomenon iustedtad

in recordings for the WBR-BBN Test of Subject 002 in Figure 8.

(a) (b)
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Figure 8.ABDs for BBN activators 66 dB HL (a), 70 dB HL (b), 74 dB HL (c), 78 dB HL
(d) obtained during the test of subject 002; note the shift in the frequency range above the

negative peak
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The Al CARTSs: ThisInvestigation and Silman (1979)

This investigation’s mean Al BBN and 1000-Hz CARTs for the younger and older adult
participants were in good agreement overall with those obtained by Silman (1979). No
statistically significant mean differences between the current &marsAl BBN and 1000
CARTs were obtained for either of this study’s groups. The current Al CAieiddd towards
being lower for the BBN than for the 1000-Hz activators. The results of the unpair¢ailedo
t-test comparison in the Al BBN CARTSs between the younger and older adults in this
investigation approached, but did not reach significapee 0.064). In contrast, Silman’s
findings revealed a significantly lower mean Al BBN CART for the younigen blder adult
group 0 = 0.001). This slight difference between studies may reflect a smallptessize in this
study (n = 10 in this study vs. n = 20 in the Silman study) and greater stimulus st@&peizim
the current study vs. 1-dB in Silman’s study). The role of the step-size iT @gd&ssment was
documented by Silverman et al. (1983) who showed a smaller difference in BBN ARE&bet
younger (20 to 29 years old) and older subjects (50 to 59 years old) with the 5-dBes{@x5si
dB difference between the groups) than with the 1-dB step size measuremenvie@AditdB
difference between the groups)

The mean Al NTD for the younger adult group (14.2 dB) exceeded that for the older
adult group (10.0 dB when all 10 participants were included and 8.7 dB when outlier S102 was
excluded). The difference in mean Al NTDs between the younger and older aduétcunrent
study was 5.5 dB (with outlier S102 excluded). Silman (1979) obtained mean Al NTDs of 16.8
dB and 7.1 dB for the younger and older adult participants, respectively. Silman’s 9.7 dB
difference in the mean Al NTD between the younger and older adult groups aies gred.2

dB than that obtained in the current investigation. (The Al NTDs from the Silnabcuarent
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study cannot be statistically compared as Silman did not report the Al NTI) $bs
differences between studies in sample size and step-size in CART emeastimay explain
these slight CART differences between the Silman and the current studies.
WBR CART Test-Retest Reliability

The WBR CART test-retest reliability was good as no statistisalyificant differences
(p > 0.05) were observed for the test-retest comparisons (paired twa-tggtpfor the WBR
BBN CARTs or WBR 1000-Hz CARTSs in either the younger or older adult particifsedshe
p levels for each test-retest comparison inAhalysissection). Pooling of all test-retest WBR
CART differences for both groups and both activators (yielding n = 34) produceahaese
retest difference of 1.36 dB (SD = 7.0 dB, 95% CI =-3.79 to +1.08). These results irditate t
the Mimosa WBR instrumentation yields reliable CART findings, which suppgwtage of the
instrumentation in future research. Although the mean WBR CART test-rdfestites were
small, some larger individual test-retest differences were noted. Theseftect the following:

1. An apparently high sensitivity of the WBR Mimosa system to acoustico-meahanic
disturbances. Individual WBR measurements appeared to be easily ajt@atidpants’
bodily sounds, very slight participant motion, and the Mimosa computer-generated sounds
(cooling fan). Although this investigator was cognizant of the system’s higgitivity, it was
virtually impossible to eliminate those disturbances in a test situation involNemgty test
session for WBR data collection. Those disturbances were likely to influenceBlRe W
measurements at some frequencies (or frequency ranges) and to have ndgetsverethe
baseline variance and consistency of the series of measurements.

2. A possible Mimosa probe placement effect. Although the WBR concepts postulate

that the ear canal functions as a lossless transmission line, in some ofitigapést especially
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in those with more pronounced ear canal curvature, the depth of the probe insertiod tiféecte
WBR measurement. It was observed during the pilot phase that in some curvetksar ca
shallower insertion produced poorer WBR recordings. This investigator alwaygteto
achieve good secure placement of the probe tip. The expandable foam probe tip, however,
sometimes led to outward movement of the probe during the long data collection sessions.
Comparison between the Al CARTsand the WBR CARTSs

The mean BBN CART was significantly lower with the WBR than the Al approach in
both groups. In the younger participants, the difference in mean BBN CARTeetines\WBR
and Al approaches was 11.6 dB<0.0001; outlier SO07 excluded). In the older group the
difference in mean BBN CART between the two approaches was 14 dB (m—®0074); it
was 10.8 with exclusion of outlier S109 (n 9085 0.0036). The finding that the BBN CART is
lower with the WBR than the Al method for both groups of participants suggests thaintlee
approach is more sensitive than the latter approach for BBN CART measurement

In contrast with the finding for the BBN CART, the mean 1000-Hz CART was Islight
but significantly higher for the WBR methodologic approach than for the Al approdaoh in t
younger adults. The 1000-Hz CART was essentially the same for both apprioatieesider
adult participants; the difference in mean was 3.3 dB (p=8.0185) for the younger adults
and 1.5 for the older adults (n =B85 0.3776).

Age Effect on the WBR and Al CART

Comparison of the mean WBR BBN CARTSs between the younger and older adults
yielded a small, statistically non-significant difference of 3.8 jgB (.05). With the Al
approach, in the current study, the mean BBN CARTSs trended lower in the youngéethan t

older adult group; the mean difference in Al BBN CART between groups equaled 44>dB (
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0.05).Previous studies using the Al approach yielded a significantly higher B&N €r the
older than younger adults (Gelfand & Piper, 1981; Osterhammel & Ostela@®#79; Silman,
1979; Thompson et al., 1980). The lack of age effect for the Al BBN CART in this study
probably reflects the small sample size. In contrast, an age effedravagysdemonstrated for
the NTD (see the later section on the WBR NTDs).

The mean difference in WBR 1000-Hz CART between the younger and older older
adults equaled just 3 dp £0.05). This lack of age effect on the WBR tonal CART is consistent
with previous research based on the Al approach (Silverman et al., 1983).

The Al and WBR NTDs

The mean difference in the NTD between the WBR and the Al measurementcaggroa
was large for both age groups with the former approach yielding a sigrifigagdter NTD
than the latter approach. The difference in NTD between measurementcapggraas 15.4 dB
for the younger participants (n =< 0.000.1) and 10.0 dB for the older participants (ng=,
0.0105). These findings show substantially greater NTD sensitivity for YW&RAI CART.
The mean WBR NTD was significantly greater, by 8.6 dB, in the younger §88ltsdB) than
in the older adults (20.9 dB) (n == 0.0036).

This study represents the first investigation to explore age effedie @ARTs and
NTDs using the WBR technique and it represents the first CART investigatranthe Mimosa
instrumentation. The substantially greater NTD with the WBR technique gmoeanwith the
Al technique suggests that the WBR method should be employed for NTD measurement,
especially in the older adults, in whom the traditional Al approach oftetsysehall or absent
NTDs. Furthermore, this study’s finding of large WBR NTDs has imponapli¢cations for the

application of WBR in estimating the hearing loss from the CART in the older papuldtihas
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been demonstrated that the bivariate-plot method based on the Al CARTSs is unsufmessful
detection of hearing impairment in older adults who are more than 44 years(Silagm et al.,
1984)

In summary, the BBN CART is substantially improved with the WBR method as
compared with the Al method. The increased sensitivity of the WBR method to theid@iN s
together with a possible effect of the method itself may explain the obsargedrhprovement
in the WBR BBN CARTSs in comparison with the Al BBN CARTSs and consequentlyrlarge
WBR NTD than Al NTD. The large improvement of WBR NTDs should be further imatstl
in adults with sensorineural hearing loss so a WBR bivariate-plot procedure carelopee for
prediction of hearing sensitivity in older adults. The WBR CARTs and NTD&ebtan this
study also can be combined with similar data from future investigatisssn@ng the same
methods are employed), thereby contributing to the establishment of nerMé@BR ART data
for WBR bivariate plots.

The WBR CARTsfrom the Current and Other Investigations

In the current study, the mean BBN CART was significantly improved, by 11.6itd8, w
the WBR method as compared with the Al method in the younger adults. This improveasent w
a smaller than that measured by Feeney and Keefe (2001), whose WBR BBN CAliR&s in t
young female adults were obtained at levels that were 12.3 to 16.3 dB (depending on the WBR
CART statistical measurement approach) lower than the Al BBN CARTSs.iéwlalit
measurements in four more subjects (two young males and two young feyredtis)
improvement of about 18.5 dB with the WBR than Al approach to the BBN CART.

In contrast with the current study’s lack of improvement in the mean WBR 1000-Hz

CART as compared with the Al 1000-Hz CART, Feeney and Keefe (1999) obtained toRal WB
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CARTSs at levels that that were at least 8 dB lower than those obtained withtdaAique.
The degree of improvement could not be precisely determined due to the resttivigtdra
intensity range. Feeney et al. (2003) obtained tonal 1000-Hz and 2000-Hz CARTs¢hat we
about 12 dB lower than those measured via the Al technique. On the other hand, Feeney, Keefe,
and Sanford (2004) observed improvements of only about 3 dB in the ipsilateral and coaltralater
high-frequency ARTs for the WBR as compared with the Al approach. In thgt atbend-
filtered click rather than chirp was used as the WBR probe stimulus, allovpataten
between the frequencies of the probe stimulus and the activator. All of thetatlies $Feeney
& Keefe, 1999, 2001; Feeney et al., 2003) used a sequence of eight chirps as the probe stimulus

The outcome differences between the current investigation and the other siaylies m
related to differences in the instrumentation and procedure, statistiteldiet computing the
WBR CARTSs, and sample size. The WBR CARTSs in the current study were based a& sampl
sizes of 7 or 8 within a particular age group. The sample sizes in the other AWBR C
investigations had sample sizes of only 3-4. The Mimosa WBR system (usedumrere
investigation) employs 24 chirps for WBR measurement in contrast with the $¢&8em
employed by Feeney and his colleagues which uses only 8 chirps. Thus, each Witbsa
response reflects signal averaging of the responses to 24 chirp probe stimulnatyijtthe
baseline variance was computed based on 16 baseline measurements in thewayrasit st
compared with only 6 baseline measurements in the Feeney et al. studies. Aedcupalser
of baseline samples provides more precise estimates of baseline variance

Criterion Selection

The 1SD/10f criterion applied in the current investigation produced WBR BBN CARTs

significantly better than those measured via the Al technique. Additional refihefmitie WBR
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CART criterion may yield additional decreases in the WBR CARTSs. Thentuariéerion
balanced the width of the frequency range (where the minimal ABD had to be ob®ertre
response to be considered a CART effect) with the requirement of a minimum ABSof
Furthermore, the criterion was stringent, as the general theoreticabitglzd the response
meeting the 1SD/10f criterion for just one activator level is 1.03477%@.0000103477).
Also, when comparing the WBR CARTs and Al CARTS, the typical researchlleasvatinical
criterion employed for assessment of the Al ART either is the smatiéseable immittance
change, or a 0.2 mmho manufacturer-defined acoustic-immittance chartge.study the
criterion was the smallest noticeable immittance change. The Al chatys at a singular
probe tone frequency and the ABD is not evaluated statistically (no SD requotremthreshold
determination is used). Future research is needed to further refine the WBR G#@&RdNc
The WBR Method Effect for the BBN Activator

The significant improvement in the WBR BBN CARTS in comparison with the Al BBN
CARTSs may result from summation of the energy of the BBN activator andrtiae6&-dB SPL
chirp probe stimulus. Both stimuli encompass a wide range of frequencies andehgyrie
greater than the energy of the BBN activator in combination with singube pone of the Al
instrumentation. Since the 1000-Hz activator has a single rather than wgdeofdrequencies,
summation of its energy with the energy of the chirp probe stimulus is not estpact in fact,
did not occur for the WBR 1000-Hz CARTSs obtained with the Mimosa instrumentation (in
contrast with the results received in the other tonal WBR CARTS investigatitinether
instrumentation). This explanation of the WBR method summation effect is suppotted by
the reduction in the WBR CART improvement when the frequency ranges of the probasstimul

and activator were separated as found in the research by Feeney, Keefe, amd(3204r
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Future research is needed to examine the WBR CARTSs for the BBN and tondbestiging
both instruments (Mimosa and that used by Feeney and his colleagues) withlib@dase
averaged.

A method artifact, rather than the presence of summation effect, was ruled out b
obtaining WBR measurements with the Mimosa instrumentation in young adulé ferttaa
bilateral, profound sensorineural hearing loss during the pilot phase of this study. Rlo WB
changes from baseline were noted in the presence of the contralateral 100BB# activator
for the young, adult female, consistent with the profound degree of hearing los® Watar
research employing lower-intensity probe stimuli together with degigsisring activator-probe
stimulus separation may yield better understanding of the ART activatibe-gtimulus
summation phenomenon.

Because the WBR approach yielded an expanded NTD that primarily sitztidie to the
improved WBR BBN CART as compared with the Al BBN CART and to the summatior,effec
future research needs to re-examine all other parameters of the acolestithegfis related to
the BBN stimulus, such as latency, magnitude, and temporal integration andféegtsyugpon
these parameters. Thus, the findings of this investigation have far-reanpingations for
understanding many aspects of the acoustic reflex and may lead to clmatihgesxisting basic
concepts of the acoustic reflex.

The study was limited by the restricted available upper range of actiwgfmrt from the
measurement system. As a result, a WBR-CART was not obtained in someesskogsible
factors in the restricted activator level upper range are as follows:

1. Based on the review of the literature, it was projected that an upper rangs WnaiB

above the AI-CART would suffice to capture the WBR-CART. With the WBR



101

approach, the presence of the acoustic reflex is not apparent during measurement
collection; it becomes apparent only after exporting and analyzing the WEBR-@ata.
Future studies should obtain WBR-CARTSs using a higher upper range of activator
output.

In some cases, the crossover of the higher levels of the activator stimettes&at with

the WBR instrumentation measurement mechanism in this study as the equipment
indicated excessive levels of noise. That precluded valid measurement evee\althe |
below the activator’s upper range. Thus, the WBR measurement could not be made and

consequently, the CART could not be computed.
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APPENDIX A: SUPPLEMENTARY FIGURES AND TABLES
List of supplementary figures
Figure Al. Schematic of the right contralateral reflest set-up
Figure A2. Parallel system
Figure A3. Idealized diagram of the energy distribution at the tympanic membrane
Figure A4. Ear canal as acoustic transmission line (schematic drawing).
Figure A5. Model of human ear canal as electrical uniform transmission line with the
reflection at the termination of the line
Figure A6. The generation of sinusoid by rotating vector
Figure A7  Representation of**' on the complex plane
Figure A8. Schematic drawing of the calibration assembly
List of supplementary tables

Table A.1  Impedance and admittance and their components
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Supplementary Figures

Stimulus "‘E‘]G"’ Contralateral AR Response

Right Ear  Activator ear

Left Ear Probe ear

AR Acoustic reflex

Figure Al.Schematic of the right contralateral reftest set-ugbased on Silman &

Silverman, 1991).

C‘) Zec Zyve

Figure A2.Parallel system: Zrepresents total ear impedancgg 5 ear canal impedance

and Ze refers to middle ear impedance (based on Silman & Silverman, 1991).
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Ear canal

Middle ear

Incident
energy

I Reflected
energy

Tympanic membrane

Figure A3. Idealized diagram of the energy distribution at the tympanic membrane; the

ear canal is conceptualized as a lossless transmission line in human adidtteansca
8000 Hz (Stinson et al., 1982)
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Figure A4.Ear canal as acoustic transmission line (schematic drawing).
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Sound Delivery Orifice of the Ear Canal (EC) Tympanic

System * Sound Delivery Measurement Membrane ™
Tube Point
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Physical quantities
Zs sending end impedance

Zry  terminating impedance representing impedance at tympanic membrane at the receiving
end

Zec measurement point ear canal impedance

Zy characteristic impedance

d distance from the sending end to the receiving end

Lec  distance from the measurement point along the line (measured from left to right)

A distance from the receiving end at the TM to the measurement point along the line

The sound delivery system consists of the input sound source connected to a
sound delivery tube through a porous screen. The sound delivery tube may be
represented as a mass-compliance transmission line. The porous screen which
acts as an acoustic resistor “r” is created by cascading several screens together.

Figure A5. Model of human ear canal as electrical uniform transmission line with the

reflection at the termination of the lileased on Allen, 1985, and Johnson, 1950)
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The rotating vector Plot of the projection of the tip of the
rotating vector on the horizontal axis

I, E,

t=C
Y

e = E,, coswt

Figure A6.The generation of sinusoid by rotating vector [Based on Johnson (1950)]

Axis of
Imaginaries

sin ‘Dt/

AXxis 011 Reals

&' = coswt + jsin ot

Figure A7 Representation of® on the complex plane [Based on Johnson (1950)].
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Sound Delivery System Closed *“i-th” Tube (four
cylindrical tubes of known
DRIVER physical lengths are used)
Etymotic ER - 2 I <
v
| Pi ()
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| —
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Acoustic Length

| “Ltn"
Physical Length “l,"

pi (W) = pi(w) + pr(w)

Figure A8 Schematic drawing of the calibration assembly

Circuit representing the Thevenin’s equivalent circuit
calibration assembly

: Network: Equivalent Circuit :
i for the Sound Delivery Sysiem *

Measurement Point

The sound delivery system consists of the input

Ein sound source connected to a sound delivery
En + - "Zeq = Egq may be represented as a mass-compliance
Zin transmission line. The porous screen which acts
as an acoustic resistor “r’ is created by
Zeq cascading several screens together
En (1+-—--- ) = Eeq (Allen, 1985)
Zin
En Zy,
Eeq Zeq + Ztn

Figure A9. Equivalent circuit for the calibration assembly (based on Allen, 1985, and

Johnson, 1950)
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Figure A11 Example of MIMOSA RMS raw data recording for subject 001, Test BBN,

A

B

C

D

% RMS-Data Export (RMS 4.3.3.3 -- Mimosa Acoustics)

% Name: 001

Date: 8/11/2006 1:00:09 PM

% Power Reflectance as |R|"2 [%]

% Column 1: frequency / Hz

Column 2:
[Data] Right
Ear:

Column 3:
[Data] Right
Ear:

Column 4:
[Data] Right
Ear:

Column 5:
[Data] Right
Ear:

Column 6:
[Data] Right
Ear:

Column 7:
[Data] Right
Ear:

Column 8:
[Data] Right
Ear:

Column 9:
[Data] Right
Ear:

2.11E+02
2.34E+02
2.58E+02
2.81E+02
3.05E+02
3.28E+02
3.52E+02
3.75E+02
3.98E+02
4.22E+02
4.45E+02
4.69E+02

Tip 14A

Tip 14A

Tip 14A

Tip 14A

Tip 14A

Tip 14A

Tip 14A

Tip 14A
9.07E+01
9.48E+01
8.73E+01
8.97E+01
8.70E+01
8.75E+01
8.79E+01
8.66E+01
8.67E+01
8.50E+01
8.47E+01
8.28E+01

Measured Oh
27m after
Probe
Calibration
Measured Oh
32m after
Probe
Calibration
Measured Oh
33m after
Probe
Calibration
Measured Oh
34m after
Probe
Calibration
Measured Oh
34m after
Probe
Calibration
Measured Oh
35m after
Probe
Calibration
Measured Oh
35m after
Probe
Calibration
Measured Oh
36m after
Probe
Calibration

8.90E+01
8.74E+01
8.69E+01
8.90E+01
8.52E+01
8.64E+01
8.66E+01
8.52E+01
8.33E+01
8.46E+01
8.23E+01
8.12E+01

SPL=60.1
dB @1kHz

SPL =59.8
dB @1kHz

SPL =59.8
dB @1kHz

SPL =59.8
dB @1kHz

SPL =59.9
dB @1kHz

SPL =59.7
dB @1kHz

SPL =59.8
dB @1kHz

SPL =59.8
dB @1kHz

8.88E+01
8.79E+01
8.63E+01
8.50E+01
8.63E+01
8.50E+01
8.54E+01
8.17E+01
8.34E+01
8.08E+01
8.18E+01
8.01E+01

equ. vol.:
1.30 ccm

equ. vol.:
1.37 ccm

equ. vol.:
1.39 ccm

equ. vol.:
1.37 ccm

equ. vol.:
1.40 ccm

equ. vol.:
1.37 ccm

equ. vol.:
1.42 ccm

equ. vol.:
1.41 ccm

9.09E+01
8.82E+01
8.37E+01
8.56E+01
8.57E+01
8.46E+01
8.71E+01
8.42E+01
8.30E+01
8.34E+01
8.23E+01
8.13E+01

8.98E+01
8.55E+01
8.58E+01
8.72E+01
8.46E+01
8.56E+01
8.40E+01
8.33E+01
8.41E+01
8.27E+01
8.27E+01
8.14E+01

9.20E+01
9.06E+01
9.16E+01
8.70E+01
8.54E+01
8.53E+01
8.72E+01
8.43E+01
8.44E+01
8.22E+01
8.08E+01
7.94E+01
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8.89E+01
8.73E+01
8.55E+01
8.48E+01
8.32E+01
8.68E+01
8.25E+01
8.18E+01
8.42E+01
8.14E+01
7.87E+01
7.70E+01

8.97E+01
8.68E+01
8.43E+01
8.68E+01
8.49E+01
8.33E+01
8.34E+01
8.23E+01
8.27E+01
8.19E+01
8.20E+01
7.93E+01

Frequency range 211 to 469Hz; lines 13 thru 24 show in column A: frequency; column

B: baseline response; column C: 48 dB HL activator response; column D: baseline

response; column E: 50 dB HL activator response; column F: baseline response; column

G: 52 dB HL activator response; column H: baseline response; column I: 54 dB HL

activator response
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Supplementary tables

Table Al
Impedance and Admittance and Their Components (Based on Popelka, 1981; Silman &

Silverman, 1991)

Impedance Admittance

Physical quantities Z Complex impedance Y  Complex admittance
[Z]  Magnitude of the impedance Y| Magnitude of the admittance
XM Mass reactance BM Mass susceptance
Xs  Stiffness Reactance Bs  Stiffness susceptance
X+  Total reactance =imaginary B+ Total susceptance = imaginary

component of complex impedance component of complex admittance

R Resistance = real component of G Conductance = real component

complex impedance of complex admittance

0 Phase angle in degrees C) Phase Angle in degrees
Geometrical vector X A

relationships




Table A.1Continued
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Impedance

Admittance

Mathematical
IZP = R2 + XT 2=
relationships

=R2 + (XM - Ixgl?2

Z|=VRZ + XT2 =

=VR2 + (XM - | Xgh2

X K- | Xs] B B - | Bsl
sin = = sino = =
1Z| 1| Y] Y]
Rectangular notation
Z=R +jX Y=G + B
of immittance j represents complex j represents complex
numbers and can be numbers and can be
treated mathematically treated
asj -1 mathematically
asj=-1
Polar notation of
Z =121 46 Y =[]0
immittance
Impedance —
Admittance
From equation§Z| = 1/|Y|and sind =X;/|Z| = - B;/|Y| we obtain
Relationship following relationships:
-B G
XT = o = -
é + B2 G+ B2
- X R
BT e R ———
R + X2 R+ X2

Y2 =G2 + BTZ2 =

= G2 + (Bs -IBm N2

Y] =VG2 + Br2-=

=VG2 + (Bs- |Bm )2
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APPENDIX B:
TRANSMISSION LINE THEORY AND ITS
WIDEBAND REFLECTANCE APPLICATION
Energy reflectance and reflectance
Introduction
Acoustical Transmission Line
Definition, Physical Relationships
Reflectance-Impedance Equation
Reflectance-Reflectance Equation
Electrical transmission line
Acoustical and Electrical Correlates
Ear Canal as Electrical Uniform Lossless Transmission Line
Reflectance-Impedance Equation

Reflectance-Reflectance Equation

B.2.4.1Rotating Vector

B.2.4.2Complex Numbee” (Euler's Formula)

B.2.4.3A-C Steady-state Solution for the Uniform Line

B.2.5

B.3.

B.3.1

B.3.2

B.3.3

Impedance Measurements
Calibration

Introduction

Calibration Assembly

Calibration Tube Impedance

B.3.3.1Tubal load impedance at the measurement pqint Z

B.3.3.2Characteristic Impedance of the Calibration Tule Z

B.3.3.3Propagation Wave Numbé&t
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B.3.3.4 Acoustical Lengths.

B.3.4 Thevenin Theorem and Thevenin Parameters

B.1 Energy reflectance and reflectance
B.1.1 Introduction

Experimental wideband reflectance devices utilize transmissierntHeory, concept
originally developed in the electrical engineering
Wideband reflectance measurement consists of two parts:
o Calibration
. Ear-canal wideband reflectance measurement.
Typical wideband reflectance instrumentation set-up is briefly descinl#e following
paragraph.
The wideband reflectance device has several parts: computatiita, ggobe containing two
transducers (acoustic pressure source (earphone) and microphone) and, salidafédrctubes
which are used during calibration procedure. Compressible foam eartipprbtiesis inserted
into the ear canal when the ear-canal measurement is conducted or aatlbtiagion tubes
during the calibration procedure. The ear-tip is inserted into theeyrificthat the rear of the
foam plug is flush with the tubal edge when the calibration is performed;, camea entrance
during the ear-canal measurement. The length of the foam plug is about 12 mnesidndm
order to reduce evanescent mode coupling between the flow source and probertipigh
frequency stimuli are used, On some versions of the wideband reflectaiuss thee microphone
probe tip protrudes about 3 mm beyond the edge of the foam plug. (Voss & Allen; 1894) Th
point of the microphone tip termination will be described in this textesar canal
measurement poirfsee Figure A7)Acoustic pressure source presents at the, so cadlading

end a chirp signal in to the ear canal. The chirp signal is a complex fregagnal.
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B.1.2 Acoustical Transmission Line

The ear canal functions ag@ansmission lineThe complex sound-wave travels from the
sending end through the ear canal and would be characterized at particulangbaline by so
calledincident pressur@.. This complex sound-wave progresses until it reaches the tympanic
membrane at the so-callegceiving endor, in other worddermination of the line
At the receiving end, part of the energy of the sound-wave is transfetiethie middle ear and
part is reflected and travels aseflected sound-wavie the opposite direction. The reflected
sound-wave would be described at particular location on the transmission the dymplex
reflected pressurp,. The probe microphone at the ear canal measurement point obtains value of
theear canal pressurpec which is complex frequency pressure sum of incident pressure and
reflected pressure at the measurement point (see Figure A7).

B.1.3 Definition, Physical Relationships

The acoustical energy reflectariteat angular frequency may be defined as the

square magnitude of the pressure reflection coeffitiaattthe same angular frequenayThe

pressure reflection coefficieRtis often called simply, reflectance.

R (@) = | K () |2

Equation 1.3/1 (Voss & Allen, 1994; Johnson, 1950)
The reflectancK at angular frequency is a transfer function that is defined by the

ratio of the reflected pressupeto the incident pressug:

K@) = - [dimensionless]

Equation 1.3/2 (Voss & Allen, 1994; Johnson, 1950)



114

where is angular frequency and is described by
following equation:
o = 2T1f [rad / s]
B.1.4 Reflectance-Impedance Equation
Direct measurements of incident prespuead reflected pressupeare problematic. Ear
canal reflectancBgc, however, may be computed from the ear canal impedagaa® from
normalized ear canal impedangg.. Ear canal impedanac may be obtained from the

measured ear canal presspge

ec (@)
____________ -1
£ (w) - 4 g Zec (w) - 1
o () I e
() + Z Zec (o) Zec (@) +1
............ + 1
0o Z

Equation 1.4/1 "Reflectance-Impedance Equation” [Based on Voss & AlgS];
Johnson, (1950)])

Note, that the ear canal impedakgavas
normalized using the characteristic imp2glance
and normalized ear canal impegaveas
obtained.

Z, is the ear canal characteristic impedance:

p.C
g = Z---- , Wherep is the air density
A
c speed of the sound
A nominal cross-sectional area of the

ear canal
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B.1.5 Reflectance-Reflectance Equation
It is believed that the energy losses due to wave propagation in ttenaebae relatively small
and that the nonuniformity is gradual, so, that the soundwave propagatiorhttitewear canal is
planar. With these assumptions the ear canal may be conceptualized as alos#less
transmission line with the termination at the level of the tympanmobr@ne. The impedance at
the termination at the tympanic membrane may be modeled by load imp&gan@soss &
Allen, 1994)

In a uniform transmission line the reflectance at the terminatitwe &ine at the
receiving end at the tympanic membré&g and the reflectance at the ear canal measurement
pointKec differ only by a phase factor. (Voss & Allen, 1994; Johnson, 1950) That means that the
magnitudes of the reflectanBgy andKgc at particular angular frequeneyare equal and may be
computed from the ear canal pressure measurement obtained at a conveasemément point
in the ear canal

The distanckgc, defined as the distance from the ear canal measurement point to the
termination point at the tympanic membrane, determines the refleqgthase factor. This

relationship is expressed by “reflectance-reflectance equation”:

Krwm(o, L) = Ko (o, 0)- e Z@1LEC

Equation 1.5/1: “Reflectance-Reflectance Equation” (based on Vodke#&, A994; Johnson,
1950)
K (@, Lec) is the tympanic membrane reflectance
at the termination point (receiving end)
in response to the stimulus with
angular frequency

ec >0
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K (@, 0)is the ear canal reflectance obtained at the
measurement point for stimulus with
angular frequgncy
L=0

2I@EC is 3 complex number, representing the

S
vector of the acoustic pressure at the level
of tympanic membrane in distafroen
the ear canal measurement point
It is based on Euler’s formula.

Better understanding of this complex
number will be gained when the electrical
transmission line model will be explained.
(Section B.2)
I'(w) is complex wave number of the line
In a lossless uniform#ine/c
c is the velocity of the sound, and
V4
The above “reflectance-impedance” and “reflectance-reflectampations for the acoustical
transmission line {Equations 1.4./1. and 1.5./1.) were adopted from the elécansaission
line theory. The acoustical transmission lines are analogous wighettteical transmission lines.
This allows us to substitute acoustical elements by the electniealamnd to model acoustical
events in the electrical world. Electrical transmission line theoeggmted in the next section,
section 2, explains how the formulas describing the relationships efteefte and impedance
(Equation 1.4/1.) and of reflectance at two different points on the lineafiég 1.5/1.), at the

tympanic membrane and ear canal measurement point, were deduced.
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B.2 Electrical Transmission Line Theory

B.2.1 Acoustical and Electrical Correlates

Analogy between elements of acoustical transmission line and the compdredatgrizal line is
apparent from Table B1.

Table B1

Analogy of Acoustical and Electrical Elements

Acoustico-Mechanical Quantities Electrical Quantities
Quantity & Relations Physical units & Quantity Symbol & Physical units &
Symbol Relations Relations Relations
Instantaneous _
Sound pressure F Pa (Pascalijstantaneous E = E,/V 2 \% (Volt)
Phst (Force Voltage / emf
p= -—  over [Pa= Nm?] e =0.707 E,
Amplitude A area)
Sound Pressure
(peak amplitude (IN] Newton
Rmpl [l square Amplitude
_ area Voltage
Effective P = Pampt/ V2 E,
Sound [10°N =dyne])
Pressure = 0.707 Bupi
p
Effective
Voltage
E
Volume velocity me-st Current A
(Amper)
U I
Acoustic p Q (Ohm)mpedance E Q
impedance Z=-- (for parallel Z= - {Ohm)
u [Q=1CF Pasm?| connections of [
z elements with R, [Q=V-A7
Z’=[ X+ (X +R? X, Xo)

Z




Table B1Continued
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Acoustico-Mechanical Quantities

Electrical Quantities

Quantity & Relations Physical units & Quantity Symbol & Physical units &
Symbol Relations Relations Relations
Acoustic mass Xy= 2AIfM =M Q Inductance X, =2AIf'L =L Q
reactance (angular reactance (angular
frequency [Q = 2AT-s1kg] frequency [Q = AT-s™H]
+Xu by mass) by
+ X inductance) ([H] Henry)
di
L---- =q = Eysinwt
dt
Acoustic S (stiffness Q Capacitance 1 1 Q
stiffness Xg=---- over Reactance X = -mmmm- = -
reactance aIf angular  [Q = N-radhsm?] I1fC oC [Q=rad sFY
frequency) (inverse
- X% (IN] - X value ([F] Farad)
Newton) of angular
frequency
F (force over by
S =--- displacement) capacitance)
X
de
C-- =i, = oCE,cosnt
dt
= 0CE,sin (ot
+I1/2)
Acoustic Q Resistance E Q
resistance R=-—--
R I
R
Acoustic p-c (density of Q Characteristic oL Q
characteristicim z, = ----  the air by Impedance Z(y = mmmmmmmmmmmnne
pedance A speedof [Q= kgm*-s™ (resonant o>L-C-1
of the ear canal the sound impedance)
over the of the
Z, canal transmission line
cross- %
sectional
area)
Resonant 1 Hz (HertzResonant 1 Hz (Hertz)
frequency fo= - VSIM ffrequency R —
a1 [Hz =7 I1LC [Hz =
b b
when X, — X, =0 whenoC — 1/oL =0
Reflectance o] (reflected Dimensionless Reflectance E (reflected Dimensionless
(reflection K=----  pressure (reflection K=-- voltage
coefficient) p over coefficieny E over
incident incident
K pressure) K voltage)
Angular o = ATf rad.s! Angular ©=2I1f rad-s*
frequency ffrequency
() ()
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Note, that the symbol for angular frequenay’,is for easier manipulation with the equations
omitted in this section. It should be understood that the quantities of reflecenergy
reflectance, impedance and some others are frequency dependent (NOdr#ateristic
impedance; characteristic impedance of the line is frequency independent).
B.2.2 Ear Canal as Electrical Uniform Lossless Transmission Line

Research show that the human ear canal could be modeled as a unifass lossl
transmission line analogous to the electrical modeRgare A8)
B.2.3 Reflectance-Impedance Equation
From the Figure A8 depicting ear-canal as electrical transmiee we can write equation for

the tympanic membrane impedance:

Equation 2.3 /1

Equation 2.3 /2

Substituting from the Equation 2.3 /2in to the Equation 2.3 /1 we may further writ

i T etwmr ermi t Erwr
Gy = mmmmmmmmmmemees = 4

B €rmr emi - €T1wmr

L Lo

Zm(€tvi - €twr) = % (Btmi + €7wr)
Guetmi - Luetw = L€ t+ L€tw
Guetvi - L€t = Luwemw t L€rw

g " (Zmm - Z) = aw: (Zwm + %)
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Equation 2.3 /3
Kmu is the reflectance (pressure reflection
coefficient) at the termination of the
line at the tympanic membrane
(so called receiving end).
Z:h = Zo, thenRpy = 0 and
no reflection exists.
In analogy, with Equation .2.3/3, we may write for the ear canal measurpaienteflectance

following:

€cr Zec— 2o

&ci &+

Equation 2.3 /4 "Reflectance-Impedance Equation”
ec Is the ear canal reflectance at the
measurement point
Ear canal impedangg:- is in the design of the method of ear canal reflectance used to
compute the ear canal reflectaGe
B.2.4 Reflectance-Reflectance Equation
The relationship between the tympanic membrane reflecténcand the ear canal reflectance at

the measurement poirkcc, is, as shown earlier in the section B.1.5, following:

KM ((D,X) - }%C(O\),O) Cc -2T LEC

Equation 2.4/1 “Reflectance-Reflectance Equation”
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The “reflectance-reflectance equation” utilizes the theory atira vector, Euler’s formula and
it is formulated with respect to the changes along the line, in t@frthe distance along the line.
B.2.4.1Rotating Vector

The best method of handling sinusoidally varying quantities like electattalge or sound
pressure is to express them in terms of rotating vectors. The condeptrofating vector is

depicted in Figure A.6.

Using trigonometry, the projection of the tip of the rotating vectitieofoltage “E" on
the horizontal axis may be expressed by following equation:
e = E-coswt ,
Equation 2.4.1/1
wherns, instantaneous voltage

(projection of the tip of the rotating
vector of the voltage on the
horizontal axis)

E. is voltage amplitude

wis angular frequency defined by
equatien2 /K

B.2.4.2 Complex Numbee™

Next we pay attention to the properties of the complex nuratigsee Figure A7).

Based on Euler’s formula we may write:
el = cosot + jsinot ,
Equation 2.4.2 /1

wheriels a real number, and

eqyals square root of negative ojve {-1)
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Therefore,&™ is a complex number with the real peos » and the imaginary pasin .

If we imagine a unit vector of a sinusoidally-varying quantity in the conptéame (See
Figure A6.) complex numbes™ would be an algebraic representation of the unit vector.
The projection of the rotating vector on the real axis may be then expressed:

e Re[E e,
Equation 2.4.2 /2

where, the syfibois readthe real
part of,
cosat = Re [ e
Equation 2.4.2/3
The symbolRe is frequently omitted and following simplified equation is written:
e = g €' = E,cosot
Equation 2.4.2/ 4

In a similar manner we would obtain equation for the projection of thentisrretating vector
on the horizontal axis, or, in other words, real part of the current:
i =Re [l me ],
Equation 2.4.2/5
or, simplified version:
izl e’ = 1, cosot
Equation 2.4.2/6
The amplitudes of voltage,, and current,, are related to the effective values of voltagend

currentl by following equations:

Equation 2.4.2 /7
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N2 1

3—
1

Equation 2.4.2/8
B.2.4.3.A-C Steady-state solution for the Uniform Line
E. andl ,, are the complex amplitudes of the voltage and current, respectively, and
andl are complex effective values of the same quantities. These emrgénerally speaking,
will vary along the line. Therefore, they will have derivativéthwespect to distance along the
line, the only independent variable.

Let us imagine that the wave of the voltage and current travelstfeosending end along
the line in the positive direction (from the right to the left). The destefrom the sending end to
the chosen point on the line will BeCertain equations in the following section will be written in
pairs: first form, for a line in general, and second form, for a loskhessThe second form will
be applied for the ear canal which, as mentioned earlier, may be coneegtaaliessentially
uniform lossless line.Some of the general equations (those which incluele &bssg the
transmission line) deduced in the following section will be utilizethe later section of this
presentation dealing with the calibration. The change of the voltaggsae section of lengifx,
which is expressed a@E/ dx) -4x, is caused by currehflowing through the series impedance
of the sectionR4x + jaL 4x. (The minus sign in the following equation is used because a

positive value ofl cause< to decrease with increasiry

------ = - Rl -gll,
Equation 2.4.3 /1 General
and in case of a lossless line:

dE

e = -L
dx

Equation 2.4.3 /1 Lossless
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The change in currehtbetween the two ends of the sectibris caused by the voltageacting

on the shunt admittan€gAx + joC Ax:

Equation 2.4.3 /2 General

Equation 2.4.3 /2 Lossless
wkeiea resistance in ohms;
R =0 on alossless line
L is an inductance in henrys
G is a conductance in mhos;
G =0o0n alossless line
C is capacitance in farads
The a-c series impedance per unit length of line is usually deAated the shunt admittance is
labeledY. For series impedan&ewe can write:
Z =R +qgL ,
Equation 2.4.3 / 3 General
for a lossless line:
Z =¢L
Equation 2.4.3 / 3 Lossless
is &c series impedance per unit length

of line in ohms per unit length,
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For shunt admittancé we can write:
Y = G +jpC ,

Equation 2.4.3 / 4 General
for a lossless line:

Y = ®C
Equation 2.4.3 / 4 Lossless
is &c series shunt admittance in mhos
per unit of the length

Differential equations 2.4.3 /1, 2.4.3 /2 may then be written as follows:

dE

Equation 2.4.3/5

Equation 2.4.3/6
These equations contain two unknowiEsindl. In order to eliminaté, we take the derivative of

the first equation with respect xpdistance from the sending end, and receive:

Equation 2.4.3/7

With substitution fodl / dxfrom Equation 2.4.3./6., we further obtain:

Equation 2.4.3/8
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The solution for A-C steady state uniform line is in exponential form:

E = A_e-vb('z'-x + AQ'E Y2 - X

Equation 2.4.3 / 9 Voltage equation in exponential form of the A-C steady-stitamuline

whereA; and A areconstants with the dimensions of voltage.

The first termA; -e “"?*and the second terfig - " *represent the net sum of all the waves
traveling from the sending end toward the termination at the receivingrehdil ahe waves
traveling from the receiving end toward the sending end, respectivehg ettdésen point on the
line at the distancefrom the sending end. The first term is called incident voltage, the second

term is denoted reflected voltage.

E = FFE

Equation 2.4.3 /10
E - A]_ c -\/YZT

Equation 2.4.3/11
E - AZ - e VYZ X

Equation 2.4.3/12

The quantityWZEverns the manner, in whiéhandl vary with distance, in other words, it
controls the manner in which the waves are propagated. Thereforgliéggpcopagation
constantor propagation functiorand is given the symbat

r=vz =+v (R+jol) (G +joC) ,
Equation 2.4.3 /13 General

and in case of a lossless line:

r =WZ = jo-VLC
Equation.2.4.3 /13 Lossless

I'is a function of frequency and, in general, will be a complex numtsamsists of real part and

imaginary part. The real part is denotednd is referred to as the attenuation constant. It



127

describes the way in which the wave dies out or attenuates a®lsifBhe imaginary part is
assigned the symbgland is found to determine the variation in the phase positigraafll
along the line.
I =a +Jp,
Equation 2.4.3 / 14 General
and in case of a lossless line:
r=p
Equation 2.4.3 / 14 Lossless
Substitutingl” back into Equation 2.4.3 / 9, we obtain:
E=Ac™™+ A’
Equation 2.4.3 /15
To find the corresponding expression fowe substitute the above equation (Equation 2.4.3 / 15)

into Equation 2.4.3 /5 and obtain:

| = s (Al-e'rx_AQ.erX)

Equation 2.4.3 /16

The line itself is characterized by the, so called, chardmenpedance,:

Z =VzZIY =V R+jpL) / (G+pC)

Equation 2.4.3/ 17 General
For a line with negligible loss, the characteristic impedaiceduces to pure resistance

independent of frequency as defined by following equation:

% =+ zIy =4LUC
Equation 2.4.3/ 17 Lossless

Note that the characteristic impedance does not depend on the lengthrod tiveie character

of the terminating load, but is determined only by the characteristics lnfi¢hger unit length.
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Next, we will devote our attention to the constatandA; in the equations 2.4.3 / 15 and
2.4.3 /16 In our case, because we are interested in the events at thegecalyat the level of
the tympanic membrane, it is going to be convenient to express the coAstamdg\, in terms
of the receiving end quantitiég, andZry. In order to achieve that, we will have to go through
series of mathematical substitutions.

First, we substitute for distangdrom x= d into equations 2.4.3/ 15 and 2.4.3 / 16, and obtain
following relations:

E=1#Zm = Ae’™+ A ™

Equation 2.4.3/18

1
I =4 = — (Ace™ - A-e')
oZ
Equation 2.4.3/19
1A (kv Zm - A-e)-e™
™ iZo = (hwm 'ZTM'AZ'EFd)'E g Td. Az'Grd
mwedm - Agre'l- Ay el
TM'ZO_ITM-ZTM = -ZAQEFd
™ (Zm—2%)
Ay = e
e
W
A= e (Zwm 'Zo)'e'rd
2
Equation 2.4.3/ 20
™ |
1 AL Zm - - (G - L) e e

2
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- Zv - v Zw + vt Zo

Equation 2.4.3/21
Substituting the above relations for the constansndA”(from the equations 2.4.3./20. and
2.4.3./21.) into equation 2.4.3./18. and using for distance from receiving end to measureme
point:
A=d-x

we obtain solution for voltage in the following form:

Th ™ |
E= —(Zm+ ZO).EF(X+)\).E-FX + ----(ZTM—ZO)-G'F(XH)-EFX
2 2
h
E= - [(Zm+Zo) €™ + (Zuw-2) € ™,
2

Equation 2.4.3 /22
where, distdigeneasured

from the receiving end, in
direction to the left, toward
the measurement point or

sending en
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In our design, however, the distance between the ear canal measurememtdptbiatraceiving
end at the tympanic membrane is measured from the ear canal measurementip@inglt,

toward the receiving end, rather than from the receiving end to the left

toward the ear canal measurement point. Therefore, we substitdté don:

and we obtain:

h
E = - [ G+ Z)- ™™ + (Bu-Z)- e ]
2

Equation 2.4.3/ 23

And further we can write for the reflected and incident voltage:

E= e [(Zmw + Z)- e "]

Equation 2.4.3 /24

E= [( Zm +ZO).EFLEC]

Equation 2.4.3 /25
The ratio of the reflected voltage to the incident voltage at the paf measurement point
expressed in terms of the receiving end quantities was earlier intbdacar canal reflection
coefficient or ear canal reflectance:

™l

- (Zm-2) - e "]

= [(Zm+ Z0)- 7]
2
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2IrLEC  _ 2r LEC
KEC """""""" S = KTM e ,

Equation 2.4.3/ 26

or, substituting fronReflectance-Impedance Equati@quation 2.3./4.), we may write:

Equation 2.4.3 /27
For variety of angular frequencies we may write identically witlalileady earlier
introduced “reflectance-reflectance equation” (Section B.2.4. — Equatidh. 3%&ction B.4. —

Equation 4.2./5.):

Krv (o,L) = K gc(®,0) - €~ 2r(w) LEC

Equation 2.4.3 /28

On summary, assuming that the canal is uniform and the losses #giblecgihe ear canal is
analog of electrical uniform lossless transmission line. Theaza acoustical stimulation,
defined by the acoustical pressure, is viewed as a correlate aghgevoh a-c steady state
transmission line. Tympanic membrane is modeled by impedance at the temmifidhe line.
The distance from the measurement point along uniform lossless traoarfires does not
affect magnitude of the reflectance. Therefore, the magnitude-afquals magnitude ¢, and
only difference in phase factor, as function of distdngealong the line, will be observed. From
the slope of the phase of reflectance in the high frequencies the distahetween the ear canal
measurement point and tympanic membrane is estimated. Ear canahmefiest the
measurement poidcc is, as shown in this section, computed from the ear canal impedance
B.2.5 Impedance Measurements
Unlike in the case of electrical transmission lines, no direct impedarasurements are possible

on the acoustical transmission line and there are no convenient coairdewites for acoustical
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impedance measurements. Ear canal reflectance method computes eanpeaeh¢ e from
ear canal pressupec measurement. The reasons for the lack of acoustical impedance
measurement instruments reportedly include the unavailability of loartitist acoustic sources
(0.005 % distortion), unavailability of precisely calibrated acoustic impexta and the
complications introduced by the wave like nature of the sound and itveldow speed of
propagation (Allen, 1985).

The technique determining the ear canal impedanads based ofhevenin theorerand
precise estimation of the, so-call@dhevenin parameters the sound delivery system as a
function of the frequency.

The Thevenin parameters of the sound delivery system are the eypvessure g, equal
to open circuit pressure, and the equivalent impedanc&hey are obtained during the
calibration using uniform tubes as an acoustical transmission line. @nd&evenin equivalent
source parameteps, andZy, of the sound delivery system are known, the unknown ear canal
impedanc&ec may be computed from the ear canal presgegebtained at the measurement
part of the method.

This technique of impedance measurement was used by number of reseatbbgrast
[Beranek (1949), Mawardi (1949), Tonndorf and Khanna (1967), Lynch (1974)]. It underwen
significant modifications by Allen (1985). Those maodifications, improving botkrumgentation
and technique, reportedly decrease sound delivery to acoustic tranarissimpedance
mismatch and lead to more accurate Thevenin parameters estimatas etaéimpedance
measurements (Allen; 1985.)

The relation for ear canal impeda#ggis following:

EC(ID)
eqm) - pEC(Q))

£c(w) = Zefw) -

Equation2.5/1
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Peq(®) is Thevenin equivalent source pressure
of the transducer at radian freguiency “
Z.{w) is Thevenin equivalent source impedance
of the transducer at radian freguiency “

Similarly, as in preceding sections, this relation (Equation 2.5 /1) isetetion the
electrical theory. It stems from electrical circuit analysis artipular it is an application of, the
so called, Ohm'’s law, Kirchhoff's laws and Thevenin’'s Theorem.

B.3 Calibration
B.3.1 Introduction

As clear from the a foregoing explanation, in order to be able to deteanicenal
impedanc&ec,, magnitude of equivalent source pressug@nd equivalent source impedance
Zeq, so-calledThevenin parametersnust be known beside the measured ear canal preggure
(see Equation 2.5 /). These parameters are obtained as complex quantitiethé values of
angular frequencw.

Thevenin parameters, equivalent source prepspead equivalent source impedaizzg
are determined during the acoustic calibration procedure using the sio*frallecavity
method”. The calibration in essence consists of matching the response alataged tube
model.

B.3.2 Calibration Assembly

For calibration, there are used four cavities in a shape of cylindrical ¢tldsed at far end. All
the tubes have the same diameter, equal to that of an average human d€ar7hoal) and
different physical lengthsf (I, =21.213 cm;4=1.72 cm; 4= 2.06 cm;]=3.02 cm;). These
cavities present four different acoustic loads. Tubal model impeddnad the measurement

point may describe the acoustic load of each tube (see Figure A8.)mMégrzbe as the one



134

used for the ear canal presspge measurement is inserted into each cavity and complex tubal
pressure frequency respormz®f each cavity is measured. The acoustic lenigthsf the

calibration tubes are defined as the distance from the measuremeb ploéntermination of the
tube at the closed end. The acoustical lengthdepend on the depth of the insertion of the foam
tip into the calibration tube. The acoustical lendthsas apparent, differ from the physical
lengthsly, of the calibration tubes.

B.3.3 Calibration Tube Impedance

Tubal model impedan&g is computed for each of the four calibration tubes. This impedance
represents the load at the measurement point. Its analogy in theaas the ear canal
impedanc&ec.

The tubal impedancg, is a function of the angular frequensyand is calculated from the
characteristic tubal impedangg, acoustical lengths of the tubleg and impedance propagation
wave number. Since the cross-sectional area is the same in allafiterdtion tubes, the two
values ofZy and/; are the same for all four tubes. Past research showed that theonevis
wave propagation losses must be included in order to obtain accurateessofrtabal
impedance&;,.

B.3.3.1Tubal load impedance at the measurement pgint Z

Following equation is used to determine the values @f. “Z

4 (0) = Zy(o) coth [t (w) Ly

Equation .3.3.1 /1 (Keefe, 1984)
wherg,, is the complex load impedance of the
n-th cylindrical tube at the measurement
point
Zy is characteristic impedance

I't(w) is the complex propagation wave
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number of the of the calibration
tube
L., is the acoustic length of the n-th
calibration tube
B.3.3.2 Characteristic Impedance of the Calibration Tulge Z
Characteristic impedarzef the calibration tubes may be defined to be the
input impedance looking into an infinite length of the cylindrical tubing.
Should not the losses associated with the wave propagation — the ibesowiosses,

be included, simple equation may be used to calculate the charactegistdance, :

Equation 3.3.2 /1
wherg s the characteristic impedance
p is the density of the air
cis the speed of the sound
A'is the cross-sectionatea of the entryway
This equation is used to calculate the characteristic impedareeazrtcanal.
To minimize the error, the exact speed of the sound may be used. As known, the ggeed of

sound is a function of the ambient temperature:

.
c =3314\/ -
273

Equation 3.3.2/ 2
whe&¥@].4is the speed of the sound in m/s at the

freezing temperature (of pure distilled ®)
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T is the ambient temperature in Kelvin

273is H,O freezing temperature in Kelvin
Equation 3.3.2 /1 is utilized in the wideband reflectance method to calculateteliatia
impedance of the ear canal, essentially lossless transmissi¢im imeich case nominal ear canal
cross-sectional area is used AQr However, in case of the characteristic impedance of the
calibration tubes, the research shows that the estimates of thezousvissses must be included
in order to avoid error of an unacceptable size. Several investigatongléted viscothermal loss
approximation equations. As per personal communication with Jont B. Allen the bes
approximation is yielded by the equations formulated by Keefe (1984). Thesmes|paovide
estimates of the following transmission line parameters: sesestancd; series inertanck,
shunt complianc€, shunt conductandd.(Recall that these quantities are analogous to the
electrical quantities of series resistaR;@eries inductande, shunt capacitandg and shunt
conductances, respectively ).Calibration tubes’ series impedahaad shunt admittanééare
then calculated according to the earlier presented equations: Equatio3@eharal for the
series impedance, and Equation 2.4.3 /4 General for the shunt admittance.réibechic

impedancé&, is then obtained from the earlier deduced equation: Equation 2.4.3 /17 General.

Z(w) =VZ/Y = J(R+joL)/ (G +juC)

Equation 3.3.2 / 1 (Equation 2.4.3 /17 General)
B.3.3.3Propagation Wave Numbéi
The propagation wave numbigof the transmission line may be defined as the phase
change per unit length at an arbitrary fixed time along the semi-infiylitedrical tube. As in
case of the characteristic impeda#gghe propagation wave numbigr is calculated from the
calibration tube series impedari¢and shunt admittanéé(see Equation 2.4.3 /13 General),

utilizing the transmission line parameter approximations formulatd¢eefe (1984).
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M =+vzZY =7 VJR+jol): (G +jC)

Equation 3.3 /1 (Equation 2.4.3 /13 General)

B.3.3.4Acoustical Lengths.

The acoustical tubal lengthg are different than the physical lengthsPrecise estimate
of the acoustical lengths, is essential for precise estimate of the values of the tupaldamce
Zy. The acceptable estimate of the acoustic lerigths obtained from the solution of the system
of the overspecified equations formulated for the Thevenin equivateunit (see Section B.3.4.).
Acoustic lengthd.,, are then applied to Equation 3.3.1 /1, yielding the values of tubal
impedance&,.

Physical lengths, or antiresonant estimates of the acoustical lergihSiresonantmay be
used as the initial values for the first solution of the system afweeletermined equations.

The antiresonant estimates of the acoustical lebgthie approximations obtained from
the first antiresonance of the impedance, that is, finding the fiegdigat which tubal
impedancé, equals zero. Frequenty may be estimated from the pressure response: the
pressure exhibits zeroes at the impedance zeroes. The approximatioacufustic length., is

then determined from the following equation:

kn/antiresonant: c / 4 B

Equation 3.3.4/1
WherganiresonaniS the antiresonant estimate of the
acoustical lepgtt the i-th tube
cis the speed of the sound

f o is the first antiresonant frequency
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B.3.4 Thevenin Theorem and Thevenin Parameters

The analogy between the acoustic and electrical transmissgis lutdized to
determine the values of the equivalent source prepsp@ad equivalent source impedarzzg

A linear electrical network, which is energized by one or more soureed,afhay be
utilized by making a connection to two output terminals. According to the Thetrezorem,
such a network at those terminals, cannot be distinguished from a single ef emf in a series
with single impedance or using thiorton equivalent circuit, the network at the terminals
cannot be differentiated from the source of current that is shunted with impetiasnce.
equivalent circuit for the calibration assembly is depicted in ifper& A9.In our case, it is the
sound delivery system, which is as a network replaced by the Thevenin equivalént circ
(Johnson, 1950)
Using the Ohm’s and Kirchoff's laws we may write for the Thevenin equivaientit:

- Beqt knZeg= 0

Equation 3.4/ 2

m E
nE Bqt+ ----- "Zeq = 0
m Z
m E
mE - "Leq = By
mn Z
eq £
mnHE1l+ - ) = Eq
n Z
n € Zeq
N ) = Eq
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Equation 3.4 /3

Substituting analogous acoustical values into the above-presented equatioaduitiepr

Equation 3.4 /4
For the four calibration tubes, there are four equations with two unknown quantities,
Thevenin parametefksq andZeq There are also four pairs of the measured tubal pressure
responsepr, and derived tubal impedancas, specificallypi, Zu, po, Z2, Pa3, Z3, Pa
Zy. Initially, the values of the tubal impedan&gsare based on the initial estimates of
the acoustic lengthsy.
The earlier deduced Equation 3.4 / 4 is applied for the four calibration tubes as a system

of overspecified equations in a following fashion:

Z -/@ Pulu
) ) Peq '

i = Pt = PtnZin
. . Zeq .
€ - Pg g

Equation (system of equations) 3.4 / 5, by Allen (1985)

This system of equations must be solved separately for each angular freguency



140

The solution for the Thevenin parametgggsandZeqin each angular frequenayis

following:
2 d * a 2
Qq Z:n:l | pnl anl Ztn ptn anllztnl ptn
1
=l -1 X
A q . q ) q )
Zq anl Pin Ztn anll Ztnl En:l |pn| Zt
Where mean square eufds:
g ) a a
A = [Zh=t|Znl™] o[ Zo=nlpnl™] - [Zn=1Ztn Prn]

Equation 3.4 /6
The optimal Thevenin parameters are then computed by minimizing the sum ofile me
square error functions over the range of frequeneiesthe above system of equations
(Equation 2.5 /5 ) with respect to the Thevenin parameters.
The mean square error functiéh(w) is calculated at each angular frequency ” using the

next equation:

q
C(0) = Zn=1|Zn Peq - Flnzeq—pnztn|2 i

Equation 3.4 /7
And sum of the mean square error functiéhs (computed over the range of values of

the angular frequenay) is following:

highest
C T ((D) = 2 & lowest C (03)

Equation 3.4 /8
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The lengthd i, are selected so, that the er@ris minimized. The eventual four values
of the optimized tubal acoustical lengths must be used for all the values of angular

frequencyw.
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APPENDIX C:

WIDEBAND REFLECTANCE METHOD ( METHOD OF J.B. ALLEN)

Cl1 Introduction

C.2 Calibration

C.2.1 Measurements of four complex pressure frequency resgm(sgso chirp
signal in four sealed cavities

C.2.2 Initial estimation of four effective (acoustic) tubal len@ithsl.i,, Liz, Lis Of
the four cavities

C.2.3 Initial estimate of tube model load impedag <, Z3, Za

C.2.4 System of overspecified equations

C.2.5 Optimization of acoustical lengthg

C.2.6 Thevenin parameters computation

C.3 Ear canal complex pressure response measurements and impedance an
reflectance computation

C.3.1 Measurement of complex ear-canal pressure respaiiseg

C.3.2 Computation of complex ear canal impedaieén)

C.3.3 Computation of ear-canal wideband (complex) reflectdpg@)

C.3.4 Computation of ear-canal wideband (complex) energy refled®adce)

C.1 Introduction

Preceding sections lent familiarity with acoustical and electrmatepts applied in the
method of wideband reflectance. Following section lists the steps of the wideband
reflectance method as employed by J. B. Allen, one of the leading ressanctings

field. His approach served as the basis for the development of several prototyyees of t
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wideband reflectance equipment (e.g.: Mimosa RMS [Mimosa Reflectarasukdéenent

System], Power Flow). The later versions reportedly incorporated cemnaiovements

in design, for example, inclusion of thermoviscous losses in the calibration gavitie

shorter probe tubing, etc. Several pieces of the Mimosa RMS equipment areurrentl

used in major U.S. research centers, including Graduate School University, Cente

CUNY

C.2  Calibration

C.2.1 Measurements of four complex pressure frequency responsggéw) to chirp
signal in four sealed cauvities.

The cavities were developed by Mead Killion from Etymotic Research.The
complex frequenct pressure response measurements are performed usingS'%&#id (
is a trademark of Ariel Corp., Highland Park, N.J., USA) )system, which is a seftwa
package combined with digital signal-processing board (ArielDSP - 16k )awli6-bit
A/D and D/A analogue 1/O ports. Complex frequency response measurements using
chirp signal are obtained. 12.8 ms may be selected as FFT length. Signgihgvera
could be performed 200 times and sampling frequency 40 kHz with a sampling period 25
x 10° s (allowing a maximum stimulus frequency 20 kHz). (Some earlier testiergs w
conducted with stimulation up to 30 kHz (Allen, 1985). Other studies’ high frequency
cut-off was 8000 Hz with recordings starting at low 39 Hz.)

C.2.2 Initial estimation of four effective (acoustic) tubal length i1, Lo, Lt3, L4 Of
the four cavities

Following values may serve as the initial estimates:

1. physical lengthsg, Iy, |3, lis Of the calibration cavities
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2. acoustical length estimates calculated from the frequencies athvetiicst t
pressure antiresonances occur. Analysis of the measured complexmagsyrepy,

P2, P3, Pa provides the estimates of the first antiresonant pressure of each cavity.
C.2.3 Initial estimate of tube model load impedances,;, Zi, Zi3, Zia

Initial estimate of tube model load impedanggsZy, Z3, Z4 are estimated at each
frequency using the acoustic transmission line equation.The same estralatedof the
acoustic lengthk;y, Ly, L3, Lia must used in the acoustic transmission line equation for
all the frequencies.

The acoustic transmission line equation includes effect of viscothermal éoskes
may be formulated to include effect of exact speed of he sound based on the room air
temperature.

4 () = Zy (0) .coth [Tt (o) .Lin ]
C.2.4 System of overspecified equations
Values of measured cavity pressypgsand estimated tube load impedanggsare
entered into the system of equations for the equivalent circuit. It is an ovBespec
system with four equations and two unknown Thevenin paranm®te#&,in each

angular frequencw:

i AL O\ (" Pa-Za )
peq
Zp Pr2 P -z
4 R3 13 3
Zeq
Z . Z
K t4 Pta / \_ Pta. £ Y,

with a following solution for the Thevenin paramefgisandZey
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q > q . q >
Qq Z:n:l | pnl Z:n:l Ztn ptn anllztnl ptn
= e X

q . q > q >
Zq Z:n:l Pin Ztn anll Ztnl En:l |pm| Ztn

where4 is mean square error:

A = [ZalZef] [ Ef] - (EeaZa pal
C.2.5 Optimization of acoustical lengthd ¢,
The earlier described overspecified system yields an error causeg maimprecise
cavity impedance determination based on imprecise initial acousticah lang
estimation. Mean square error functiér(®) over the range of stimuli frequencies
and sum (total) error functio€ t as the sum of the mean square error funct@1s)
are computed.Original estimates of the acoustic lengtlese adjusted. New adjusted
tubal impedance&, (o} and Thevenin equivalent parametgsgw) andZe(w) are
calculated. This process may be repeated several times, until optimizesl ebthe
acoustical lengthk;, are obtained.
C.2.6 Thevenin parameters computation
Once the optimized acoustic lengthg are obtained, the optimized Thevenin
parameters, the source presqutfo) and the source impedantg(w) (for each
stimulus frequency) are computed. The same four optimized acoustic lengths are used
across all the stimulus frequencies.
C.3 Ear canal complex pressure response measurements and impedaand

reflectance computation
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C.3.1 Measurement of complex ear-canal pressure response (o)

Complex ear canal pressure response measurepe(its are obtained in both subject’s
ear canals.

C.3.2 Computation of complex ear canal impedanc@gc(w)

Complex Thevenin parametgig(w), Ze{w) and complex ear canal pressure response

pec(w) are used to compute complex ear canal impedaasge).

Complex ear canal impedarie(w) is normalized by the ear canal characteristic
impedance& (calculated as a ratio of multiplication of air density and speed of sound in
the nominator, and nominal ear canal cross-sectional area in the denomindtting yie
normalized complex ear canal impedadgg(w).

() pC
Zec(®) = -mmmmmmmmee- &= -
oL A

C.3.3 Computation of ear-canal wideband (complex) reflectand€zc(w)
Complex ear canal wideband reflectakgg(w)is computed from the values of the
normalized complex ear canal impedadgeg(w). Ear canal reflectance is magnitude
reflectance whose value remains constant in the ear canal regardlesdistatinge from
the tympanic membrane.

Zec(o) - 1

Kec(®) = -mmmmmmmmmmmmmeeeeee
ZEC((D) + 1
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C.3.4 Computation of ear-canal wideband (complex) energy reflectané&-c (w)

Ear canal wideband energy reflectamcec (w) is computed from the ear canal wideband
reflectanceKec(w). It provides information about the percentage of energy reflected at
given angular frequenay.

R ec(®) = [ Kec(®)]?. 100 (%)



Figure D1.
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Figure D3.

Figure DA4.
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APPENDIX D:

INFORMATION & DATA RECORD FORMS

List of theforms
Participation consent form
Otologic & audiologic history & otoscopy record
Audiogram

Subject summary of exported wideband reflectance (WRR) fil
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PhD Program in Speech and Hearing
Graduate School University Center
The City University of New York
365 Fifth Avenue
New York, NY 10016-4309
TEL: 212-817-8800
PARTICIPATION CONSENT FORM

My name is Helen Salus. | am certified clinicatienlogist as well as graduate doctoral student.in
the PhD program at the Graduate School Universimt€, CUNY, New York. My study’s title is
Wideband Reflectance Acoustic Reflex Thresholdddnmal Ears Of Young And Older AdultResults of
the study may be used in my dissertation.

The purpose of this study is to obtain ear fumctiteasurements using a new device called
Wideband Reflectance (or Power Flow Reflectanceaddieement System in response to ear stimulation
with sounds. Wideband Reflectance measures whabpion of the sound presented into ear canal is
reflected back by the middle ear and perhaps ieaerTwo different types of sounds will be presdritgo
both of your ears at approximately same time artéband reflectance response will be measured in one
ear at the time. Because this is a new method,le&dfh normal hearing and without a history of ear
problems are tested. That would give us better nataieding about how normal ears work. The resuilts w
also help to build a database and may be companeasurements obtained using earlier technology.

If you decide to participate in this study | vakk you about your hearing, ear problems and
overall health. | will look into your ear canal¢beck whether you do not have ear wax. You willergd
hearing test where you will be asked to resporgbtoe sounds presented to you through headphones or
earphones. If you do not show normal hearing appatgpfor your age you will be referred to physitia

After the hearing test both of your ears will baleated using several tests which are in current
clinical use. Soft tips will be placed into theeming of your ear, sounds will be introduced inbairyear
canals and ear responses will be measured. Infahe tests you may feel a short pressure changeun
ear. It does not give pain or affect your hearlngorder to obtain valid results you will be regdrto
remain still and quiet during the measurements. toted testing time will be approximately 1 to 2uns.

You may stop your participation at any time. Youl we compensated at a rate of $ 10.00 an hour.
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The tests performed pose no known risks. The @xgatal measurement is similar to several in
current clinical use. Potential benefits includétdreunderstanding of human ear function and devetnt
of more sensitive methods for ear disorders diagnos

The data obtained from this study will be used pmlblished for research purposes only. The
names of the people and any identifying informatigih not be used in any of the publications. All
information that you provide will be kept confidetand stored in locked cabinet that is directiger my
control. If you would like to learn about the rasubf the study, please let me know and | will pdevthe
information when the research will be completed..

If you have any questions about this study feed frecontact me at (212) 754-0885, or

Hrsalus@AOL.com

Thank you for your participation in this study. illvgive you a copy of this form to take with you.

If you agree to participate, please sign below.

Participant’s signature Date Investigator’s signature Date

Figure D1. Consent form.
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OTOLOGIC & AUDIOLOGIC HISTORY & OTOSCOPY RECORD

Participant’s ID (Assigned if Inclusion Criteria Met)

Oy

Participant’s Name:

DOB:

History
Hearing loss Right

Severity

Onset

Progress

Previous evaluations

Communication problems

Ear problems Right

Pain

Discharge

Fullness

Middle ear infection Hx

Ear canal infection Hx

Surgery

Tinnitus (Onset, Intermittent / Constant,
Contin./Pulsatile, Peripheral/Central,
Progress, Maskability, Attitude)

Left

Left

Balance problems(Onset, Episode duration & frequency, Situations)

Noise exposure / Noise trauma
Ototoxicity (Cochleo- / vestibulo-)
Head trauma

General health

Allergies

Neurological problems & Headaches
Visual disturbances

Facial pain / Numbness

Other

Otoscopy Right
External auditory canal

Tympanic membrane

Follow-up / Recommendations

Lef

()O Age:.  Date:

Figure D2.0tologic and audiologic history and otoscopy record.
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AUDIOGRAM .
Participant’s ID (Assigned if Inclusion Criteria Met) ()Y ()O Age: Date:
Participant’s Name: DOB:
Frequency
250 500 1000 2000 4000 8000
3000 6000 [Hz]
Intensity
0
10
20
30
40
50
60
70
80
90
100
110
[dBHL]
LEGEND Retest at 1000 HRzt dBHL Lt dBHL
Right AD Left AS
Air Unmasked @) X Reliability: [] Good [JFair []Poor
Air Masked A o
Bone Unmasked < > Recommendations:

Figure D3.Audiogram
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SUBJ
I.D.

AGE

ACTIV
EAR

TIME

EXPORTED FILES (EXCEL FILE NAME)

ACTIVATOR
LEVEL
[dB HL]

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline
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Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline
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Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Figure D4.Subject summary of exported wideband reflectance (WBR) files.
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APPENDIX E: INDIVIDUAL PARTICIPANTS’ RESULTS

Individual participants’ results are presented in tables E1 through E10.



Table E1.

Individual Audiometric Results
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Air-conduction thresholds

Bone-conduction thresholds

E S GC) —_
g %LCCD.: ISUCS (dB HL) (dB HL)
S 200 ¢ %

E S22 50 250 500 1000 2000 3000 4000 250 500 1000 2000 3000 4000
o <O gk Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz
Younger Participants
001  Left Right 5 10 10 10 5 5 10 10 10 10 10 10

Left 5 10 10 10 10 5
002  Right Right 10 5 10 5 0 0
Left 10 10 10 5 5 5 5 5 5 5 0 0
003  Left Right 15 15 15 20 20 10
Left 15 20 15 20 15 15 10 15 10 10 15 10
004  Right Right 0 5 0 5 0 5 0 5 0 0 0 0
Left 5 0 5 0 -5 0
005 Left Right 5 0 5 0 0 5 0 5 0 0 0 0
Left 0 0 0 0 0 0
006  Left Right 5 0 0 -5 0 5
Left 5 5 0 -5 5 5 5 0 0 0 0 5
007  Left Right 5 5 5 5 0 0 0 5 0 5 5 5
Left 5 5 5 0 0 5
008  Right Right 5 5 0 5 0 5 10 10 O 0 0 5
Left 5 5 0 0 0 0
009  Right Right 10 5 5 5 5 100 0 5 0 5 5 10
Left 10 0 5 5 5 5
010  Right Right 5 5 5 5 0 0 0 o0 5 5 0 0
Left 10 10 5 0 0 5
Older Participants
101 Left Right 15 15 20 10 20 25 15 10 15 10 15 20
Left 10 10 15 15 20 25
102  Right Right 10 10 5 5 10 15
Left 15 10 5 100 15 25 5 5 5 0 10 15
103 Left Right 15 10 10 15 10 5 5 10 10 15 10 10
Left 15 10 10 10 10 15
104  Left Right 20 20 20 20 15 25 15 20 20 20 20 25
Left 20 20 20 15 20 20
105  Left Right 10 15 15 10 5 15
Left 10 15 15 10 10 15 10 10 10 10 10 15
106 Right Right 5 5 10 10 10 15
Left 15 10 10 10 10 10 5 5 5 5 5 10
107  Left Right 15 15 5 5 15 10
Left 15 15 10 15 15 20 5 10 10 5 10 10
108  Right Right 15 15 10 5 5 20 5 10 5 5 5 15
Left 5 5 10 10 0 15
109  Right Right 15 10 10 10 15 10
Left 15 10 10 10 5 5 5 5 5 10 10 10
110  Right Right 15 15 15 15 20 25 5 10 10 10 20 20
Left 15 15 10 10 15 20
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Table E2.

Individual Participants’ TPPs (daPa), SAAs (mmho), and 500-, 1000- and 2000-Hz
Tonal and BBN- CARTs (dB HL) as Obtained via the Acoustic-Immittance Method (Al
CART)

)
%] =) .
% N Right Ear Left Ear
9- B 5 N N N N
2 — N N
% g LL 8: } II 1 g 1 g 1 Z 1 8: } II 1 g 1 g 1 Z 1
o 3 F o ©8<gI 38T I F » 8T g gI p<
< Lo e N Lo — N
Younger Participants
001 Left 5 0.6 105 90 85 10 0.6 90 86 85 74
002 Right -5 0.6 85 85 85 -5 0.5 90 88 80 78

1.2 95 92 100 76
0,4 95 100 95
0.9 95 90 95
1.2 95 90 90 72
0.5 85 84 85 74
0.5 95 90 90
0.4 90 90 90
0.4 85 85 80

003 Left 0 0.4 95 95 100
004 Right 10 0.5 100 92 100 74
005 Left 15 0.7 95 88 95 74
006 Left -10 11 85 80 85
007 Left 5 0.5 90 85 85
008 Right 20 0.6 100 94 90 80
009 Right 15 0.5 100 92 90 78
010 Right 5 0.5 100 92 90 76

oo ;oo

Older Participants

101 Left 20 14 90 85 85 15 0.6 90 92 85 80
102 Right 10 0.8 95 94 85 72 5 0.8 85 85 80

103 Left 10 0.8 75 76 75 5 0.6 80 80 75 72
104 Left 5 0.4 NR 95 95 20 0.3 110 96 95 88
105 Left -5 0.3 100 95 90 15 0.3 95 90 90 80
106 Right 15 1.0 90 86 85 74 20 1.3 100 95 95

107 Left -40 0.9 95 90 90 -20 0.7 100 90 95 82

108 Right 5 13 100 86 80 78 20 1.2 95 95 85
109 Right 0 0.4 90 80 80 74 15 0.6 95 85 85
110 Right -5 0.3 95 98 95 92 0 0.3 95 90 90
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Table E3
Individual AI-CARTs (dB HL and WBR-CARTS (dB HL)
= Test AI-CART Visually Computed 1SD/10f
8 [dB HL] Estimated WBR-CART Criterion-based
S WBR-CART  1SD/10f frequency range at the
3 [dB HL] [dB HL] CART level
- [Hz]
Younger group

001 BBN Test 74 64 66 490-797
BBN Retest NT 72 74 444-961
1000-Hz Test 86 92 94 492-868
1000-Hz Retest NT 92 94 468 — 844

002 BBN Test 78 62 62 373-797
BBN Retest NT 66 66 514-797
1000-Hz Test 88 94 94 420-727
1000-Hz Retest NT NR NR -

003  BBN Test 76 70 70 327-704
BBN Retest NT 70 70 404-891
1000-Hz Test 92 92 NR -
1000-Hz Retest NT NR NR -

004 BBN Test 74 62 62 327-539
BBN Retest NT 60 60 538-821
1000-Hz Test 92 g6 96 232-797
1000-Hz Retest NT g6 96" 396-844

005 BBN Test 74 60 60 444-680
BBN Retest NT 64 64 303-774
1000-Hz Test 88 88 88 444-750
1000-Hz Retest NT 86 90 420-844

006 BBN Test 72 56 56 209-750
BBN Retest NT 60 66 420-727
1000-Hz Test 90 92 NR -
1000-Hz Retest NT 94 NR -

007 BBN Test 74 40 38 397-704
BBN Retest NT 58 56 397-680
1000-Hz Test 84 84 84 303-750
1000-Hz Retest NT 84 84 327-680

008 BBN Test 80 68 68 537-774
BBN Retest NT 70 66 537-797
1000-Hz Test 94 gs og 4,285-5603
1000-Hz Retest NT NR NR -

009 BBN Test 78 68 68 349-891
BBN Retest NT 66 66 467-844
1000-Hz Test 92 92 92 443-844
1000-Hz Retest NT 98 98 373-914

010 BBN Test 76 66 66 537-797
BBN Retest NT 66 64 327-539
1000-Hz Test 92 96 96 468-750
1000-Hz Retest NT 94 94 467-914

#2-dB step size.

®Not tested

‘WBR-CART occurring at the maximum activator level.
No reflectance response at the maximum activate.le
*WBR-CART occurring at the lowest activator level



Table E3 (Continued)
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= Test AI-CART Visually Computed 1SD/10f
8 [dB HL] Estimated WBR-CART Criterion-based
S WBR-CART  1SD/10f frequency range at the
a [dB HL] [dB HL] CART level
- [Hz]
Older group
101 BBN Test 80 80 76 514-844
BBN Retest NT 78 82 491-774
1000-Hz Test 92 90 90 1,756-2,016
1000-Hz Retest NT g6 96’ 1,381-1,875
102  BBN Test 72 64 62 537-1079
BBN Retest NT 62 62 819-1102
1000-Hz Test 94 86 86 3,162-3,727
1000-Hz Retest NT 94 oF 538-750
103 BBN Test 72 62 62 421-704
BBN Retest NT 60 60 374-704
1000-Hz Test 80 84 84 396-797
1000-Hz Retest NT 78 78 3,069-3,399
104 BBN Test 88 84 NR -
BBN Retest NT 84 84 491-704
1000-Hz Test 96 NR NR -
1000-Hz Retest NT 104 102 2,175-3,680
105 BBN Test 80 56 56 490-844
BBN Retest | NT 60 62 514-820
1000-Hz Test 90 g4 NR -
1000-Hz Retest NT 92 94 561-821
106 BBN Test 74 62 62 3,303-3,539
BBN Retest NT 62 58 3,089-4,383
1000-Hz Test 86 88 88 256-633
1000-Hz Retest NT 88 88 3,138-3,586
107 BBN Test 82 78 78 444-821
BBN Retest NT 64 62 444-750
1000-Hz Test 90 94 96 678-1,055
1000-Hz Retest NT 90 94 561-915
108 BBN Test 78 66 66 2,811-3,024
BBN Retest NT 66 66 2,693-3,188
1000-Hz Test 86 88 90 397-680
1000-Hz Retest NT 84 84 2,623-3,200
109 BBN Test 74 34 34 3,233-3,446
BBN Retest NT 56 58 327-657
1000-Hz Test 80 84 84 421-657
1000-Hz Retest NT 80 80 397-680
110 BBN Test 92 78 78 443-891
BBN Retest NT 78 78 561-844
1000-Hz Test 98 98 100 420-868
1000-Hz Retest NT 102 100 561-797

#2-dB step size.
®Not tested
‘WBR-CART occurring at the maximum activator level.
No reflectance response at the maximum activatei.le
*WBR-CART occurring at the lowest activator level
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Table E4

The Individula Al BBN CARTSs, Al 1000-Hz CARTSs, and Resultant Al NTDs for the
Younger Group

Participant Al BBN Al 1000-Hz CART AINTD
CART
001 74 86 12
002 78 88 10
003 76 92 16
004 74 92 18
005 74 88 14
006 72 90 18
007 74 84 10
008 80 94 14
009 78 92 14
010 76 92 16
Table E5
The Individula Al BBN CARTSs, Al 1000-Hz CARTSs, and Resultant Al NTDs for the Older
Group
Participant Al BBN Test CART Al 1000-Hz Test CART NTD
101 80 92 12
102 72 94 22
103 72 80 8
104 88 96 8
105 80 90 10
106 74 86 12
107 82 90 8
108 78 86 8
109 74 80 6
110 92 98 6
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Table E6
Individula Test and Retest WBR BBN CARTS in the Younger and Older Adult Groups
Younger adult group Older adult group
Participant WBR BBN  WBR BBN Participant WBR BBN WBR BBN
CART Test CART Retest CART Test CART Retest
001 66 74 101 80 82
002 62 66 102 62 62
003 70 70 103 62 60
004 62 60 104 NR 84
005 60 64 105 56 62
006 56 66 106 62 58
007 38 56 107 78 62
008 68 66 108 66 66
009 68 66 109 34 58
010 66 64 110 78 78

Table E7

Individual Test and Retest WBR 1000-Hz CARTSs in the Younger and Older Adult
Groups.

Younger adult group Older adult group
Participant WBR 1000-Hz WBR 1000- Participant  WBR 1000- WBR1000-
Test CART Hz Retest Hz Test Hz Retest
CART CART CART
001 94 94 101 90 96
002 94 92 102 86 94
003 NR NR 103 84 78
004 96 96 104 NR 102
005 88 90 105 NR 94
006 NR NR 106 88 88
007 84 84 107 96 94
008 98 NR 108 90 84
009 92 98 109 84 80

010 96 94 110 100 100
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Table E8
Individual WBR NTD in the Younger and Older Adult Groups
Younger adult group Older adult group
Participant WBR NTD Participant WBR NTD

001 28 101 10
002 32 102 24
003 - 103 22
004 34 104 -
005 28 105 -
006 - 106 26
007 46 107 18
008 30 108 24
009 24 109 50

010 30 110 22
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Table E9

Individual AI-NTD and WBR NTD in Younger Participants

Participant Al NTD WBR NTD
001 12 28
002 10 32
003 16 -
004 18 34
005 14 28
006 18 -
007 10 46
008 14 30
009 14 24
010 16 30

Table E10

Individual AI-NTD and WBR NTD in Older Participants

Participant Al NTD WBR NTD
101 12 10
102 22 24
103 8 22
104 8 -
105 10 -
106 12 26
107 8 18
108 8 24
109 6 50
110 6 22




APPENDIX F:
INDIVIDUAL PARTICIPANTS’

ACTIVATOR BASELINE DIFFERENCES (ABDs)

Graphs showing the ABDs at the levels below the CART, at the CART levels$ tredl@vels above the

CART are displayed on the following pages.
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FigureF 1. ABDs for BBN activators: 62 dB HL, 66 dB HL, 70 dB HL in participant 001; CART idesttifit 66 dB HL Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue. Note the gradu

formation and growth of the CART pattern as the activator intensity insrease
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Figure F2. ABDs for 1-kHz activators: 90 dB HL, 92 dB HL, 94 dB HL in participant 001; CART idedtit 94 dB HL, highest activator level. . Early

formation of ART-like pattern was noticed for the 90- and 92-dB HL activatorsheRtimulus frequencies are shown on horizontal axis. The ABD (%)

shown on the vertical axis. The + 1-SD limits (from the baseline varianeesh@awn in blue. Note the gradual formation and growth of the CART patte

as the activator intensity increases.
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Figure F3. ABDs for BBN activators: 58 dB HL, 62 dB HL, 66 dB HL in participant 002; CART idiextiat 62 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F4. ABDs for 1-kHz activators: 90 dB HL, 92 dB HL, 94 dB HL in participant 002; CART ifledtat 94 dB HL. Probe stimulus frequencies are
shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue. Note the gradu

formation and growth of the CART pattern as the activator intensity insrease
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Figure F5. ABDs for BBN activators: 66 dB HL, 70 dB HL, 74 dB HL in participant 003; CART ifiedtat 70 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F6. ABDs for 1-kHz activators: 90 dB HL, 92 dB HL, 94 dB HL in participant 003; no CART dexgtified. Early formation of ART-like pattern
was noticed for the 92- and 94-dB HL activators. Probe stimulus frequencsdsane on horizontal axis. The ABD (%) is shown on the vertical axis.

The £ 1-SD limits (from the baseline variances) are shown in blue.
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Figure F7. ABDs for BBN activators: 58 dB HL, 62 dB HL, 66 dB HL in participant 004; CART idesdtiit 94 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F8. ABDs for 1-kHz activators: 88 dB HL, 92 dB HL, 96 dB HL in participant 004; CART westified at 96 dB HL, highest activator level.
Early formation of ART-like pattern was noticed for the 88- through 94-dB Hulzadotis. Probe stimulus frequencies are shown on horizontal axis. The

ABD (%) is shown on the vertical axis. The + 1-SD limits (from the baselinances) are shown in blue.
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Figure F 9. ABDs for BBN activators: 56 dB HL, 60 dB HL, 64 dB HL in participant 005; CART idesttifit 60 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F10. ABDs for 1-kHz activators: 84 dB HL, 88 dB HL, 92 dB HL in participant 005; CART idestified at 88 dB HL. Probe stimulus

frequencies are shown on horizontal axis. The ABD (%) is shown on the verticaTaeis 1-SD limits (from the baseline variances) are shown in blue.
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Figure F11. ABDs for BBN activators: 52 dB HL, 56 dB HL, 60 dB HL in participant 006; CART idesttifit 60 dB HL. Probe stimulus frequencies are
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shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F12. ABDs for 1-kHz activators: 90 dB HL, 92 dB HL, 94 dB HL in participant 006; CART wasrdbEarly formation of ART-like pattern was
noticed for the 90- through 94-dB HL activators. Probe stimulus frequencigsoare en horizontal axis. The ABD (%) is shown on the vertical axis.

The £ 1-SD limits (from the baseline variances) are shown in blue.
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Figure F13. ABDs for BBN activators: 38 dB HL, 42 dB HL, 68 dB HL in participant 007; CART idesttiit 38 dB HL, the lowest activator level. Probe
stimulus frequencies are shown on horizontal axis. The ABD (%) is shown on the \eiscal he = 1-SD limits (from the baseline variances) are showi

in blue. Note the gradual growth of the CART pattern as the activator igtensiases.
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Figure F14. ABDs for 1-kHz activators: 80 dB HL, 84 dB HL, 88 dB HL in participant 007; CART wasifeezhait 84 dB HL. Probe stimulus

frequencies are shown on horizontal axis. The ABD (%) is shown on the verticalTaeis 1-SD limits (from the baseline variances) are shown in blue.
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Figure F15. ABDs for BBN activators: 64 dB HL, 68 dB HL, 72 dB HL in participant 008; CART idesttifit 68 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F16. ABDs for 1-kHz activators: 94 dB HL, 96 dB HL, 98 dB HL in participant 008; CART ifledtat 98 dB HL, the highest activator level.
Probe stimulus frequencies are shown on horizontal axis. The ABD (%) is shown onitia¢ aeid. The + 1-SD limits (from the baseline variances) are

shown in blue. Note the gradual growth of the CART pattern as the activatortinieaases.
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Figure F17. ABDs for BBN activators: 64 dB HL, 68 dB HL, 72 dB HL in participant 008; CART idesttifit 68 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F18. ABDs for 1-kHz activators: 88 dB HL, 92 dB HL, 96 dB HL in participant 009; CART idedtét 92 dB HL, the highest activator level.

Probe stimulus frequencies are shown on horizontal axis. The ABD (%) is shown onitia¢ aeid. The + 1-SD limits (from the baseline variances) are

shown in blue.
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Figure F19. ABDs for BBN activators: 62 dB HL, 66 dB HL, 70 dB HL in participant 010; CART idesttifit 66 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F20. ABDs for 1-kHz activators: 92 dB HL, 96 dB HL, 100 dB HL in participant 010; CART idedtdt 96 dB HL. Probe stimulus frequencies

are shown on horizontal axis. The ABD (%) is shown on the vertical axis. The zifnB(from the baseline variances) are shown in blue.
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Figure F21. ABDs for BBN activators: 72 dB HL, 76 dB HL, 80 dB HL in participant 101; CART idextiat 76 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F22. ABDs for 1-kHz activators: 86 dB HL, 90 dB HL, 94 dB HL in participant 101; CART idedtét 90 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F23. ABDs for BBN activators: 58 dB HL, 62 dB HL, 66 dB HL in participant 102; CART ifiedtat 62 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F24. ABDs for 1-kHz activators: 86 dB HL, 90 dB HL, 94 dB HL in participant 102; CART ifledtat 90 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F25. ABDs for BBN activators: 58 dB HL, 62 dB HL, 66 dB HL in participant 103; CART idiedttiat 90 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F26. ABDs for 1-kHz activators: 80 dB HL, 84 dB HL, 86 dB HL in participant 103; CART ifledtat 84 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F27. ABDs for BBN activators: 62 dB HL, 82 dB HL, 86 dB HL in participant 104; no CART ifledtiProbe stimulus frequencies are shown on

horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD limas(fhe baseline variances) are shown in blue.
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Figure F28. ABDs for 1-kHz activators: 70 dB HL, 100 dB HL, 104 dB HL in participant 104; no CARTIfaehtProbe stimulus frequencies are shown

on horizontal axis. The ABD (%) is shown on the vertical axis. The £ 1-SD limots the baseline variances) are shown in blue.
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Figure F29. ABDs for BBN activators: 52 dB HL, 56 dB HL, 78 dB HL in participant 105; CART idesttiit 56 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F30. ABDs for 1-kHz activators: 66 dB HL, 90 dB HL, 94 dB HL in participant 105; no CART idedtiProbe stimulus frequencies are shown

on horizontal axis. The ABD (%) is shown on the vertical axis. The £ 1-SD limots the baseline variances) are shown in blue.
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Figure F31. ABDs for BBN activators: 58 dB HL, 62 dB HL, 66 dB HL in participant 106; CART idextiat 62 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F32. ABDs for 1-kHz activators: 84 dB HL, 88 dB HL, 90 dB HL in participant 106; CART itledtat 88 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.

L6T



Participant 107

20 20 Sy

- CART = 78 dB HL

Activator-Baseline Difference [x]

'

Activator-Baseline Difference [x]

Activoter-Baseline Difference [5]
Y

BBN 74 dB HL Activator

T T T T T T T T T T T T -2 T T T T T
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000 o 1000 2000 3000 4000 5000 6000

BBN 78 dB HL Activator

BBN 82 dB HL Activator

=201

Frequency [Hz1 Frequency [Hz1 Frequency [Hz]

Figure F33. ABDs for BBN activators: 74 dB HL, 78 dB HL, 82 dB HL in participant 107; CART ifiedtat 78 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F34. ABDs for 1-kHz activators: 92 dB HL, 96 dB HL, 98 dB HL in participant 107; CART ifledtat 96 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F36. ABDs for 1-kHz activators: 86 dB HL, 90 dB HL, 94 dB HL in participant 108; CART ifledtat 90 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F37. ABDs for BBN activators: 30 dB HL, 34 dB HL, 38 dB HL in participant 109; CART idiedtiat 34 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F38. ABDs for 1-kHz activators: 80 dB HL, 84 dB HL, 88 dB HL in participant 109; CART ifledtat 84 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F39. ABDs for BBN activators: 74 dB HL, 78 dB HL, 82 dB HL in participant 110; CART ifiedtat 78 dB HL. Probe stimulus frequencies are

shown on horizontal axis. The ABD (%) is shown on the vertical axis. The + 1-SD(firaitsthe baseline variances) are shown in blue.
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Figure F40. ABDs for 1-kHz activators: 84 dB HL, 88 dB HL, 90 dB HL in participant 110; CART ifledtat 100 dB HL. Probe stimulus frequencies
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