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ABSTRACT 
 
 

The acoustic reflex growth function (ARGF) tested with single-frequency probe signals 

has been utilized as a noninvasive, objective measure in evaluating integrity of the auditory 

nervous system at the brainstem level. Wideband acoustic reflex (AR) procedure has shown 

advantages over single-frequency AR procedure. No study has systematically investigated the 

wideband ARGF. The objectives of this study were: (1) to characterize wideband ARGFs, which 

were quantified in energy absorbance change (EA ARGF) at three probe frequencies (397, 630, 

and 1000 Hz) and in relative AR-Level (AR-Level ARGF) for low- and high-frequency 

passbands for five activators, (2) to evaluate the test-retest reliability of wideband ARGFs, and 

(3) to compare the wideband ARGF to single-frequency ARGFs for five activators.  

The slope of EA ARGF at 630 Hz was the steepest among three probe frequencies. The 

slope of EA ARGF for 2000 Hz activator was the steepest among five activators. Low-frequency 

passband provided steeper slope of AR-Level ARGF than high-frequency passband. The slope of 

low-frequency AR-Level ARGF was the shallowest for BBN activator. The low-frequency 

passband provided ARGF with the smallest variability in all measures. The immediate test-retest 

reliability of wideband ARGF was excellent. The descriptive statistics of wideband and single-

frequency ARGF slope was performed. The dynamic range of wideband ARGF was wider (10 to 

20 dB) than that of single-frequency ARGF. The slope of 630-Hz EA ARGF with less variability 

was significantly steeper than that of 678-Hz single-frequency ARGF for five activators.  

The present study demonstrates that the 630-Hz probe frequencies and low-frequency 

passband is more appropriate for testing wideband ARGF. The wideband ARGF might have 

greater potential in clinical application than single-frequency ARGF, for example, it could 

provide more precise comparison of the individual’s wideband ARGF with normative data. 
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CHAPTER 1 

INTRODUCTION 
 
 

The acoustic reflex (AR) is a feedback mechanism of the middle ear as a complex 

transmission system. In the middle ear, the tympanic membrane transforms sound into 

mechanical energy, which is delivered by the ossicular chain to the inner ear. In the presence of a 

high-intensity sound, the two muscles in the middle ear, the stapedius and the tensor tympani 

muscles, involuntarily contract. This reflexive contraction stiffens the ossicular chain, thereby 

reducing the transmission of vibrational energy to protect the inner ear against potentially 

damaging loud sounds. This AR phenomenon can be quantified with a change in acoustic 

immittance of the middle ear. 

Acoustic immittance is a collective term of aural acoustic measures that refers to 

measurements of acoustic admittance, impedance, and their components at tympanic membrane 

for assessing sound transmission through the middle ear. The conventional acoustic immittance 

measurements, including tympanometry and AR testing, are highly valued in clinical diagnostics 

and a routine part of the audiologic test battery. The AR tested in humans is dominantly 

contributed by the stapedius muscle. Using a single-frequency probe tone (i.e., 226, 678, and 

1000 Hz) to monitor acoustic immittance change, AR measurements have been investigated in 

audiology for more than a half century. These tests can be conducted with a pure tone (i.e., 500, 

1000, 2000, and 4000Hz) and broadband noise (BBN) as the activator using both ipsilateral and 

contralateral modes. 

Some single-frequency AR tests, for example, AR threshold have been widely applied to 

help diagnose diseases in the auditory system. A less commonly used measure is the evaluation 

of the AR magnitude, which is defined as the amount of immittance change at the tympanic 
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membrane in response to contraction of the stapedius muscle. In individuals with a normal reflex 

pathway, the AR magnitude grows as the activator level increases above the AR threshold, 

known as the acoustic reflex growth function (ARGF). Previous studies have suggested that the 

ARGF is a more sensitive measure than the commonly used AR threshold as a noninvasive, 

objective measure in evaluating the integrity of the auditory nervous system at the brainstem 

level.  

Wideband acoustic immittance (WAI) is a collective term of aural acoustic measures on 

the basis of a recently developed technology utilizing a wideband probe signal (i.e., acoustic 

clicks with a broad frequency range) for assessing the middle ear function. The AR can be tested 

using the WAI technique with both ipsilateral and contralateral modes, known as the wideband 

AR.  

Wideband AR measurements are conducted across a wider frequency range, as a result, 

provide more information regarding the middle ear transfer function than single-frequency AR 

tests. A few studies have shown that the wideband AR test determines the AR threshold at a 

lower activator level and is more accurate and sensitive in detecting pathologies than the single-

frequency AR test. The wideband ARGF should be superior in clinical applications. However, no 

study has focused on the systematic investigation of wideband ARGF.  

A normative study on wideband ARGF is necessary to elucidate the basic features and 

test-retest reliability of wideband ARGF. It is also essential to compare the ARGF between the 

wideband AR test and the conventional single-frequency AR test for different activators in 

normal-hearing adults. 
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CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 
 
 
Anatomy and General Physiology of the External and Middle Ear  
 

The ear has two essential functions, hearing and balance. Based on the difference in 

structure and function, the ear can be divided into the external ear, middle ear, and inner ear. The 

external and middle ears play an essential role in transmitting sound. The pinna’s function is to 

collect and amplify the sounds and transmit sounds into the ear canal. The middle ear is mainly 

concerned with converting sound vibration into mechanical motion and transferring mechanical 

energy into the inner ear. The inner ear transforms the mechanical energy into neurochemical 

energy, which is the signal that the brain can accept through the auditory nerve. 

 
External Ear 

 
   The external ear consists of the pinna (also called auricle) and the ear canal. The pinna 

is a cartilaginous structure attached to each side of the head with various grooves and ridges. The 

pinna, the ear canal, and the head transform the sound waves in a frequency-specific manner. 

Before sound enters the ear canal, the resonance of grooves supplies around 10 dB acoustic gain 

between 3000 Hz to 5000 Hz. The cartilage composes the anterior third part of ear canal and 

bone compose composes the rest of part of ear canal.  The ear canal is around 2.5 cm long and 

has approximately 3500 Hz resonance. Thus, the ear canal provides the greatest sound pressure 

difference between the ear canal entrance and tympanic membrane with sound at resonance 

frequency. Because of the different resonators, the total effect of grooves, ear canal resonance, 

for sound presented in front of the head (i.e., 00 azimuth), the acoustic gain is around 15 dB 

around 2500 Hz between the tympanic membrane and outside environment (Møller, 2012). 
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Middle Ear 
 

The middle ear includes the tympanic membrane and the tympanic cavity. The sound 

energy enters the external ear into the tympanic membrane which marks the point between the 

middle ear and the external ear. The thin, conical tympanic membrane, approximately 0.1 mm 

thick, 10 mm in diameter, and 80 mm2 in the surface area, begins to vibrate (Goode, 2001; 

Moller, 2000). Then, the tympanic membrane transmits the sound vibrations into the ossicles 

chain.  

The tympanic membrane has three layers, the outer cutaneous layer, the middle fibrous 

layer, and a layer of the mucous membrane. The fibrous middle layer contributes to the tension 

and stiffness of the tympanic membrane. The tympanic membrane consists of two general 

regions on its surface, the pars of flaccida and the pars of tensa. The pars of tensa, which 

constitutes 65% of the tympanic membrane, is thinner than pars of flaccida and contributes to the 

vibration of the tympanic membrane at high sound pressure levels alone (Yost, 2000).  

The tympanic cavity, which locates medially to the tympanic membrane, houses three 

tiny bones, is also known as the ossicular chain. The ossicular chain, which includes malleus, 

incus, and stapes, is linked to the tympanic membrane to the oval window of the internal ear. 

Thus, it transmits sound vibrations from the middle ear into the inner ear.  

The handle of the malleus, which is the largest ear bone, attaches to the tympanic 

membrane, and the head of the malleus articulates the body of the incus. The short process of the 

incus attaches to the posterior wall of the middle ear, and the long process joins the stapes at the 

incudostapedial joint. As the smallest bone in the human body, the stapes rests in the oval 

window of the inner ear. There are two muscles in the middle ear cavity: the stapedius muscle 

and the tensor tympani muscle.  
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Anterior to the tympanic cavity is the eustachian tube, which connects the middle ear to 

the nasopharynx. The eustachian tube, which is composed of bone, cartilage, and fibrous tissue, 

provides a pressure equalization function (Yost, 2000). The eustachian tube usually remains 

closed but opens periodically when the atmospheric pressure changes outside by the one-way 

valvular action to equalize the middle ear pressure. 

The middle ear acts as a bridge between the ear canal and the cochlea. The mechanical 

vibrations of the tympanic membrane spread to the ossicles, which amplify the sound energy and 

transmit the energy to the inner ear, which transduces the mechanical vibration into electric 

nerve signals. Then the brain can comprehend the electric nerve signal as sounds. Thus, the 

middle ear is an essential component of the hearing mechanism.  

 

Middle Ear Muscles 

Two muscles are located in the middle ear, and their contraction reduce the transmission 

of sound to the inner ear. The stapedius muscle, which is shorter and stouter, is innervated by the 

seventh cranial nerve and attaches to the stapes. The stapedius muscle keeps the bone from 

excessive oscillation and helps the bone move perpendicularly. The tensor tympani muscle, 

which is longer, is innervated by the fifth cranial nerve and attaches to the handle of the malleus. 

The tension of the tympanic membrane can be increased by the activity of the tensor tympani 

muscle. The middle ear muscles contract as an AR in response to a loud sound. Both muscles 

will contract if the sound reaches one or both ears. The middle ear AR is predominantly 

contributed by the stapedius muscle in humans.  

Middle ear dysfunctions or disorders, such as otitis media with effusion, tympanic 

membrane perforation, eustachian tube dysfunction, ossicular disarticulation, and otosclerosis, 
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can affect the stiffness of middle ear, resulting conductive hearing loss. Moreover, any inner ear 

or auditory nerve problems will cause sensorineural hearing loss. It is essential to distinguish 

between sensorineural hearing loss and conductive hearing loss by evaluating middle ear 

function. In the past decades, acoustic immittance measures of the contraction of the middle ear 

muscles are the most commonly used in helping diagnose various disorders along the auditory 

pathway. 

 

Acoustic Immittance of the Middle Ear 
 

Acoustic immittance is a generic term of aural measurements that refer to the acoustic 

impedance, the acoustic admittance, and their components. These measurements can help to 

evaluate the sound energy traveling through the eardrum and ossicles.  

 

Acoustic Impedance 
 

Acoustic impedance (Z) is defined as opposition to acoustic energy that flows through a 

system. The impedance generally refers to the amount of sound pressure (P) that can produce a 

unit of volume velocity (U) (Rosowski & Wilber, 2015).  

Z= P/U 

A given sound pressure with a lower volume velocity causes greater impedance to oppose 

energy flow in the middle ear. It means that the increasing acoustic impedance will decrease the 

sound transmission through the middle ear. The phase angle, which is the algebraic phase 

difference between P and U, is usually used to evaluate acoustic impedance.    
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Impedance can be described with two components: resistance (R) and reactance (X). 

Both components vary by stimulus frequency (Rosowski & Wilber, 2015). In the following 

format, 𝑖 is the imaginary number. 

Z= R + 𝑖X 

Resistance as the real part of the impedance is defined as the friction of retarding the flow 

of sound energy through the middle ear system. It can be formed by the ratio of sound pressure 

to the in-phase components of volume velocity. Resistance will reach a maximum that equals 

impedance when the in-phase is 00 (Haughton & Feth, 2002; Rosowski & Wilber, 2015). 

Resistance is independent of frequency. Reactance as an imaginary part of the impedance differs 

one-quarter cycle in phase from resistance. It presents the store of energy that opposes sound 

energy flow through the middle ear system. Reactance can be described by the ratio of sound 

pressure to a phase-lead component of volume velocity. Reactance will reach maximum when 

the phase is -/+ 900. Reactance is dependent of frequency. 

There are two parts of reactance: mass reactance and stiffness reactance. They are in 1800 

out of phase. (Rosowski & Wilber, 2015). The mass reactance is directly proportional to 

frequency, and stiffness reactance is inversely proportional to frequency. At low-frequency 

volume velocity, the stiffness reactance is greater than mass reactance, the middle ear system is 

stiffness-dominated. Stiffness elements of the middle ear system are ossicular ligaments, 

tendons, tympanic membrane, and air within the middle ear space. At the adult's middle ear 

resonance frequency, which is around 1200 Hz, the stiffness reactance equals the mass reactance. 

The middle ear system is resistance-dominated. Resistance elements of the middle ear system 

include the tympanic membrane, middle ear cavity, and cochlear fluids. At high-frequency 

volume velocity, the mass reactance is greater than the stiffness reactance, the middle ear is 
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mass-dominated. Mass elements of the middle ear system include pars flaccida of the tympanic 

membrane, ossicular chain, and cochlear fluids  (Wiley et al., 1998). 

 

Acoustic Admittance 
 

The acoustic admittance (Y) is described as the quantity of acoustic energy that flows 

into the middle ear system. It is commonly used in 226-Hz tympanometry and multi-frequency 

tympanometry. Admittance generally refers to the volume velocity needed to produce a unit of 

sound pressure (Rosowski & Wilber, 2015). Thus, admittance is a direct reciprocal of 

impedance. 

Y= 1/Z 

If a middle ear has high admittance, it has a low impedance. Conversely, if the middle ear 

has a low admittance, it has a high impedance. 

Similar to impedance, the complex admittance can also be described as the magnitude 

and phase angle with real and imaginary parts. It can be described by conductance (G) which is 

the real part, and susceptance (B) which is the imaginary part. In the following format, 𝑖 is the 

imaginary number. 

Y= G+ 𝑖B 

The admittance offered by the resistance element is conductance which can determine the 

absorption of acoustic energy. The stiffness element is compliant susceptance which is also 

called compliance, and the mass element is mass susceptance. The compliant susceptance is the 

inverse of the stiffness, and out 1800 out-of-phase relative to the mass susceptance. The 

compliant acoustic susceptance is inversely proportional to frequency. Otherwise, the mass 
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acoustic susceptance is directly proportional to frequency (Wiley et al., 1998). The middle ear 

system will be reached resonance when the compliant susceptance equals mass susceptance.  

 

Energy Reflectance and Absorbance 
 

When a sound wave encounters the boundary between one medium and another medium, 

a portion of the sound energy returns in some directions from the surface of the boundary. This 

phenomenon is called sound reflectance. A portion of the sound energy passes into the boundary. 

This phenomenon is called sound absorbance.  

Pressure reflectance is another acoustic measurement that has been used for the 

evaluation of middle ear transfer function. Pressure reflectance is defined as the ratio of the 

sound pressure (or power) moving toward the tympanic membrane and the sound pressure (or 

power) moving back from the tympanic membrane (Keefe et al., 1993; Keefe et al., 1992). The 

pressure reflectance at the tympanic membrane (RT) is related to the characteristic impedance of 

the ear canal (Z0) and the acoustic impedance of the total pressure to the total volume velocity 

(ZT). The pressure reflectance can be described as the following formula: 

RT = ZT-Z0 / ZT+Z0 

The pressure reflectance is mathematically related to the acoustic impedance. It can be 

expressed by magnitude and phase.  

The definition of energy reflectance (ER) is a ratio of sound energy reflected from a 

surface versus incident sound energy directed to a surface. It is defined as a square of the sound 

pressure reflectance. It is a real number and only in magnitude, not phase (Keefe et al., 1993). 

ER= RT2 
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The opposite of energy reflectance is energy absorbance (EA). It describes the fraction of 

the sound power absorbed by a system. Acoustic absorbance can be defined as the complement 

of acoustic reflectance, 1 - ER (i.e., 1-RT2). In the acoustic system, ER or EA is a percentage of 

the sound energy reflected or absorbed. ER or EA varies as a number between 0 and 1 or in 

percentage between 0% to 100%. In the ER measurement, 0 or 0% means the middle ear absorbs 

all sound energy and 1 or 100% means the middle ear reflects all sound energy into the ear canal. 

In the EA measurement, 0 or 0% means middle ear does not absorb anything and 1 or 100% 

means the middle ear absorbs all sound energy. 

 

Conventional Acoustic Immittance Measurements  

The conventional acoustic immittance measurements contain two main components: 

tympanometry and AR testing. They are highly valued in clinical diagnostics and a routine part 

of the audiologic test battery.  

In tympanometry and AR testing, a probe coupled with a rubber tip is inserted into the 

ear canal and a hermetic seal is created. The probe tip includes four tubes. They connect with 

probe tone loudspeaker, monitor microphone, pressure pump and manometer, and ipsilateral 

reflex loudspeaker. The probe tone loudspeaker is used to deliver a sound which is called probe 

tone into the ear canal. The tympanometry and AR testing use single-frequency probe tones, such 

as 226, 678, and 1000 Hz. The monitor microphone monitors the change of acoustic admittance 

or impedance in the ear canal. The pressure pump and manometer are used to alter the air 

pressure in the ear canal. The ipsilateral reflex loudspeaker is used to present the activator signals 

into the ear canal for testing the acoustic reflex. 
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Single-frequency Tympanometry 

As an objective test of assessing middle ear function, tympanometry evaluates the 

acoustic admittance of the middle ear as a function of ear canal pressure. The immittance device 

controls the air pressure using a pressure pump and manometer in the hermetically sealed ear 

canal. The pressure pump and manometer create pressure from positive to negative pressure 

gradients (i.e., +200 daPa, -400 daPa) in the ear canal. The tympanometry procedure measures 

the admittance with various amounts of air pressure at the plane of the probe tip in the ear canal. 

The single-frequency probe tone at a fixed level (i.e., 85 dB SPL) is commonly used in the 

tympanometry test as a probe signal. The dekapascals (daPa) is currently the standard units of 

pressure for the tympanometry test. 

Four measures of tympanometry are commonly used for assessing middle ear function: 

(a) tympanogram peak pressure, (b) equivalent ear canal volume, (c) peak compensated static 

acoustic admittance, and (d) tympanogram width (Margolis & Hunter, 1999). The tympanogram 

peak pressure is defined as the ear canal pressure where maximum admittance is obtained. It 

usually occurs when the ear canal pressure is equal to the atmospheric pressure (pressure 

gradient ≈	0	daPa). The equivalent ear canal volume is derived from the admittance value at 

+200 daPa. The peak compensated static acoustic admittance refers to the maximum admittance. 

And the tympanogram width is a pressure interval between sides of 50% of the peak 

compensated static acoustic admittance.  

 
Single-frequency Acoustic Reflex 

 
The AR, also named middle ear muscle reflex, stapedius reflex, is a major feedback 

mechanism of the auditory system. It refers to an involuntary muscle contraction in the middle 

ear when an intense sound enters the ear (Liberman & Guinan Jr, 1998). The AR used in clinical 
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applications is dominantly contributed by the stapedius muscle. The stapedius muscle contraction 

stiffens the ossicular chain, resulting in decreased admittance of the middle ear primarily in the 

low frequencies. The AR procedure, which measures the concomitant admittance change in the 

ear canal due to muscle contraction, is routinely used in evaluating auditory system function. 

One crucial function of AR is to protect the cochlea from high-level sounds because the strongest 

reflex response happens in high-level stimulation (Borg et al., 1984). In addition, AR plays an 

essential role in improving speech perception in noise because its effect is frequency-specific 

(Aiken et al., 2013).  

The AR is often used in audiology to evaluate auditory peripheral and brainstem function. 

A single-frequency probe tone is used in the standard AR test, for example, 226, 678, and 1000 

Hz pure tone. Commonly used activators stimuli are 500, 1000, 2000, 4000 Hz tones and 

broadband noise (BBN). The probe and activator signals are presented in the same ear in the 

ipsilateral AR test. In contralateral AR tests, the probe and activator signals are presented in 

different ears.  

AR has different measurable characteristics, which include AR threshold, ARGF, reflex 

decay, and reflex latencies. These measurements have been shown to be important in assessing 

neural integrity (Anderson et al., 1970; Mangham et al., 1980). The AR threshold is defined as 

the lowest level of an activator eliciting the minimal AR magnitude, which is the amount of 

admittance change at the tympanic membrane in the probe signal. Elevated or absent AR 

thresholds may assist in identifying pathologies in the cochlea, facial cranial nerve, auditory 

cranial nerve, brainstem, or middle ear (Wilson & Margolis, 1999). In individuals with normal 

reflex pathways, this relationship between AR magnitude and activator level above the AR 

threshold is known as the acoustic reflex growth function (ARGF) (Silman, 1984). 
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Acoustic Reflex Growth Function 
 

The ARGF as a noninvasive, objective measure is more sensitive to pathologies at the 

brainstem level than the commonly used behavioral threshold changes. Severing brainstem tracts 

in animals models was reported to have little or no effect on the AR threshold, though the 

surgical procedure did cause the slope of ARGF to become steeper (Borg, 1973). Prior work 

indicates that the ARGF has differential diagnostic value. For example, patients with cerebellar 

or cranial nerve tumors showed a shallower slope of ARGF (Harrison et al., 1989; Mangham et 

al., 1980), which was believed to be a decrement in neural activity due to the auditory nerve 

compression caused by the tumor.  

 Some theoretical relationships can be evaluated by the ARGF as a tool, such as those 

between ARGFs and loudness-balance judgments (Block & Wiley, 1979). Various ARGF 

features have been described in some previous studies. For example, the dynamic range of 

ARGF, which was defined as the range of activator levels for a criterion magnitude to a 

maximum magnitude of AR measured in acoustic impedance or admittance, was reported to 

occur from 15 to 28 dB HL above the AR threshold (Dallos, 1964; Djupesland et al., 1967; 

Hunter et al., 1999; Levine et al., 1993; Peterson & Liden, 1972). The ARGF slopes of mid-

frequency activators were steeper than those of low- or high-frequency activators e of ARGF 

(Wilson & McBride, 1978). Sensorineural hearing loss can affect the slope of ARGF (Peterson & 

Liden, 1972). 

 

Factors That Affect Acoustic Reflex Growth Function 
 

Several parameters were reported in previous research to influence the measurement and 

assessment of AR magnitude and ARGF. For example, Silman and Gelfand (1981) reported that 
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the AR magnitude increased linearly when the activator level increased in ARGF for 1000 Hz 

activator. However, the ARGF for BBN was different. The AR magnitude for BBN activator 

increased little when the stimulus levels were within 10 dB above threshold, above which ARGF 

increased linearly with increasing activator levels. The steepness of ARGF was raised when the 

tonal activator frequencies increased (Beedle & Harford, 1973; Møller, 1961; Wilson, 1979). 

Other factors may affect the ARGF, such as activator frequency, probe tone, ear canal pressure, 

aging, and hearing loss. 

Factor of Activator Frequency: Møller (1961) examined the ARGF for 500 and 1500 Hz 

activators from normal hearing subjects aged 19 to 30 years old. The slope of ARGF for the 1500 

Hz activator was steeper than that for the 500 Hz activator. Similarly, Beedle and Harford (1973) 

reported that the slope of the ARGF increased with increasing activator frequency across 500, 

1000, and 2000 Hz activators. 

Cunningham (1976) obtained AR magnitude by absolute acoustic admittance and 

impedance for 750, 1000, and 2000 Hz activators in 36 normal-hearing adults. The largest AR 

magnitude was generated with the 1000 Hz activator. The slopes of ARGF for 1000 and 2000 Hz 

were slightly greater than those for the 750 Hz activator. Womersley and Dickens (1985) 

reported a similar phenomenon in which the slope of ARGF for 1000 Hz activator was larger 

than that for 2000 Hz activator.  

Peterson and Liden (1972) found that the slope of ARGF decreased in 4000 Hz activator 

compared to 250, 1000, and 2000 Hz in 20 normal-hearing subjects. This finding was the same 

both in the individual and group ARGFs. Also, another study reported by Kaplan et al. (1977) 

obtained the AR magnitudes for 500, 100, 2000, 3000, and 4000 Hz activators at 6, 12, and 18 

dB above the AR threshold. The 2000 Hz activator elicited the steepest slope of ARGF, and the 
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4000 Hz activator elicited the shallowest slope of ARGF. These were similar to the results which 

were reported by Wilson and McBride (1978). Their results indicated that the AR magnitude 

raised during the activator level increment except with the 4000 Hz. The AR magnitude was the 

largest for 1000 Hz. Wilson (1981) found that the slopes of ARGF for the 500, 1000, and 2000 

Hz activators were greater than those for the 250, 4000, and 6000 tonal activators, and the slope 

of ARGF for the BBN was shallower than that for the tonal activators.  

The findings, which were stated in prior three paragraphs, indicated the slopes of ARGF 

in different activators. However, these studies didn’t statistically analyze the slope of ARGF in 

different activators. Møller (1962a) and Silman (1984) found no significantly difference in slope 

of ARGFs for 500, 1000, and 2000 Hz activators. Another study statistically analyzed the ARGF 

data measured in impedance from 10 normal hearing subjects (Sprague et al., 1981). The slopes 

of the ARGFs obtained for 4000 Hz activators were shallower than the slopes for 500 and 1000 

Hz activators. However, the differences were not statistically significant. A more recent study 

found no significant differences in ARGF slope between 500, 1000, and 2000 Hz activators 

(Saxena et al., 2015). 

According to the findings from the reviewed studies, the following conclusions are: 

1. The slopes of ARGF were not significant different in different activators.  

2. The slope of ARGF for the 4000 Hz activator was the shallowest in the 

tonal activators.  

3. The slope of ARGF for the BBN was shallower than the slopes for the 

tonal activator.  
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Factor of Probe Tone: Some studies have observed the effect of probe tone frequency on 

the ARGF. Wilson and McBride (1978) reported the slopes of ARGF in admittance for 660 Hz 

probe tone were steeper than those for 220 Hz. The slopes of ARGF were calculated using the 

initial three AR magnitude data points with a linear fit method. The authors also reported that the 

660-Hz AR magnitudes were around five times larger than 220-Hz AR magnitudes. 

Another study showed that the slope of ARGF in the impedance change has a significant 

difference between 220 Hz and 660 Hz probes (Sprague et al., 1981). Smaller peak AR 

magnitudes and shallower slopes of ARGF were elicited for the 660 Hz probe tone compared to 

the 220 Hz probe tone.  

Lutolf et al. (2003) measured ARGF in the change of admittance components which are 

compliant susceptance and conductance with 226 Hz, 678 Hz, and 1000 Hz probe tones in 

combination with a 2000 Hz activator. The data showed that the slope of ARGF in conductance 

change was the steepest with the 678 Hz probe tone. Nevertheless, the steepest slope of ARGF in 

compliant susceptance change was found with the1000 Hz probe tone. 

According to these findings, the following conclusions are: 

1. The slope of ARGF in admittance change was steeper for 660 Hz probe 

tones than for the 220 Hz probe tones. 

2. The slope of ARGF in conductance change was steeper for 678 Hz probe 

tone than for the 226 and 1000 Hz probe tone. 

3. The slope of ARGF in compliant susceptance change was steeper for 1000 

Hz probe tones than for the 226 and 678 Hz probe tones. 
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Factor of Aging: There have been several studies about the effect of aging on the ARGF. 

Beedle and Harford (1973) reported that aging processes could result in reduction of AR 

magnitude. Thompson et al. (1980) also studied the effect of age on ARGF in normal-hearing 

adults. The results showed that the old group (70 -79 years old) had shallower ARGF slopes than 

the younger group (20-29 years old). The slope of ARGF in susceptance change was more 

strongly impacted by aging than in conductance change.  

Silman and Gelfand (1981) and (Wilson, 1981) confirmed this finding that aging could 

influence the ARGF. They reported the saturation of ARGF was observed more frequently in the 

older group compared to the younger group. The saturation means the magnitude of AR would 

not increase with future increasing activator levels. In this study, the saturation of ARGF was 

observed in the young subjects for 500 Hz activators but not in old subjects. The elderly, but not 

the young subjects, presented saturation of ARGF for 1000 Hz, 2000 Hz, and BBN activators. 

The phenomenon of the presence of saturation in the older group could be partially explained by 

the degeneration of middle ear muscle fibers which could reduce ability of maximum muscle 

contraction in AR phenomenon.  

Factor of Hearing Loss: Several studies focused on the effect of sensorineural hearing 

loss on the ARGF. Both individual and group slope of ARGFs were shallower in the 

sensorineural hearing loss subjects than the normal-hearing subjects (Peterson & Liden, 1972). 

The data came from 45 normal-hearing adults from 19 to 43 years old and 22 subjects who had 

cochlear pathology from 19 to 43 years old. In both the normal-hearing and sensorineural 

hearing loss subjects, the 4000 Hz activator presented the shallowest slope of ARGFs.  

Beedle and Harford (1973) reported a similar finding that the slope of ARGFs in the 

normal-hearing subjects was steeper than those in the unilateral sensorineural hearing loss 
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subjects with endolymphatic or Meniere’s disease. However, this study did not control the mean 

age of the two groups. The mean age of the normal-hearing groups was 24 years, while the mean 

age of the sensorineural hearing loss group was 47 years. Because the aging processes could 

result in shallower ARGF, the interpretation was complicated by confound.  

Silman et al. (1978) reported the differences in ARGFs between the sensorineural hearing 

loss and normal hearing groups while controlling for subjects’ age. When analyzed by 

impedance change (activator intensity in dB re: AR threshold), the ARGF did not differ between 

the two groups. Though ARGF slopes were similar for those with normal hearing and those with 

cochlear hearing loss, the activator level required to elicit the AR was greater for those with 

cochlear hearing loss.  

A subsequent replication study was completed for elderly subjects (Silman & Gelfand, 

1981). This study included 8 subjects with normal hearing between 61 to 76 years old and 9 

subjects with sensorineural hearing loss due to cochlear disorder between 60 to 84 years old. In 

this study, the effect of sensorineural hearing loss was similar to the finding reported by Silman 

et al. (1978). The magnitude of ARGF from the elderly normal hearing subjects was larger than 

that from elderly subjects with hearing loss at a given activator level. Saturation of ARGF for 

normal hearing subjects was elicited at high activator levels for 1000 Hz, 2000 Hz, and BBN 

activators; in contrast, the saturation of ARGF was not observed for sensorineural hearing loss 

subjects in these frequencies. Others have reported on the influence of cochlear hearing loss on 

ARGF (Womersley & Dickens, 1985). The subjects with cochlear etiology had a steeper slope of 

ARGF than the subjects with normal hearing for 1000 Hz and 2000 Hz activator frequency.   
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Factor of Ipsilateral and Contralateral Modes: Møller (1962b) demonstrated that a 

steeper slope of ARGF was elicited by ipsilateral than by contralateral presentation of the 

activator. A similar report showed that the slope of ARGF for ipsilateral activation was steeper 

than contralateral activation using activators in the 500 to 2000 Hz frequency range (Borg & 

Moller, 1968).  

In a recent study, Saxena et al. (2015) observed ARGF for ipsilateral and contralateral 

activation using 500, 1000, and 2000 Hz activator with 226 Hz probe tone. They found that 

ipsilateral activation resulted in a clearly steeper slope of the ARGF than contralateral activation, 

which is in agreement with the previous studies. 

Other Factors: Some articles talked about other factors that contribute to ARGFs, such as 

retrocochlear pathology and auditory processing disorder.  

Patients with retrocochlear lesions, including the eighth cranial nerve and brainstem, may 

present with unusual ARGFs. For example, the slope of ARGF could be monitored outstanding 

reduction in the monkey when a balloon device was inserted into its internal auditory canal 

because the balloon device could compress the statoacoustic nerve (Mangham & Miller, 1979). 

Patients with acoustic tumors may also show decrements in ARGF slope (Mangham et al., 1980). 

Additionally, shallower ARGF also was observed in patients with cerebellar lesions (Harrison et 

al., 1989). 

Brainstem lesions may also result in an abnormal ARGF. For example, reduced AR 

magnitude and shallow ARGFs with contralateral activation were observed in the rabbit with 

surgically-induced lesions (Borg, 1977). Bosatra (1977) reported a similar reduction of ARGF 

for 1000 Hz activator in one patient with brainstem lesions. The drugs that affect the central 

nervous system at the brainstem level could also decrease ARGF slope (Borg & Moller, 1968). 
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Auditory processing disorder could also affect ARGF. Saxena et al. (2015) reported that 

children with auditory processing disorder had shallower ARGF slopes than typically developing 

children and normal-hearing adults. These differences were more evident in ARGF tested with 

contralateral activation. 

 
Limitations of Single-frequency Acoustic Reflex Measurements 

 
There are some limitations in conventional AR tests. The first limitation is related to the 

single probe frequency. The procedure evaluates the change in admittance only based on the 

confined single probe frequency. Pathologies cannot be consistently observed in different 

people’s ears at the same frequency. Therefore, the AR test with one probe tone may not 

accurately identify pathologies in various populations. The 226-Hz AR threshold test is 

commonly used in older children and adults. Higher probe tone frequencies (such as 678 or 1000 

Hz) have been suggested in infants (Hirsch et al., 1992; Kankkunen & Liden, 1984; Sprague et 

al., 1985).  

Second, the examiner's experience is a limitation of the AR test. Although current clinical 

equipment can automatically determine an AR threshold depending on a criterion change in 

admittance (i.e., 0.02 or 0.03 mmho), the examiner must confirm whether the change in the 

admittance is in the correct direction, whether the noise from patient movement influences the 

outcome, and whether an unstable baseline is valid.  

Finally, safety limits the sound level of the activators. For example, high-intensity 

activators required to elicit AR threshold may cause permanent sensorineural hearing loss in 

some ears (Hunter et al., 1999). Many patients reported that they felt loudness discomfort during 

the AR test within safe limits for activator levels.   
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Wideband Acoustic Immittance (WAI) Measurements 
 

WAI is the collective term of acoustical measures utilizing wideband stimuli (i.e., 

acoustic clicks or chirps) based on a recently developed technique that has been used in assessing 

the middle ear function (Feeney et al., 2013). WAI includes energy reflectance, energy 

absorbance, and acoustic stapedius muscle reflex obtained across a wide frequency range from 

250 Hz to 8000 Hz (Feeney et al., 2017). The procedure describes acoustic transfer functions by 

using spectral analysis quickly, reliably, objectively, and cost-effectively. Compared to the 

conventional acoustic immittance technique, WAI has several advantages in assessing auditory 

system function.  

First, WAI evaluates auditory system function more quickly and accurately (Vander 

Werff et al., 2007). Because WAI uses spectral analysis of frequency-specific information to 

assess the auditory system, it gives a more accurate diagnosis of middle ear dysfunction and 

more information about the middle ear system. Some previous studies suggested that the WAI is 

a more sensitive diagnostic tool than the conventional tympanometry test in the assessment of 

middle-ear disorders such as otosclerosis, ossicular chain disarticulation, and otitis media with 

effusion (Feeney et al., 2003a; Hunter et al., 2008; Nakajima et al., 2013; Shahnaz et al., 2009a). 

WAI procedures help reduce the difficulty in screening for infants.   

Second, WAI measurements are more stable than the conventional acoustic immittance 

procedures. Because absorbance is minimally influenced by the position of the probe in the ear 

canal compared to admittance, WAI testing was suggested to be used as a diagnostic tool at high 

frequencies (Voss et al., 2008).  

Third, compared to the conventional acoustic immittance tests, which require a hermetic 

seal and ear canal pressurization, WAI measurements can be performed at ambient pressure 
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(Feeney et al., 2013; Keefe et al., 2010). The pressurization may move the ear-canal wall of 

infants up to approximately two months of age (Holte et al., 1990). Due to the ear canal wall 

movement, it may mislead result in evaluating neonatal tympanograms. The WAI measurements 

(i.e., wideband energy reflectance) tested at ambient pressure are helpful in newborn hearing 

screening by avoiding the pressurization of the ear canal (Feeney & Sanford, 2005; Keefe et al., 

1993; Keefe & Simmons, 2003). 

Finally, a wide frequency range is used (commonly 250 to 8000 Hz) in evaluating the 

middle ear function (Keefe et al., 1993). Many frequencies may be used in diagnosing some 

auditory pathologies, however, pathologies cannot be consistently observed in different people’s 

ears at the same frequency The WAI test with a wide range of probe frequencies improves the 

sensitivity for detecting some auditory pathologies compared to single probe tone (Feeney & 

Sanford, 2005; Margolis et al., 1999).  

There are two commercial systems for performing WAI testing. One is the Middle-ear 

Power Analysis system from Mimosa Acoustics. The other is the Wideband Tympanometry 

system from Interacoustics.  

 

Wideband Energy Reflectance and Absorbance 
 

The WAI technique measures the energy reflectance (ER) from the tympanic membrane 

or energy absorbed (EA) into the middle ear to evaluate the functional status of the middle ear 

across a wide range of frequencies. Some previous studies used wideband ER measurement, and 

some used EA measurement, because energy reflectance and absorbance are complementary. 

Several studies have used wideband ER or EA to evaluate middle ear function at ambient 

pressure. Results suggested that wideband ER or EA at ambient pressure are more efficient in 
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providing an accurate diagnosis of conductive hearing loss and middle ear disorders compared to 

conventional admittance/impedance measurements (Nakajima et al., 2013; Shahnaz et al., 

2009a).  

Keefe et al. (1993) and Allen et al. (2005) collected normative ER data from normal-

hearing adults, describing it as ER patterns. The results showed that the highest ER, close to 1 or 

100%, happened at low frequencies below 1000 Hz. The ER decreased with increasing 

frequency between 1000 Hz and 4000 Hz. Meanwhile, the lowest ER happened between 2000 

Hz and 4000 Hz. Then increased ER was obtained above 4000 Hz. Feeney et al. (2017) collected 

normative EA data from adults and infants describing EA patterns. The results showed that the 

lowest EA happened at low frequencies below 1000 Hz. The EA spectrum has two peaks at 

around 1000 Hz and 4000 Hz. The results showed that the middle ear is dominated by stiffness 

reactance for frequencies less than 1000 Hz, and mostly sound energy is reflected from the 

tympanic membrane in this frequency range. In the mid-frequencies (1000-4000 Hz), the middle 

ear is dominated by resistance. The most effective transfer function of the middle ear is at the 

frequency with the lowest ER or highest EA (Keefe et al., 1993). 

Some studies indicated the wideband ER or EA measurement help to detect different 

middle ear lesions. ERs were raised at low frequencies in ears with otosclerosis (Allen et al., 

2005; Elsayed, 2010; Feeney et al., 2003a; Shahnaz et al., 2009a). The potential reason for this 

phenomenon may be that the increased stiffness of the annular ligament causes a larger acoustic 

impedance mismatch and a greater degree of ER to the external auditory canal below 2000 Hz 

(Allen et al., 2005). In another study, 226-Hz tympanometry and wideband ER were measured in 

28 patients with otosclerosis and 62 normal-hearing adults (Shahnaz et al., 2009a). The results 

showed that the ears with otosclerosis have significantly higher ER than the normal ears between 
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400 Hz and 1000 Hz. The abnormal higher ER was observed in some ears with otosclerosis 

which had normal 226-Hz tympanograms. The authors suggested that the association of 

wideband ER measurement and 226-Hz tympanometry can improve to distinguish the ear with 

otosclerosis. Shahnaz et al. (2009b) measured the ERs from 15 patients with otosclerosis before 

and after stapedectomy to confirm the abnormally increased ER due to otosclerosis.  

Voss et al. (2012) reported high ER between 1000 Hz to 2000 Hz in ears with negative 

middle ear pressure and high ER at all frequencies in patients’ ears with fluid. Shaver and Sun 

(2013) found a similar phenomenon about the effect of negative middle ear pressure on ER. They 

reported elevated ER values between 1000 Hz and 1500 Hz and reduced ER values between 

4000 Hz and 5500 Hz in the negative middle ear pressure. Voss et al. (2012) also reported that a 

notch of ER was found in ossicular disarticulation at low frequency (below 1000 Hz). This notch 

presented as an abnormally low ER at low frequencies in the ears with tympanic membrane 

perforation.  

Nakajima et al. (2013) conducted a measurement that combined audiometric 

measurements of air-bone gap with wideband ER measurement. They found that ER have values 

in accurately distinguishing stapes fixation, ossicular discontinuity, and superior canal 

dehiscence. Sensitivities ranged between 83% and 100%, and specificities ranged between 95% 

and 100% in their study. Wegner et al. (2017) also reported that WAI could be used in 

differentiating between tightly crimped, loosely crimped, and uncrimped stapes prostheses 

following stapedotomy. 

The ER or EA of WAI measurements can also contribute to detecting conductive hearing 

loss. The EA values of infants with conductive hearing loss were significantly lower than those 

of infants with normal hearing between 800 Hz and 2500 Hz. It suggests that the wideband EA is 
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a valuable measurement for diagnosing conductive hearing loss, especially in infants (Prieve et 

al., 2013).  

Some articles suggested that the ER measurement of WAI can provide helpful 

information to diagnose semicircular canal dehiscence. For example, Nakajima et al. (2013) 

reported that superior canal dehiscence might present abnormally lower ER at low frequencies. 

 

Wideband Tympanometry 
 

Conventional tympanometry, which uses single probe tone frequencies (i.e., 226 Hz, 678 

Hz, and 1000 Hz), is a routine audiologic measurement of middle ear admittance to evaluate the 

middle ear function and disorders. However, it cannot be measured using probe tones above 

1500 Hz. Conventional tympanometry can be used to detect otosclerosis (Shahnaz et al., 2009a), 

middle ear effusion (Nozza et al., 1994), tympanic membrane perforation, and the patency of 

pressure-equalizing tube. This procedure has sensitivity of 80%, and specificity of 70% in 

assessing middle ear effusion (Nozza et al., 1994). However, when conventional tympanometry 

is used to evaluate otosclerosis and ossicular discontinuity, its diagnostic utility is limited 

(Funasaka & Kumakawa, 1988). For example, in 226-Hz tympanometry testing, 95% of ears 

with otosclerosis and 58% of ears with ossicular discontinuity had a normal type “A” 

tympanogram (Jerger, 1970). The conventional tympanometry lacks sensitivity in diagnosing 

coexisting middle ear disorders, such as the patient with tympanic membrane peroration and 

otosclerosis.  

Wideband tympanometry can be conducted with the ER, EA, or impedance measure 

applying the procedure similar to the conventional tympanometry (Liu et al., 2008). The 

recorded EA is described in a three-dimensional plot across frequencies and air pressure. From 
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wideband tympanometry data, various kinds of tympanograms can be extracted, such as 

wideband EA or ER tympanograms, EA tympanograms for a single frequency at ambient 

pressure or tympanometric peak pressure, and conventional (226 Hz and 1000 Hz) 

tympanograms. Sun (2016) completed the systematic normative study of wideband 

tympanometry and described the effect of air pressure on wideband tympanometry in detail. The 

results showed excellent test-retest reliability. 

Because wideband tympanometry is less influenced by noise from patient movement, 

wideband tympanometry provides more efficient and reliable information about middle ear 

function than conventional tympanometry (Hein et al., 2017). Thus, the wideband tympanometry 

addresses some limitations of single-frequency tympanometry. 

Zhang and Gan (2013) compared wideband tympanometry results between ears with 

otosclerosis and normal-hearing ears. They found that the EA decreased at low frequencies in 

ears with otosclerosis. According to the results, the resonant frequency of the middle ear might 

increase due to stiffening of the ossicular chain as otosclerosis progresses.  

Sanford and Brockett (2014) conducted wideband and conventional tympanometry in 

ears with suspected otitis media with effusion, and in ears with pressure equalization tubes. 

Decreased EAs across the majority of frequencies were obtained by wideband tympanometry in 

ears with suspected otitis media with effusion. The ears with a pressure equalization tube had 

abnormal increased EA from wideband tympanometry test with ambient pressure compared to 

wideband tympanometry test with negative tympanometric peak pressure. The ears with a 

pressure equalization had a normal conventional tympanogram. The results indicated that the 

middle ear dysfunction can be suggested by wideband tympanometry in some patients with 

normal conventional tympanograms.  
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Wideband tympanometry can detect conductive hearing loss more accurately than 

conventional tympanometry in children. The EA of wideband tympanograms from children with 

conductive hearing loss was significantly lower between 710 Hz to 5600 Hz (Keefe & Simmons, 

2003). Wideband tympanometry, which is performed at ambient pressure, can diagnose 

conductive hearing loss in children with 72% accuracy. Accuracy can reach 96% when wideband 

tympanometry is conducted at tympanometric peak pressure. Conventional admittance 

tympanometry with a 226 Hz probe tone only achieves 28% accuracy in diagnosing conductive 

hearing loss in cases of otitis media with effusion. Sanford et al. (2009) reported that wideband 

tympanometry could improve the detection of conductive pathologies in infants who didn’t pass 

the OAE screening compared to tympanometry for 1000 Hz.  

 

Wideband Acoustic Reflex 
 

The middle-ear AR can be tested using the WAI technique with an ipsilateral or 

contralateral mode (Feeney & Keefe, 1999) and is known as wideband AR. The wideband AR 

can provide more information regarding the middle ear transfer function than the conventional 

single-frequency AR test.  

Some studies have indicated that wideband AR has more advantages than single-

frequency AR testing (Schairer et al., 2007). The wideband AR threshold can be obtained at 

lower activation levels. Wideband AR testing may reduce the amount of test time. The wideband 

AR test is more accurate and sensitive in detecting pathologies. Further, wideband AR can be 

recorded across much broader frequencies. Previous studies showed that the mean wideband AR 

thresholds for 1000 or 2000 Hz and broadband noise are significantly lower than single-

frequency AR thresholds (Keefe et al., 2010; Schairer et al., 2007; Schairer et al., 2013). 
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Therefore, in patients with severe sensory hearing loss, for whom the acoustic reflex is difficult 

to detect by conventional AR test, the wideband AR test may help detect sensory dysfunctions, 

auditory cranial nerve lesions, and brainstem abnormalities.  

The wideband AR test includes wideband AR threshold and wideband ARGF. Almost all 

previous studies focused on the wideband AR threshold. Feeney et al. (2003b) found that 

wideband AR thresholds were 12 dB lower than single frequency AR thresholds for 1000- and 

2000- Hz activators in normal-hearing individuals. Feeney et al. (2004) reported thresholds in the 

ipsilateral wideband AR test were 3 dB lower than those in the single frequency AR test. 

Schairer et al. (2007) reported a similar finding that wideband AR thresholds were obtained 2 to 

24 dB lower than the AR threshold with 226 Hz probe tone.  

Another study reported by Wolfe et al. (2018) aligns with these findings. They conducted 

wideband AR and single-frequency AR tests in 12 participants with cochlear implants. 

Thresholds were observed in the wideband AR test at lower activator levels than in the single-

frequency AR test with 226 Hz probe. The authors also noted that the magnitude of the wideband 

AR increased when the activator level increased. An AR threshold was not observed in one 

participant because the activator level reached the loudness discomfort threshold. However, the 

participant’s threshold could be recorded with the wideband AR test. The results also suggested 

that wideband AR can provide more comfortable activator levels to get thresholds in cochlear 

implants recipient. A more recent study reported that wideband AR thresholds recorded with 

tympanometric peak pressure were lower than those measured at ambient pressure (Hunter et al., 

2017).  

Feeney et al. (2018) conducted ipsilateral and contralateral wideband and single-

frequency AR tests in subjects with normal hearing and sensorineural hearing loss using 500 Hz, 
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1000 Hz, 2000 Hz, and BBN activators. At the same tonal activator frequencies, the AR 

thresholds from subjects with the sensorineural hearing loss were 5 dB higher than those from 

normal-hearing subjects. However, in wideband AR testing, the thresholds with sensorineural 

hearing loss were 12 dB higher. Thus, the authors suggested that the wideband AR test was more 

sensitive to detect high-frequency sensorineural hearing loss than the single-frequency AR test.  

Wideband AR also had a potential value to classify ears with normal hearing or 

otosclerosis (Keefe et al., 2017). In this study, wideband AR thresholds and evoked otoacoustic 

emission were absent more frequently in subjects with otosclerosis than subjects with normal 

hearing, and ambient ER decreased at 4000 Hz.  

Valero et al. (2016) reported that the wideband AR test might have value in diagnosing 

cochlear neuropathy. Cochlear neuropathy, which patients lost the auditory nerve fibers with 

intact hair cells, could lead to hearing deficits without affecting behavioral audiometric 

thresholds. Middle ear muscle reflex might be a sensitive characteristic of cochlear neuropathy. 

This study measured wideband AR threshold and wideband ARGF in mice with cochlear 

neuropathy. The results showed that the wideband AR threshold increased, and the magnitude of 

wideband ARGF decreased in mice with cochlear neuropathy.  

Only one study reported wideband ARGF data in humans. Westman et al. (2021) 

demonstrated that individuals with cystic fibrosis and treated with aminoglycoside antibiotics 

had larger magnitude of wideband ARGF compared to those with less or no aminoglycoside 

antibiotics exposure.        
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Statement of the Problem 
 

Several previous studies suggested that, compared to single-frequency tympanometry and 

AR tests, the WAI measurements (i.e., wideband tympanometry, wideband AR thresholds) had 

some advantages. However, there was a lack of systematic investigation of wideband ARGF. 

Only some basic features of wideband ARGF might be conjectured from the results of a few 

studies which aimed to investigate the wideband AR threshold (Feeney et al., 2003b; Schairer et 

al., 2007).  

  Schairer et al. (2007) showed the 1/2 octave wideband AR magnitude as a function of 

frequency and activator level. The wideband AR magnitude was defined as the change of ER 

level in the presence of an activator. It was calculated by ∆ER= ERactivator – ERbaseline. The 

ERactivator was the ER level at a given activator level, and the ERbaseline was the ER level tested 

without an activator. The spectrum of wideband AR magnitude showed positive values below 

around 1000 Hz. It means that the energy reflectance increased in the presence of an activator. 

The AR magnitude was at a maximum at around 667 Hz. The values of AR magnitude became 

negative from 1000 Hz to 2000 Hz, which means that the ER decreased during presentation of 

the contralateral activator. The absolute value of AR magnitude was maximal at around 1300 Hz. 

The AR magnitude was around 0 for high frequencies (above 2000 Hz). This means that there 

was a minimal change of ER in the presence of an activator.  

Some features of wideband AR growth with activator could be estimated depending on 

the results from Schairer et al. (2007). For each frequency, AR magnitude change was not in 

proportion to the change of the activator level. This indicated a nonlinear growth of AR 

magnitude.  
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Undoubtedly, a systematic study on wideband ARGF is necessary to quantify its basic 

features, such as the slope of ARGFs at various frequencies and test-retest reliability of 

wideband ARGF. It was also essential to compare the ARGF between the wideband AR test and 

the conventional single-frequency AR test.  

 

Objectives and Hypothesis 

This study had two portions. The first part was a normative study on wideband ARGF to 

elucidate the basic features of wideband ARGF. Two goals of normative study on wideband 

ARGF were: (1) to characterize wideband ARGFs, and (2) to evaluate the test-retest reliability of 

wideband ARGF. 

The second part was a comparison between ipsilateral single-frequency ARGFs and 

wideband ARGFs. The comparison was conducted in two measures: (1) the slope between the 

single-frequency ARGF and wideband ARGF for five activators to test the hypothesis that slopes 

of the wideband ARGF at 397, 630, and 1000 Hz probe frequencies were significantly different 

from those of single-frequency ARGF at 226, 678, and 1000 Hz probe tones for 500, 1000, 2000, 

4000 Hz, and BBN activators, and (2) the magnitude between the single-frequency ARGF and 

wideband ARGF across the activator levels to test the hypothesis that magnitudes of the 

wideband ARGF at 397, 630, and 1000 Hz probe frequencies were significantly different from 

those of the single-frequency ARGF at 226, 678, and 1000 Hz probe tones across the activator 

levels.  
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CHAPTER 3 

METHODOLOGY 
 
 
Single-frequency AR Tests 

Participants 

Fifty-five normal hearing adults between the ages of 18- and 35-years-old were recruited 

for this study, fifty met the inclusion criteria (mean age = 24 ± 4.6 years; 32 females, 19 males). 

Participants were recruited through responding to advertisements posted on the university 

campus. The participants who met the following criteria were invited to participate: (1) 18 to 35 

years old, (2) no hearing loss or ear infection within the past 3 months, and (3) no symptoms of 

cold/flu 2 weeks prior to the experiment. Participants’ qualifications were determined by the 

outcomes of three screening procedures described later. One ear was randomly selected as the 

test ear for each participant (28 right and 23 left ears). The project was approved by Wichita 

State University’s Institutional Review Board. 

The study was conducted in double-walled, sound-treated booths in the Auditory 

Research Laboratory at Hubbard Hall, located on Wichita State University’s main campus. All 

procedures lasted approximately one hour. 

 

Qualification Instrumentation and Procedures 

The participants completed a short medical history form, signed the consent form of 

participation in research, and read a written explanation of the test procedures as well as potential 

risks and benefits. The instrument of audiometry and tympanometry tests were professionally 

calibrated annually. The following procedures were run in both ears of each participant. The 

participants were required to remain quiet and still during the testing.  
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Otoscopy: Both ears were visually inspected by using a Heine mini 2000 otoscope to 

check the ear canal and eardrum.  

Audiometry: An AC40 audiometer (Interacoustics) was used with EAR-3A insert 

earphones (Etymotic Research) and a B71 bone vibrator (Radioear). The hearing thresholds were 

tested by using the standard 5-up, 10-down adaptive method. The pure-tone air-conduction 

thresholds were measured for 250, 500, 1000, 2000, 4000, and 8000 Hz frequencies. Bone-

conduction thresholds were measured for 500, 1000, 2000, and 4000 Hz to determine the air-

bone gap. 

Tympanometry: 226-Hz tympanometry was performed with a GSI Tympstar 

tympanometer (version 2) to check if the participants had normal middle ear function. A rubber-

tipped probe was placed at the entrance of the ear canal, and the air pressure was varied at a rate 

of 200 daPa/second from +200 daPa to -400 daPa.  

Inclusion criteria:  

(1) Otoscopy: (A) No wax impaction, (B) No large scar on the eardrum, and (C) No 

infection in the ear canal and eardrum. If the participant had tympanic membrane scarring or 

occlusion in one ear, the other ear was used as the test ear. 

(2) Audiometry: (A) The air-condition and bone-condition threshold is 20 dB HL or 

lower for all test frequencies, and (B) The air-bone gap is < 10 dB for 500 Hz, 1000 Hz, 2000 

Hz, and the air-bone-gap is < 15 dB for 4000 Hz. Both ears must meet the criteria. 

(3) Tympanometry test: (A) The peak compensated static acoustic compliance falls 

between 0.30 and 1.80 mmhos, and (B) Tympanometric peak pressure is within +/- 25 daPa. If 

one ear did not meet the inclusion criteria, the other ear was used as the test ear.  
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Experimental Instrumentation and Procedures 

A GSI Tympstar tympanometer (version 2) was used for single-frequency AR and 

tympanometry tests. Both tests were conducted with the 226, 678, and 1000 Hz tone as the 

probe, respectively. The participants were required to refrain from talking, swallowing, or 

making any orofacial movements for this testing portion.  

The tympanometry tests were conducted with pressure swept from +200 to -400 daPa at a 

rate of 200 daPa/second. The tympanometric peak pressure in daPa was automatically 

determined in 226-Hz tympanometry tests and manually determined in 678-Hz and 1000-Hz 

tympanometry tests. In 678-Hz and 1000-Hz tympanometry tests, the tympanometric peak 

pressure was determined by the peak in a single-peaked tympanogram or the notch in a double-

peaked tympanogram.  

The 226-Hz, 678-Hz, and 1000-Hz ipsilateral AR tests were conducted at the 

tympanometric peak pressure established in the same probe-frequency tympanometry tests. The 

AR tests were conducted with five activators: four tone bursts and BBN. The tonal activators 

(500, 1000, 2000, and 4000 Hz) were presented in ascending 5-dB steps from 60 dB HL to 105 

dB HL (100 dB HL for 4000 Hz). The BBN activator was presented in ascending 5-dB steps 

from 50 dB HL to 90 dB HL. The activator level was restricted not to exceed comfort level. The 

AR thresholds for the 226, 678, and 1000 Hz probe tones were defined as the first activator level 

to yield 0.02, 0.06, and 0.09 mmho change in admittance, respectively. The activator level was 

decreased by 5 dB if the change criteria was met at the initial level. The amount of admittance 

change was defined as Y AR magnitude. The Y AR magnitude in mmho was recorded manually 

at each activator level. When the tester found a leaky probe fit during the test, the probe was 

removed and reinserted into the ear canal.  
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Probe tone frequencies and the activator frequencies were randomized in sequence across 

participants to avoid the possibility of order effects. In summary, one experimental session 

included a total of 3 tympanometry tests and 15 AR tests: 

1. Five AR tests with the 226 Hz probe tone at tympanometric peak pressure (from 226-

Hz tympanometry). 

2. Five AR tests with the 678 Hz probe tone at tympanometric peak pressure (from 678-

Hz tympanometry). 

3. Five AR tests with the 1000 Hz probe tone at tympanometric peak pressure (from 

1000-Hz tympanometry). 

 

Data Processing and Statistical Analysis 

The data were processed using Microsoft Excel. The evaluation of single-frequency ARGF (Y 

ARGF) began at the AR threshold, followed by increments in activator level of 5 dB steps. Much 

of the variability may be caused by individual differences in static acoustic admittance, AR 

threshold, and admittance change in AR tests. Thus, transforming activator HL to sensation level 

(SL) was suggested to remove the variability (Sprague et al., 1981). In the present study, the SL 

was determined with the individual’s AR threshold for each probe tone as a reference. The 

admittance change which caused by the AR had some properties, such as magnitude and 

direction. The direction referred to the increased or decreased admittance compared to baseline 

value. The AR magnitude was defined as the amount of admittance change that happens in 

absolute value, no matter the negative admittance change due to increased middle-ear stiffness or 

the positive admittance change due to the decreased middle-ear stiffness. Two measures for 



 36 

evaluating Y ARGF (AR magnitude and its slope) with three probe tones were processed at five 

activators for each participant.  

The first measure was AR magnitude for activator levels. The AR magnitude was 

processed in two ways (admittance change in mmho and in dB). The formula for transforming 

admittance to dB was given as: 

 

Admittance change in dB=20 log  (
admittance change at an activator level

admittance at the AR threshold ) 

 

The second measure was the slope of Y ARGF for five activators and three probe tones. 

The slopes of ARGF were calculated using the initial three AR magnitude data points with a 

linear fit method. It was also processed in two ways (admittance change in mmho and in dB).  

The mean AR magnitude and slope of Y ARGF were calculated across ears for each 

frequency and each activator type.  

The criteria for excluding data were: (1) Fewer than three data points were obtained for 

an activator, (2) No Y ARGF data was obtained at any probe for an activator, the data at three 

probe tones for that activator were excluded, and (3) Y ARGF data was obtained less than 3 

activators in an individual, the data for the individual was excluded. 

SigmaPlot software (version 11.2) was used for statistical analysis and the creation of 

graphs. Several descriptive statistics were calculated for Y ARGFs: mean, standard deviation 

(SD), 90% range (i.e., 5th to 95th percentiles), coefficient of variation (CV), skewness, standard 

error of the mean (SE), and count of responded subjects. Because the normality test failed to 

pass, one-way ANOVA on ranks (also called the Kruska-Wallis H test) was used to analyze the 

Y ARGF in two measures between three frequencies and five activators. It was a nonparametric 
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test which could be used to analyze the significant differences between groups by using mean 

rank. For the first measure, the dependent variable was the Y AR magnitude. The independent 

variable was the activator level. For second measure, the dependent variable was the slope of Y 

ARGFs. The independent variable was the five activators or three frequencies. The alpha (α) 

level was set at 0.05.  

 

Wideband AR Tests 

Participants 

The data were derived from a database of the Auditory Research Lab, which was 

established with data collected in two previous studies in adults with normal hearing (Brown & 

Sun, 2014; Jiang & Sun, 2021). These studies were conducted to investigate wideband AR 

threshold. The participant inclusion criteria were the same as those applied in the single-

frequency AR tests portion (See 3.1.2). A total of 65 adults (aged 18 to 35 years) were recruited. 

Data were collected from 51 qualified participants (mean age = 23.9 ± 4.3 years; 38 females, 13 

males) with normal hearing and middle ear function. One ear was randomly selected as the test 

ear for each participant (26 right and 25 left ears). The projects were approved by the 

university’s Institutional Review Board. 

 

Qualification Instrumentation and Procedures 

The qualification procedures and instrumentation were the same as those applied in the 

single-frequency AR tests portion (See qualification instrumentation and procedure in single-

frequency AR tests). One ear of each participant was randomly selected as the test ear. 
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Experimental Instrumentation and Procedures 

A Wideband Tympanometry Research system (Interacoustics) was used for wideband AR 

tests. The system included: (1) A CardDeluxe (Digital Audio Labs) sound card with 24-BIT A/D 

and D/A converters run at a sampling rate of 22.05 kHz, (2) An Interacoustics AT235 

tympanometer connecting the input and output from the CardDeluxe sound card, and (3) A 

Wideband Tympanometry Research system software (Version 3.2.1, Build 2.904, formerly 

called ReflWin) used for data collection and operated on a Windows XP system. An 

Interacoustics Titan probe that was connected to the AT235 tympanometer comprised a 

microphone for recording sound pressure in the ear canal, and two speakers for presenting 

acoustic stimuli as probe signals and activators. Within the cable assembly, there was an 

unoccupied tube that connected the pressure pump in the tympanometer, and with the 

termination at the probe tip, it could control the ear canal’s air pressure. Rubber probe tips of 

different diameters were used according to the size of participants’ ear canals. 

The calibration of the Wideband Tympanometry Research system was completed before 

data acquisition for each participant with the two-tube method (Keefe & Simmons, 2003). The 

computer was done the calibration by comparing the data of waves which were from two tubes. 

Then the chi-square analysis was done to determine statistical compatibility. The calibration 

tubes' diameter (7.9 cm) was similar to the typical adult ear canal. Firstly, the probe coupled with 

a probe tip was inserted into the long calibration tube (about 295 cm). Then, the probe was 

inserted into the short calibration tube (8.4 cm). Sixty-four trials of responses to rapid rate of 

click stimuli were obtained for each calibration. The responses recorded from the long tube were 

not significantly influenced by the reflections in the tube. However, the multiple reflections 

between the closed end of the short tube and the probe significantly contributed to the recorded 
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response. The responses recorded with two tubes (acoustic loads) helped to estimate the 

characteristic impedance of the ear canal (Z0). It could be computed with the following equation. 

Z0 =𝞺c/A 

𝞺 is the density of air, c is the velocity of sound, and A is the cross-sectional area of the 

ear canal. The complex acoustic impedance (ZC) was obtained with sound pressure measured 

from the ear canal. The acoustic pressure reflectance at the tympanic membrane (RT) could be 

computed with the following formula: 

RT = ZC -Z0 / ZC +Z0 

The energy reflectance (ER) could be established by squaring the absolute RT, and the 

energy absorbance (EA) be calculated as the following formula: 

EA= 1-ER= 1- RT2 

The wideband AR test used a pulsed-activator stimulus set. The wideband AR stimulus 

consisted of four activator pulses with five wideband clicks (226 to 8000 Hz) as the probe 

signals. Each click was presented at a rate of 46 ms. The wideband AR was detected by assessing 

the response difference in acoustic pressure between initial and later clicks (Keefe et al., 2010). 

The relative AR level is calculated by the SPL difference of the baseline level compared to the 

activator level summed over low frequencies (226 to 2800 Hz) and high frequencies (2800 to 

8000 Hz). The EA change (∆EA) was calculated as the EA in percentage at the given activator 

level compared to the baseline EA (the initial click response).  

The ipsilateral wideband AR tests were conducted with five activators: four tone bursts 

(500, 1000, 2000, and 4000 Hz) and BBN. The activator level increased as ascending 5-dB steps. 

The tonal activators presented from 60 to 105 dB SPL (50 to 95 dB SPL for 4000 Hz). The BBN 

activator was presented at levels from 45 to 90 dB SPL. In wideband AR testing, a low-
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frequency threshold and a high-frequency threshold were defined. Both thresholds were 

automatically determined by the Wideband Tympanometry Research system. In Wideband 

Tympanometry Research system, the AR response was detected by assessing the difference 

acoustic pressure between the initial click and later clicks. The wideband AR threshold was 

determined by using maximum-likelihood approach depending on the AR response (for detail, 

see Keefe et al. 2010). The ipsilateral wideband AR tests from Brown and Sun (2014) repeated 

one time without reinserted the probe for five activators. 

The activator was randomized in sequence across participants to avoid the possibility of 

order effects. The probe was reinserted if energy leakage was detected under the initial wideband 

acoustic reflectance test at ambient pressure. The participants were required to avoid swallowing 

and movement. In summary, the protocol for one experimental session was as follows: 

1. One wideband acoustic reflectance test at ambient pressure (to ensure the probe was 

tightly inserted; the criterion is acoustic reflectance>0.85 for low frequencies). 

2. Five wideband AR tests at tympanometric peak pressure (Brown & Sun, 2014; Jiang & 

Sun, 2021).  

3. Wideband AR tests at tympanometric peak pressure from Brown and Sun (2014) were 

immediately repeated one time for five activators. 

 

Data Processing 

The Wideband Tympanometry Research system used a fast Fourier transform to 

automatically analyze data across a wide frequency range from 250 Hz to 8000 Hz. All wideband 

AR data were exported into spreadsheet files. Data processing was conducted by using Microsoft 

Excel in this study.  
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The wideband ARGF was evaluated based on wideband AR magnitude as a function of 

activator level and its slope across five activators for each individual. The WAR magnitude is 

defined as the amount of ∆EA that happened at the tympanic membrane. In this study, the 

wideband AR magnitude used absolute values of ∆EA, no matter the negative ∆EA due to the 

increased middle-ear stiffness at lower frequencies or the positive ∆EA due to the decreased 

middle-ear stiffness at higher frequencies. The wideband AR magnitude was quantified in two 

ways: ∆EA (in percentage and in dB) and relative AR-Level in the presence of an activator. The 

formula of transforming AR magnitude in ∆EA from percentage to dB was given as: 

 

∆EA in dB=20 log (
∆EA	in	% at an activator level

∆EA	in	% at low-frequency threshold  ) 

 

The wideband ARGF in ∆EA (EA ARGF) was evaluated at three frequencies (397, 630, 

and 1000 Hz) and the ARGF in relative AR level (AR-Level ARGFs) was evaluated for low-

frequencies and high-frequencies passbands from the ∆EA spectrum. The slopes of wideband 

ARGFs were calculated using the initial three AR magnitude data points with a linear fit method.  

In the data processing of EA ARGFs, the SL was determined with the individual’s own 

low-frequency threshold as a reference (0 dB SL with respect to low-frequency wideband AR 

threshold). In the data processing of passband AR-Level ARGFs for low frequency and high 

frequency, the SL was determined with the individual’s own low-frequency and high-frequency 

threshold as a reference, respectively. 

The mean wideband AR magnitude, and slopes of wideband ARGF were calculated 

across ears for each frequency and each activator.  
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The criteria for excluding data were: (1) There were less than three wideband AR 

magnitude data points for an activator, and (2) Wideband ARGF data was not available for two 

or more activators in an individual. 

The wideband AR test from Brown and Sun (2014) was used to do the test-retest 

analysis. The differences of mean wideband AR magnitude, and slopes of wideband ARGF 

across ears for each frequency and each activator were calculated. 

The criteria for excluding data were: (1) The wideband AR magnitude data above the 

lower saturation of wideband ARGF between test and retest, (2) There were fewer than three 

wideband AR magnitude data points for an activator, and (3) Wideband ARGF data was not 

available for two or more activators in an individual. 

 

Statistical Analysis 

Normative study of wideband ARGF 

Statistical analysis was conducted by using SigmaPlot (version 11.2). Both descriptive 

and inferential statistics were applied for ipsilateral wideband ARGFs slope with five activator 

frequencies. The descriptive statistics included mean, SD, 90% range (i.e., 5th to 95th 

percentiles), CV, skewness, SE, and count of responded subjects.  

One-way ANOVA on ranks was used to analyze EA ARGF for three frequencies and five 

activators and was used to analyze AR-Level ARGF between low-frequency passband and high-

frequency passband for five activators. For analysis of wideband AR magnitude with increasing 

activator level, the dependent variable was the wideband AR magnitude, and the independent 

variable was activator level. For analysis of wideband ARGF slope, the dependent variable was 

slope of the EA ARGF or AR-Level ARGF, the independent variable was frequency (397, 630, 
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and 1000 Hz) or passband (low frequency and high frequency) and activator. The alpha (α) level 

was set at 0.05.  

A comprehensive set of statistical methods was used to characterize the test-retest 

reliability of the wideband ARGF. The mean difference (Md), the standard deviation of 

difference (SDdiff), and within-subject variation of ipsilateral wideband ARGFs with five 

activators were calculated (Carazo & Sun, 2015). The within-subject variation method includes 

the standard error of measurement (SEM), which is calculated by SDdiff/√2, and the coefficient of 

variance of the standard error of measurement (CVSEM), which is calculated by SEM/ averaged 

mean. The average mean is the mean of average data of the first test and the repeated test for 

each subject. 

The repeated ANOVA on ranks was used to analyze the test-retest difference in 

wideband ARGF for five activators. The alpha (α) level was set at 0.05.  

 

Comparison between single-frequency and wideband ARGF 

The one-way ANOVA on ranks was used to compare the ARGF slopes of the single-

frequency AR test and the wideband AR test. The slopes (dB/dB) of ipsilateral wideband ARGFs 

at 397 Hz, 630 Hz, and 1000 Hz were compared to the single-frequency ARGFs at 226 Hz, 678 

Hz, and 1000 Hz probe tone for each activator. The independent variables were frequencies and 

activators, and the dependent variable is slope. An alpha level of 0.05 was adopted for the one-

way ANOVA on ranks test.  

The Mann-Whitney t-test on ranks was used to evaluate the single-frequency AR 

magnitude and wideband AR magnitude (in dB) difference across the different activator levels. 

An alpha level of 0.05 was adopted for the Mann-Whitney t-test on ranks. 
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CHAPTER 4 

RESULTS 
 
 
Normative Data of the Wideband ARGF 

Wideband AR Magnitude 

An example of EA as a function of frequency for a given activator level and the baseline 

is shown in Figure 1. The EA is the fraction of the sound power that is absorbed by the middle 

ear and is expressed in percentage (%). The dashed line represents the EA for the baseline 

condition, which is the initial click response without the presence of an activator. The solid line 

with purple color represents the EA measured in the presence of the 1000 Hz activator at 30 dB 

SL. The baseline EA was higher than the EA with the activator at 30 dB SL below 1000 Hz and 

was lower between 1000 Hz and 5000 Hz. The difference between the two measures were 

minimal above 5000 Hz. The wideband AR magnitude was defined as the EA change (∆EA) in 

the presence of an activator. The ∆EA was calculated as the difference of EA at a given activator 

level compared to baseline EA across frequencies. With this formula, the spectrums of ∆EA was 

obtained for activators at all applied levels.  
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Figure 1. Example of EA as a function of frequency for activator condition (30 dB SL) and 
baseline condition for the 1000 Hz activator from the ipsilateral wideband AR test in a normal-
hearing human ear.  

 

Figure 2 displays the mean ∆EA spectrum in normal-hearing ears for five activators (500, 

1000, 2000, 4000 Hz, and BBN activator) at different activator levels. The activator level 

increased in 5 dB steps above the low-frequency wideband AR threshold. The ∆EAs were 

negative at low frequencies for each activator, which meant that the EA decreased in the 

presence of activators and the change enlarged with increasing the activator level. The ∆EA for 

each activator was close to zero at around 1000 Hz, and the frequency of zero-crossing raised 

slightly with increasing activator level. The ∆EAs were positive between about 1000 Hz and 

4000 Hz for each activator, which means that the EA increased in the presence of activators and 

the change enlarged with increasing the activator level. The amount of ∆EAs was smaller at high 

frequencies compared to low frequencies. The ∆EA was around 0 for high frequencies (above 

4000 Hz), which means that there was a minimal change of the EA in the presence of an 

activator.  
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Figure 2. Mean ∆EA as a function of frequency for five activators (500, 1000, 2000, 4000 Hz, 
and BBN) at different levels (in 5 dB increasing steps above low-frequency wideband AR 
threshold) in normal-hearing subjects (n=51). 

 

As shown in Figure 2, the wideband AR magnitude increased with increasing of the 

activator level. Table 1 shows the largest AR magnitude in negative and positive ∆EA, 

respectively. The largest AR magnitudes in negative and positive ∆EA, which mostly happened 

at the highest activator level, were similar for five activators. The maximum value of largest AR 

magnitude in negative ∆EA happened for the 1000 Hz activator and in positive ∆EA happened 

for the 4000 Hz and BBN activators. The probe frequency at which the largest AR magnitude 
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occurred increased with tonal activator raised. The probe frequency at which the largest AR 

magnitude occurred for BBN activator was same as the 2000 Hz activator. 

 

Table 1  

The largest AR magnitude in ∆EA (%) for five activators at the maximal level applied in this 
study. The frequency at which the largest AR magnitude occurred is in parentheses. The data 
was derived from the mean ∆EA spectrums shown in Figure 2. 
 

Activator 

 500 Hz 1000 Hz 2000 Hz 4000 Hz BBN 

EA Decrease  -14 (630 Hz) -17 (630 Hz) -13 (794 Hz) -13 (1000 Hz) -14 (794 Hz) 

EA Increase  6 (1260 Hz) 5 (1260 Hz) 5 (1590 Hz) 7 (2000 Hz) 7 (1590 Hz) 
 

The EA ARGF 

The wideband ARGFs in ∆EA (EA ARGF) for three frequencies (397, 630, and 1000 Hz) 

were derived from ∆EA spectrum. In this study, the EA ARGF is shown in the absolute value of 

∆EA.  

Figure 3 shows the mean EA ARGFs at the three probe frequencies for five activators. 

The dynamic range of ARGF was up to 45 dB for five activators with the maximal level applied 

in this study. The Figure 3 shows the effect of probe frequency on EA AR magnitude. The AR 

magnitudes at 630 Hz were the largest of the three probe frequencies with increasing the 

activator level for each activator. The AR magnitudes at 397 Hz were similar to 1000 Hz at most 

activator levels for each activator.  

The profiles of EA ARGF at three probe frequencies were very similar for the 500, 2000, 

and 4000 Hz activators except for the difference in the EA AR magnitude with increasing the 

activator level. The AR magnitude for three probe frequencies progressively increased as a 
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function of low activator levels (around 20 dB SL). It decreased between 20 dB SL and 30 dB 

SL, then raised at higher activator levels (approximately 30 dB SL). For the 1000 Hz activators, 

the 630-Hz AR magnitude progressively increased as a function of the activator level. The 397-

Hz AR magnitude raised until it plateaus at 15 dB SL and fluctuated only minimally through 35 

dB SL, then increased above 35 dB SL. The 1000-Hz AR magnitude increased below 35 dB SL 

except had a notch at 25 dB SL, then decreased in the high rate at 35 dB SL. For the BBN 

activator, the 397-Hz and 1000-Hz AR magnitude progressively increased until 30 dB SL and 

fluctuated only minimally through 45 dB SL, except increased in the high rate at 45 dB SL for 

1000 Hz probe frequency. The 630-Hz AR magnitude progressively increased as a function of 

the activator level. The SDs of AR magnitude at 397 Hz probe frequency were usually smaller 

than those at other two probe frequencies across activator levels. And the SDs at the low 

activator level were usually smaller than those at higher activator levels. 

One-way ANOVA on ranks was conducted to evaluate EA AR magnitude differences 

across the different activator levels at three probe frequencies for five activators. Overall, the 

effect of activator level on AR magnitude was significant for the five activators (p < 0.001). 

Figure 4 was replotted with data from Figure 3 to show the effect of activator on EA AR 

magnitude. The AR magnitudes for 500, 1000, and 2000 Hz activators were slightly larger than 

those for 4000 Hz and BBN activators at low activator levels (around 20 dB SL). The AR 

magnitudes for 500, 2000, and 4000 Hz fluctuated maximally above 20 dB SL. The EA AR 

magnitude for 1000 Hz and BBN activators were larger at mid-activator levels (20 dB SL − 40 

dB SL). For example, at 30 dB SL, ∆EAs for BBN activator were approximately 5%, 10%, and 

5% at 397, 630, and 1000 Hz probe frequencies, respectively. However, the ∆EAs for 500 Hz 

activator were close to 0% at three probe frequencies with the same activator level. A nonlinear 
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relationship existed between the low activator level (below 20 dB SL) and EA AR magnitude. As 

the activator level increased above 20 dB SL, further AR magnitudes became more variable.  

 

 

 

Figure 3. Mean EA ARGF plotted with absolute ∆EA value by activator level in dB at 3 
frequencies (397, 630, and 1000 Hz) for five activators (500, 1000, 2000, 4000 Hz, and BBN). 
The activator level relative to low-frequency wideband AR threshold increases in 5-dB steps. 
Error bars show ± 1 standard deviation (n=51). 
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Figure 4. Mean EA ARGF plotted with absolute ∆EA value by activator level in dB for five 
activators (500, 1000, 2000, 4000 Hz and BBN) monitored at 3 probe frequencies (397, 630, and 
1000 Hz). The activator level increases relative to low-frequency wideband AR threshold in 5-dB 
steps. Error bars show ± 1 standard deviation (n=51). 
 
 

Tables 2, 3, and 4 contains descriptive statistics of EA ARGF slopes at three probe 

frequencies (397, 630, and 1000 Hz) for five activators. The mean slopes of EA ARGF for 1000-

Hz, and 2000-Hz activators were usually higher than those for 500, 4000 Hz, and BBN 

activators. The slopes for BBN activator were the lowest for all activators. The slope of 397-Hz 

EA ARGF for 4000 Hz activator had the smallest 90% range. The slope of EA ARGF at 630 and 

1000 Hz probe frequency had the smallest 90% range for the BBN activator. The coefficient of 

variation (CV) was a relative measure of variability that expressed the SD as a proportion of its 

mean. The CVs at 630 Hz probe frequency (0.66 − 0.86) were lower than those at 397-Hz (0.76 

− 1.53) and 1000-Hz (1.09 − 1.67) probe frequencies. The CVs for 2000 Hz activator were lower 
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than other activators at 397 and 630 Hz probe frequencies. The CV for 1000 Hz activator was 

lower than other activators at 1000 Hz probe frequency.  

The SE of the mean slope was very small at three probe frequencies for five activators. 

As a measure of the asymmetry of distribution of the observed values, skewness of mean slope 

was computed. The values only were negative at 397, and 630 Hz probe frequencies for 500 Hz 

activator. The negative skewness meant that most values were centered on the right tail of the 

distribution. Almost all subjects had valid EA ARGF for 1000 Hz, 2000 Hz, and BBN activators. 

Only 31 subjects had valid EA ARGF for 4000 Hz activator.  

 

Table 2. 

Descriptive statistics of the EA ARGF slope (∆EA/dB) at 397 Hz probe frequency for five 
activators (n=51). 
 

   Activator   
Variable 500 Hz 1000 Hz 2000 Hz 4000 Hz BBN 

Mean 0.19 0.27 0.29 0.19 0.18 
SD 0.30 0.26 0.22 0.16 0.18 
CV 1.53 0.95 0.76 0.82 0.99 

90% range -0.09 to 0.71 -0.04 to 0.70 -0.02 to 0.60 -0.01 to 0.49 -0.04 to 0.81 
SE 0.05 0.04 0.03 0.03 0.03 

Skewness -0.06 0.35 0.59 0.44 2.80 
Count 43 50 49 31 51 
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Table 3  

Descriptive statistics of the EA ARGF slope (∆EA/dB) at 630 Hz probe frequency for five 
activators (n=51). 
 

   Activator   
Variable 500 Hz 1000 Hz 2000 Hz 4000 Hz BBN 

Mean 0.35 0.50 0.52 0.35 0.33 
SD 0.30 0.36 0.34 0.26 0.25 
CV 0.86 0.73 0.66 0.76 0.76 

90% range -0.04 to 0.81 -0.01 to 1.12 0.03 to 1.24 -0.02 to 0.91 0.04 to 0.65 
SE 0.05 0.05 0.05 0.05 0.04 

Skewness -0.03 0.50 0.81 0.65 2.56 
Count 44 50 49 31 51 

 
 
 
Table 4  

Descriptive statistics of the EA ARGF slope (∆EA/dB) at 1000 Hz probe frequency for five 
activators (n=51). 

   Activator   
Variable 500 Hz 1000 Hz 2000 Hz 4000 Hz BBN 

Mean 0.19 0.22 0.28 0.18 0.13 
SD 0.21 0.26 0.37 0.30 0.19 
CV 1.09 1.20 1.34 1.67 1.38 

90% range -0.06 to 0.68 -0.03 to 0.86 -0.07 to 1.27 -0.16 to 0.68 -0.11 to 0.34 
SE 0.03 0.04 0.05 0.05 0.03 

Skewness 0.99 1.22 1.35 2.24 3.09 
Count 44 50 49 31 51 
 

The mean slopes of EA ARGF data from 51 subjects were shown in Figure 5. The slope 

of EA ARGF at 630 Hz was higher than at 397 and 1000 Hz for each activator. One-way 

ANOVA on ranks was conducted to evaluate slope differences for three frequencies and five 

activators. The slope of EA ARGF at 630 Hz probe frequency was significantly higher than the 
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slope at 397 Hz and 1000 Hz probe frequencies for 500, 1000, 2000 Hz, and BBN activators (p < 

0.05). The slope of EA ARGF at 630 Hz was significantly higher compared to the slope at 1000 

Hz (p < 0.05), but there was no significant difference compared to the slope at 397 Hz (p > 0.05) 

for the 4000 Hz activator. Overall, the effect of probe frequency on EA ARGF slope was 

significant for all five activators (500 Hz, p = 0.007; 1000-Hz, p < 0.001; 2000-Hz, p < 0.001; 

4000-Hz, p = 0.007; and BBN, p < 0.001).  

 

 

 

Figure 5. Comparison in mean slope between the EA ARGF at 397, 630, and 1000 Hz for five 
activators. The asterisk represents significant difference between 397 Hz and 630 Hz, the plus 
represents significant difference between 630 Hz and 1000 Hz (p < 0.05, one-way ANOVA on 
ranks), and error bars show ± 1 standard deviation (n=51). 
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Hz probe frequencies (397 Hz, p = 0.048; 630 Hz, p = 0.007;), was not significant at 1000-Hz 

probe frequency (p = 0.354). 

 

The AR-Level ARGF 

The wideband AR magnitudes in relative AR Level (AR-Level ARGF) were examined 

for low-frequency and high-frequency passbands from the ∆EA spectrum. Figure 6 shows the 

mean AR-Level ARGFs for low frequency and high frequency for five activators. The activator 

level in dB SL for low frequency and high frequency was relative to low-frequency and high-

frequency wideband AR threshold, respectively. The AR-Level magnitudes for low frequency 

were larger than those for high frequency.   

For tonal activators, the low-frequency AR-Level magnitude progressively increased at 

low activator levels (around 20 dB SL), decreased or fluctuated only minimally through 30 dB 

SL, then increased across high activator levels (about 30 dB SL). For the BBN activator, the AR-

Level magnitude progressively increased as a function of activator level. The high-frequency 

AR-Level magnitude raised monotonically with increasing activator level for almost all 

conditions. The SDs of AR-Level magnitude were usually smaller at low and high activator level 

(below 15 dB SL or above 35 dB SL). One-way ANOVA on ranks was conducted to evaluate 

relative AR-Level differences for low and high passband frequencies across the different 

activator levels for five activators. Overall, the effect of activator level on relative AR-Level was 

significant for the five activators (p < 0.001). 
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Figure 6. Mean AR-Level ARGF plotted with relative AR level by activator level for low and 
high frequencies and for five activators. The activator level in dB for low frequency is relative to 
low-frequency wideband AR threshold, and that for high frequency is relative to high-frequency 
wideband AR threshold. Error bars show ± 1 standard deviation (n=51). 
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for 1000-Hz (20 − 35 dB SL) and 2000-Hz (25 − 35 dB SL) activators. The AR-Level magnitude 

increased nonlinearly with increasing activator level for BBN activator. 

 

 

Figure 7. Mean low-frequency AR-Level ARGF plotted with relative AR level by activator level 
for five activators (500, 1000, 2000, 4000 Hz and BBN). The activator level in dB for low 
frequency is relative to low-frequency wideband AR threshold with increasing in 5-dB steps. 
Error bars show ± standard deviation (n=51). 
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was positive for tonal activators and negative for BBN activator. The positive skewness meant 

that most values were centered on the left tail of the distribution. 

 

Table 5  

Descriptive statistics of the slope (dB/dB) of low-frequency AR-Level ARGFs for five activators. 

 
   Activator   

Variable 500 Hz 1000 Hz 2000 Hz 4000 Hz BBN 
Mean 0.87 0.99 0.94 0.81 0.70 
SD 0.51 0.53 0.56 0.44 0.35 
CV 0.58 0.53 0.59 0.53 0.50 

90% range -0.01 to 1.66 0.10 to 1.86 -0.18 to 1.80 0.09 to 1.42 0.11 to 1.31 
SE 0.08 0.07 0.08 0.08 0.05 

Skewness -0.35 -0.20 -0.24 -0.57 -0.36 
Count 43 50 47 30 50 

 
 
Table 6 

 Descriptive statistics of the slope (dB/dB) of high-frequency AR-Level ARGFs for five activators. 

 
   Activator   

Variable 500 Hz 1000 Hz 2000 Hz 4000 Hz BBN 
Mean 0.37 0.27 0.42 0.27 0.29 
SD 0.41 0.39 0.42 0.37 0.28 
CV 1.10 1.45 1.01 1.36 0.98 

90% range -0.26 to 1.12 -0.39 to 0.91 -0.20 to 1.10 -0.36 to 0.90 -0.24 to 0.73 
SE 0.07 0.06 0.07 0.06 0.04 

Skewness 0.11 0.04 0.27 0.09 -0.33 
Count 38 45 39 32 46 

 

Based on the table 5 and 6, the mean slopes of AR-Level ARGF data across 51 subjects 

are shown in Figure 8. The slope of AR-Level ARGF for low frequency was significantly higher 
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than that for high frequency across five activators (p < 0.05, one-way ANOVA on ranks). There 

was a significant slope difference for low frequency between the 1000 Hz and BBN activators. 

Overall, the effect of activator on AR-Level ARGF slope was significant for low frequency (p = 

0.013, one-way ANOVA on ranks) and was not significant for high frequency (p = 0.44, one-

way ANOVA on ranks). 

 

 

 

Figure 8. Comparison in mean slope between the low- and high-frequency AR-Level ARGF for 
five activators. The error bars show unidirectional standard deviation  
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Figure 9 shows the mean test-retest difference of ∆EA as a function of frequency with 

increasing activator level. In general, the mean test-retest differences in ∆EA were higher at low 

frequency than at high frequency and were lower at low activator levels than at high activator 

levels. The highest ∆EA difference occurred with 25 dB SL for the 500 Hz activator, 45 dB SL 

for the 1000 Hz and BBN activators, 35 dB SL for the 2000 Hz activator, and 40 dB SL for 4000 

Hz activator. The mean ∆EA difference was the smallest for BBN activator. 

Figure 10 shows the mean test-retest difference of EA ARGFs at three probe frequencies 

for five activators. In general, the test-retest differences of AR magnitude (i.e., ∆EA) were very 

small across activator levels at most probe frequencies. The differences in AR magnitude for low 

activator levels were smaller than for high activator levels. The difference in AR magnitude had 

suddenly increased at 25 dB SL, 25 dB SL, and 35 dB SL for 500, 1000, and 2000 Hz activators, 

respectively. The AR magnitude differences for BBN activator were the smallest with increasing 

activator level. One-way repeated ANOVA on ranks was performed at different activator levels 

with three probe frequencies for five activators. There was a significant difference in 630-Hz AR 

magnitude at 0 dB SL, the 1000-Hz AR magnitude at 20 dB SL, and the 25 dB SL for 1000 Hz 

activator (p < 0.05). A significant difference was revealed in 630-Hz AR magnitude at 10 dB SL 

and 35 dB SL for the 2000 Hz activator (p < 0.05). There was a significant 397-Hz AR 

magnitude difference at 20 dB SL for the BBN activator (p < 0.05). 
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Figure 9. Mean test-retest ∆EA difference as a function of frequency for five activators (500, 
1000, 2000, 4000 Hz, and BBN) at different levels (in 5 dB increasing steps above low-frequency 
wideband AR threshold) in normal-hearing subjects (n=25). 
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Figure 10. Mean test-retest difference of EA ARGF (n=25) plotted by activator level in dB at 3 
frequencies (397, 630, and 1000 Hz) for five activators (500, 1000, 2000, 4000 Hz, and BBN). 
The activator level relative to low-frequency WAR threshold increases in 5-dB steps. The asterisk 
represents statistical significance for 397-Hz EA ARGF, the plus represents statistical 
significance for 630-Hz EA ARGF, and the hash represents statistical significance for 1000-Hz 
EA ARGF (p < 0.05, one-way repeated ANOVA on ranks). Error bars show ± 1 standard 
deviation. 
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respectively. The largest slope difference mostly occurred for the 4000 Hz activator. The 

significant slope difference of 630-Hz EA ARGF was revealed for BBN activator and of 1000-

Hz EA ARGF was revealed for 2000 Hz activators (one-way repeated ANOVA on ranks, p < 

0.05). 

 

 

 

Figure 11. Mean test-retest difference of the EA ARGF slope at 397, 630, and 1000 Hz for five 
activators (n=25). The plus represents statistical significance for 630-Hz EA ARGF compared to 
other two probe frequencies, and the hash represents statistical significance for 1000-Hz EA 
ARGF compared to other two probe frequencies (p < 0.05, one-way repeated ANOVA on ranks). 
Error bars show ± 1 standard deviation. 
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of 630-Hz EA ARGF slope was less than 0.14 for all activator, except for 4000 Hz activator 

(0.28). CVSEM of 1000-Hz EA ARGF slope was less than 0.26 for all activators.  

 

Table 7 

Descriptive statistics of test-retest reliability of EA ARGF slope (∆EA/dB) at 397 Hz probe 
frequency for five activators. The mean difference (Md), standard deviation of difference (SDdiff), 
standard error of measurement (SEM), and coefficient of variance of SEM (CVSEM) are 
displayed. 
 

   Activator   
Variable 500 Hz 1000 Hz 2000 Hz 4000 Hz BBN 

Md -0.02 0.03 0.01 0.04 0.01 
sdiff 0.10 0.13 0.09 0.13 0.03 

SEM 0.03 0.03 0.02 0.03 0.01 
CVSEM 0.13 0.20 0.10 0.17 0.06 

 

Table 8 

Descriptive statistics of test-retest reliability of EA ARGF slope (∆EA/dB) at 630 Hz probe 
frequency for five activators. The mean difference (Md), standard deviation of difference (SDdiff), 
standard error of measurement (SEM), and coefficient of variance of SEM (CVSEM) are 
displayed. 
 

   Activator   
Variable 500 Hz 1000 Hz 2000 Hz 4000 Hz BBN 

Md 0.02 0.05 0.03 0.08 0.03 
sdiff 0.20 0.22 0.11 0.39 0.08 

SEM 0.05 0.06 0.03 0.10 0.02 
CVSEM 0.12 0.14 0.06 0.28 0.07 
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Table 9 

Descriptive statistics of test-retest reliability of EA ARGF slope (∆EA/dB) at 1000 Hz probe 
frequency for five activators. The mean difference (Md), standard deviation of difference (SDdiff), 
standard error of measurement (SEM), and coefficient of variance of SEM (CVSEM) are 
displayed. 
 

   Activator   
Variable 500 Hz 1000 Hz 2000 Hz 4000 Hz BBN 

Md -0.02 -0.01 0.00 -0.03 0.04 
sdiff 0.13 0.19 0.18 0.13 0.11 

SEM 0.03 0.05 0.05 0.03 0.03 
CVSEM 0.21 0.26 0.21 0.23 0.16 

 

The mean test-retest differences of AR-Level ARGF for low frequency and high 

frequency across five activators are shown in Figure 12. The mean differences in AR-Level 

magnitude for high frequency were smaller than those for low frequency at almost all activator 

levels for five activators. The difference in AR-Level magnitude for low frequency was smaller 

at low activator levels (0 dB SL − 20 dB SL) than those at high activator levels (around 25 dB 

SL − 40 dB SL) for 500, 2000, and 4000 Hz activators. However, the AR-Level magnitudes at 

low activator levels (0 dB SL − 30 dB SL) were larger than those at high activator levels (around 

35 dB SL − 45 dB SL) for BBN activator. The difference of AR-Level ARGF was not 

statistically significant for low frequency. There was significant difference of AR-Level 

magnitude for high frequency at 5 dB SL for 1000 Hz activator and 20 dB SL and 30 dB SL for 

BBN activator (one-way repeated ANOVA on ranks, p < 0.05).  
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Figure 12. Mean test-retest difference of AR-Level ARGF plotted with relative AR level by 
activator level for low and high frequencies and for five activators. The activator level in dB for 
low frequency is relative to low-frequency wideband AR threshold, and that for high frequency is 
relative to high-frequency wideband AR threshold. The activator level increases in 5-dB steps. 
The asterisk represents statistical significance for high-frequency relative AR-LEVEL (p < 0.05, 
one-way repeated ANOVA on ranks), error bars show ± 1 standard deviation. 
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smallest for BBN activator, which are 0.02 and 0.04 for low and high frequencies, respectively. 

The largest slope difference for low frequency occurs for the 4000 Hz activator (0.36), and for 

high frequency occurs for the 2000 Hz activator (0.22). The slope differences for low and high 

frequencies were not statistically significant for all activators (one-way repeated ANOVA on 

ranks, p < 0.05).  

 

 

 

Figure 13. Mean test-retest slope difference of the low-frequency and high-frequency AR-Level 
ARGF for five activators. The error bars show unidirectional standard deviation. 
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activator. CVSEM for high frequency was less than 0.60 for 500, 2000 Hz, and BBN activators, 

but it became larger for 1000 and 4000 Hz activators (1.75 and 1.46). 

 

Table 10 

Descriptive statistics of test-retest reliability of the AR-Level ARGF slope (dB/dB) for low 
frequency across five activators. The mean difference (Md), standard deviation of difference 
(SDdiff), standard error of measurement (SEM), and coefficient of variance of SEM (CVSEM) are 
displayed. 
 

   Activator   
Variable 500 Hz 1000 Hz 2000 Hz 4000 Hz BBN 

Md -0.15 -0.19 0.03 0.36 0.02 
sdiff 0.46 0.56 0.96 0.82 0.47 

SEM 0.12 0.14 0.24 0.20 0.12 
CVSEM 0.14 0.17 0.29 0.37 0.19 

. 

Table 11 

Descriptive statistics of test-retest reliability of the AR-Level ARGF slope (dB/dB) for high 
frequency across five activators. The mean difference (Md), standard deviation of difference 
(SDdiff), standard error of measurement (SEM), and coefficient of variance of SEM (CVSEM) are 
displayed. 
 

   Activator   
Variable 500 Hz 1000 Hz 2000 Hz 4000 Hz BBN 

Md -0.16 0.05 0.22 -0.12 0.04 
sdiff 0.37 0.72 0.48 0.56 0.34 

SEM 0.09 0.18 0.12 0.14 0.09 
CVSEM 0.40 1.75 0.60 1.46 0.50 
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Comparison of Wideband ARGFs to Single-frequency ARGFs  

Single-frequency ARGFs 

The single-frequency ARGFs in admittance change for three probe tones (226, 678, and 

1000 Hz) were collected from AR tests. The AR magnitude was defined as the amount of 

admittance change that happens at the tympanic membrane. The absolute value of admittance 

change was used to plot mean data in Figure 14.  

Figure 14 shows the mean single-frequency ARGF (Y ARGF) for 226, 678, and 1000 Hz 

probe tones with the activator level expressed in dB SL referred to each probe's AR threshold. 

The Y AR magnitudes for 1000 Hz were in the largest of the three probe tones at all activator 

levels except at 30 dB SL for BBN activator. The Y AR magnitudes for 678 Hz probe tone were 

larger than 226 Hz probe tone at all activator levels except at 25 dB SL for 500 Hz activator.  

For 226-Hz Y ARGF, the Y AR magnitude progressively increased with increasing 

activator level, except for a small decrease at around 30 dB SL for some activators. For 678-Hz 

Y ARGF, the Y AR magnitude monotonically increased as a function of activator for all 

activators except at the highest activator level for 500 Hz activator. For 1000-Hz Y ARGF, the Y 

magnitude progressively increased with increasing activator level for 1000 and 4000 Hz 

activators; it grew as a function of low activator level (below 10 dB SL) and fluctuated only 

minimally through 25 dB SL for 500, 2000 Hz, and BBN activators (except at the highest 

activator level for 500 Hz and BBN activators). Overall, the effect of activator level on Y AR 

magnitude was significant for the five activators (p < 0.001, one-way ANOVA on ranks). 
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Figure 14. Mean data of the Y ARGF plotted by activator level in dB for 3 probe tones (226, 678, 
and 1000 Hz) and five activators (500, 1000, 2000, 4000 Hz, and BBN). The activator level 
relative to each probe threshold increases in 5-dB steps. Error bars show ± 1 standard deviation 
(n=50). 
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larger than those at 226 Hz. One-way ANOVA on ranks was conducted to evaluate slope 

differences at three probe tones for five activators. The slopes of Y ARGF at 1000 Hz probe tone 

were significantly larger than slopes at 226 Hz and 678 Hz probe tones for five activators (p < 

0.05). There was no significant slope difference between the 226 Hz and 678 Hz probe tones for 
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five activators (p = 0.92). The slopes of the 226-Hz Y ARGF were the smallest for 4000 Hz and 

BBN activators and the largest for 2000 Hz activator. The slope of the 678-Hz Y ARGF was the 

smallest for 1000 Hz activator and the largest for 4000 Hz activator. The slope of the 1000-Hz Y 

ARGF was the smallest for the 4000 Hz activator and the largest for the 500 Hz activator. 

Overall, the effect of probe tone on Y ARGF slope was significant for five activators (p < 0.001), 

and the effect of activator on Y ARGF slope was not significantly different for three probe tones 

(226 Hz, p =0.127; 678 Hz, p = 0.989; 1000 Hz, p = 0.697). 

 

 

Figure 15. Comparison in mean slope between the Y ARGF at 226, 687, and 1000 Hz for five 
activators. The slope of the ARGF at 1000 Hz is significantly higher than that at other two probe 
tones for five activators. The asterisk represents significant difference between 1000 Hz and 
other two probe tones (p < 0.05, one-way ANOVA on ranks), and error bars show ± 1 standard 
deviation. 
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The descriptive statistics for slopes of Y ARGF at 226, 678, and 1000 Hz for five 

activators are displayed in Tables 12, 13, and 14. The mean slopes of ARGF at 226, 678, and 

1000 Hz were around 0.08, 0.12, and 0.036 for five activators. The 90% range of slope increased 

with the probe tones increased. The CV was a relative measure of variability that expressed the 

SD as a proportion of its mean. The CVs for 678 Hz probe frequency (0.907 − 1.392) were 

higher than those for 226 Hz (0.602 − 0.776) and 1000 Hz (0.661 − 0.780) probe tones. The CVs 

for 4000 Hz activator were the highest than other activators at three probe tones. 

The SEs of the mean slope for Y ARGFs were very small at three probe tones for five 

activators. As a measure of the asymmetry of the distribution of the observed values, skewness 

of the mean slope was computed. The values only were negative at 1000 Hz probe frequencies 

for the 500 Hz activator. Slope could be calculated for almost all subjects for Y ARGF with 1000 

Hz and BBN activators. Only 29 subjects had valid a Y ARGF for the 4000 Hz activator. 

 

Table 12 

Descriptive statistics of the Y ARGF slope (mmho/dB) at the 226 Hz probe frequency with five 
activators (n=50). 
 

   Activator   
Variable 500 Hz 1000 Hz 2000 Hz 4000 Hz BBN 

Mean 0.008 0.008 0.010 0.007 0.007 
SD 0.005 0.005 0.006 0.005 0.005 
CV 0.602 0.613 0.616 0.776 0.654 

90% range 0.002 to 
0.017 

0.002 to 
0.019 

0.002 to 
0.019 

0.001 to 
0.017 

0.001 to 
0.016 

SE 0.001 0.004 0.001 0.001 0.001 
Skewness 0.820 0.741 0.582 0.654 1.051 

Count 46 50 48 29 50 
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Table 13 

Descriptive statistics of the Y ARGF slope (mmho/dB) at the 678 Hz probe frequency with five 
activators (n=50). 
 

   Activator   
Variable 500 Hz 1000 Hz 2000 Hz 4000 Hz BBN 

Mean 0.012 0.011 0.012 0.013 0.012 
SD 0.013 0.013 0.013 0.018 0.011 
CV 1.100 1.123 1.113 1.392 0.907 

90% range -0.003 to 
0.042 

-0.002 to 
0.026 

-0.005 to 
0.036 

-0.003 to 
0.042 

0.000 to 
0.034 

SE 0.002 0.002 0.002 0.003 0.001 
Skewness 1.277 2.721 2.375 3.613 1.448 

Count 46 50 48 29 50 
 
 
Table 14  

Descriptive statistics of the Y ARGF slope (mmho/dB) at the 1000 Hz probe frequency with five 
activators (n=50). 
 

   Activator   
Variable 500 Hz 1000 Hz 2000 Hz 4000 Hz BBN 

Mean 0.042 0.038 0.036 0.034 0.038 
SD 0.028 0.028 0.028 0.026 0.026 
CV 0.661 0.729 0.755 0.780 0.671 

90% range 0.000 to 
0.082 

-0.004 to 
0.086 

0.002 to 
0.086 

0.059 to 
0.081 

0.001 to 
0.080 

SE 0.004 0.004 0.004 0.005 0.004 
Skewness -0.061 0.211 0.483 0.851 0.257 

Count 46 50 48 29 50 
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EA ARGFs Compared to Y ARGFs 

The wideband ARGF in ∆EA and single-frequency ARGF in admittance change were 

transferred into dB for comparison. Figure 16 shows a comparison between the EA ARGF and Y 

ARGF for the 500 Hz activator. Mann-Whitney t-test on ranks were completed to evaluate the 

dB difference between EA ARGF and Y ARGF across activator levels. Panel A of Figure 16 

shows that the 226-Hz Y AR magnitudes were larger than the 397-Hz EA AR magnitude across 

different activator levels. There was significant dB difference between 226-Hz Y AR magnitude 

and 397-Hz EA AR magnitude at 5 dB SL (p = 0.045). Panel B shows that the Y AR magnitudes 

at 678 Hz were smaller than the EA AR magnitude at 630 Hz. A significant dB difference was 

found between 678-Hz Y AR magnitude and EA AR magnitude at 5 dB, 10 dB, 15 dB, 20 dB, 

and 25 dB (p < 0.001). Panel C shows that the Y AR magnitudes were very similar with the EA 

AR magnitude at 1000 Hz with increasing activator level. There was no significant dB difference 

between EA AR magnitude and Y AR magnitude for the 1000 Hz probe frequency at 5 dB (p = 

0.004).  

Figure 17 shows a comparison between the EA ARGF and Y ARGF for the 1000 Hz 

activator. Panel A of Figure 17 shows that the 226-Hz Y AR magnitudes were similar to 397-Hz 

EA AR magnitude at low activator levels (0 dB SL − 15 dB SL) and were smaller than the 397-

Hz EA AR magnitude at higher activator levels (20 dB SL − 35 dB SL). The results showed no 

significant dB difference between 226-Hz Y AR magnitude and 397-Hz EA AR magnitude (p > 

0.05). Panel B shows that the 678-Hz Y AR magnitudes were smaller than the 630-Hz EA AR 

magnitude. A significant dB difference was found between 678-Hz Y AR magnitudes and 630-

Hz EA AR magnitude at 5 dB, 10 dB, 15 dB, and 20 dB SL (p < 0.001). Panel C shows that the 

Y AR magnitudes were similar with the EA AR magnitude at 1000 Hz at low activator levels (0 
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dB SL − 10 dB SL) and were smaller than the EA AR magnitude at higher activator levels (15 

dB SL and 20 dB SL). There was no significant dB difference between EA AR magnitude and Y 

AR magnitude at 1000 Hz across activator level (p > 0.05).  

 

 

 

Figure 16. Comparison between the Y ARGF and EA ARGF in dB for the 500 Hz activator. The 
activator level increases in 5-dB steps. Panel A displays EA ARGF at 397 Hz and Y ARGF at 
226 Hz. Panel B displays EA ARGF at 630 and Y ARGF at 678 Hz. Panel C displays EA ARGF 
and Y ARGF at 1000 Hz. The asterisk represents significant difference between Y ARGF and EA 
ARGF (p < 0.05, Mann-Whitney t-test on ranks). Error bars show ± 1 standard deviation. 

 

Figure 18 shows a comparison between the EA ARGF and Y ARGF for the 2000 Hz 

activator. Panel A of Figure 18 shows that the 226-Hz Y AR magnitudes were similar to the 678-

Hz EA AR magnitude with increasing activator level, except at 30 dB SL. There was no 

significant dB difference between the 226-Hz Y AR magnitude and the 397-Hz EA AR 

Activator  Level (dB SL)

0 10 20 30 40 50

d
B

-20

0

20

40

Activator Level (dB SL)

0 10 20 30 40 50
-20

0

20

40

Y ARGF678 HZ 
EA ARGF630 Hz 

Activator  Level (dB SL)

0 10 20 30 40 50
-20

0

20

40

Y ARGF1000 Hz 
EA ARGF1000 Hz 

Y ARGF226 Hz 

EA ARGF397 Hz 
A B C

* * * * * * *



 75 

magnitude across activator levels (p > 0.05). Panel B shows that the 678-Hz Y AR magnitudes 

were smaller than the 630-Hz EA AR magnitude. A significant dB difference was found between 

the 678-Hz Y AR magnitude and the 630-Hz EA AR magnitude at 5 dB, 10 dB, 15 dB, and 20 

dB (p < 0.001). Panel C shows that the 1000-Hz Y AR magnitudes were similar (0 dB SL − 5 dB 

SL) or smaller (10 dB SL to 25 dB SL) to the 1000-Hz EA magnitude. There was no significant 

dB difference between Y AR magnitude and EA AR magnitude for the 1000 Hz probe frequency 

across activator levels (p > 0.05).  

 

 

 

Figure 17. Comparison between the Y ARGF and EA ARGF in dB for the 1000 Hz activator. The 
activator level increases in 5-dB steps. Panel A displays EA ARGF at 397 Hz and Y ARGF at 
226 Hz. Panel B displays EA ARGF at 630 Hz and Y ARGF at 678 Hz. Panel C displays EA 
ARGF and Y ARGF at 1000 Hz. The asterisks represent significant differences between Y ARGF 
and EA ARGF (p < 0.05, Mann-Whitney t-test on ranks). Error bars show ± 1 standard 
deviation. 
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Figure 18. Comparison between the Y ARGF and EA ARGF in dB for 2000 Hz activator. The 
activator level increases in 5-dB steps. Panel A displays EA ARGF at 397 Hz and Y ARGF at 
226 Hz. Panel B displays EA ARGF at 630 Hz and Y ARGF at 678 Hz. Panel C displays EA 
ARGF and Y ARGF at 1000 Hz. The asterisks represent significant differences between Y ARGF 
and EA ARGF (p < 0.05, Mann-Whitney t-test on ranks). Error bars show ± 1 standard 
deviation. 
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that the Y AR magnitudes were similar to the EA AR magnitude at 1000 Hz with increasing 

activator levels. There was no significant dB difference between Y AR magnitude and EA AR 

magnitude for the 1000 Hz probe frequency across activator level (p > 0.05).  

 

 

Figure 19. Comparison between the Y ARGF and EA ARGF in dB for the 4000 Hz activator. The 
activator level increases in 5-dB steps. Panel A displays EA ARGF at 397 Hz and Y ARGF at 
226 Hz. Panel B displays EA ARGF at 630 Hz and Y ARGF at 678 Hz. Panel C displays EA 
ARGF and Y ARGF at 1000 Hz. The asterisks represent significant differences between Y ARGF 
and EA ARGF (p < 0.05, Mann-Whitney t-test on ranks). Error bars show ± 1 standard 
deviation. 
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magnitude was significantly larger than 678-Hz Y AR magnitude between 5 dB and 25 dB (p < 

0.001). Panel C shows that the Y AR magnitudes were similar (0 dB SL − 20 dB SL) or smaller 

(25 dB SL − 35 dB SL) compared to the EA AR magnitude for the 1000 Hz probe frequency 

across activator levels. There was significant dB difference between 1000-Hz Y AR magnitude 

and 1000-Hz EA AR magnitude at 5 dB (p = 0.004). 

 

 

Figure 20. Comparison between the Y ARGF and EA ARGF in dB for the BBN activator. The 
activator level increases in 5-dB steps. Panel A displays EA ARGF at 397 Hz and Y ARGF at 
226 Hz. Panel B displays EA ARGF at 630 Hz and Y ARGF at 678 Hz. Panel C displays EA 
ARGF and Y ARGF at 1000 Hz. The asterisks represent significant differences between Y ARGF 
and EA ARGF (p < 0.05, Mann-Whitney t-test on ranks). Error bars show ± 1 standard 
deviation. 
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0.39; 2000 Hz activator, p = 0.86; 4000 Hz activator, p = 0.57; BBN activator, p = 0.27; one-way 

ANOVA on ranks). 

The slopes of Y ARGF at 678 Hz were smaller than those of EA ARGF at 630 Hz at five 

activators. The EA ARGF at 630 Hz had significant larger slope than Y ARGF at 678 Hz for five 

activators (p < 0.001, one-way ANOVA on ranks).  

The slopes of 1000-Hz Y ARGF were similar to 1000-Hz EA ARGF for 500, 1000, 4000 

Hz, and BBN activator, except for 2000 Hz activator. The differences were not statistically 

significant for the five activators (500 Hz activator, p = 0.81; 1000 Hz activator, p = 0.86; 2000 

Hz activator, p = 0.16; 4000 Hz activator, p = 0.88; BBN activator, p = 0.09; one-way ANOVA 

on ranks). 

 

 

 

Figure 21. Comparison in mean slope between the Y ARGF at 226, 678, and 1000 Hz and EA 
ARGF at 397, 630, and 1000 Hz for five activators. Error bars show ± 1 standard deviation. The 
asterisk represents significant difference between the Y ARGF and EA ARGF. 
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CHAPTER 5 

DISCUSSION AND CONCLUSIONS  

 
 
Normative Study of Wideband ARGF Measurements 

The present study has demonstrated wideband AR data collected in 51 normal-hearing 

adults. A systematical study of wideband ARGF measurements has been conducted, which 

includes evaluations of AR amplitude spectrum, EA ARGFs at three probe frequencies, and AR-

Level ARGFs. The test-retest reliability of wideband ARGF has also been evaluated in this 

study.  

 
Spectrum of wideband AR in Absorbance Change 

The ∆EA was negative below 1000 Hz, which means the EA decreased relative to the 

baseline. The zero-crossing frequency of ∆EA was around 1000 Hz. The zero-crossing frequency 

raised with increasing activator level. The ∆EA was positive at higher frequencies until about 

4000 Hz, which means the EA increased by the middle ear AR relative to the baseline. The ∆EA 

was minimal above 4000 Hz. The ∆EAs at low frequencies were larger than those at high 

frequencies. Mechanisms of the middle ear could partially explain this larger ∆EA at low 

frequency. At low frequency, which is below the resonance of the middle ear, the middle ear 

system is stiffness-dominated. The reduction in ∆EA, which is due to the increased middle-ear 

stiffness by AR, leads to an increase of impedance (i.e., decrease in EA) in the middle ear. It was 

expected that the increased stiffness due to reflex activation influenced the ∆EA less at high 

frequency, at which the middle ear system is mass-dominated. 

The probe frequencies at which the largest ∆EA in negative and positive values occur 

increased with the tonal activator raised (see Table 1). The probe frequency at which the largest 
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∆EA in negative and positive values occur for the BBN activator was same as that for the 2000 

Hz activator.  

No previous study compared the ∆EA spectrum for as a broad range of activators. Only a 

few studies showed the ∆EA spectrum for one or two activators. For example, Schairer et al. 

(2007) conducted ipsilateral wideband AR test to detect the threshold for 1000, 2000 Hz, and 

BBN activators. The results included the spectrum of ∆EA for 1000 Hz activator. The basic 

features agree with the findings from the present study. Schairer et al. (2007) also reported the 

largest ∆EA in negative and positive values for the 1000 Hz activator at the same frequencies as 

the present study. Feeney and Keefe (1999) conducted a contralateral wideband AR test for 2000 

Hz activator in three normal-hearing adults. The probe frequencies at which the largest ∆EA in 

negative value are similar to those found in the present study. However, the values of largest 

∆EA (around 10% and 5%) are smaller than the results from the present study. The difference 

may be related to the difference between ipsilateral and contralateral wideband AR 

measurements.  

 

Wideband ARGF 

The wideband ARGF measurement has never been systematically investigated in normal-

hearing adults. This study evaluated wideband ARGF based on wideband AR magnitude (in 

∆EA and AR-Level) and its slope for five activators. The EA ARGF was assessed at 397, 630, 

and 1000 Hz probe frequencies because these probe frequencies mostly had the largest or the 

smallest AR magnitude in ∆EA and could be compared with single-frequency ARGF (Table 1). 

This study employed coefficient of variation (CV) to assess the relative variability of wideband 

ARGF slope (see Table 2, 3, 4, 5, 6), which was calculated with SD as a proportion of the mean.  
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EA ARGF 

This study revealed that the EA AR magnitude at the 630-Hz probe frequency was 

steeper than that at 397- and 1000-Hz probe frequencies. The 397-Hz AR magnitude was similar 

to the 1000-Hz AR magnitude as a function of activator level. The results demonstrated that the 

AR magnitude significantly varied with the activator level for the five activators. Westman et al. 

(2021) measured the ipsilateral wideband ARGF in 29 individuals with normal hearing. The 

authors found a similar effect of activator level on wideband ARGF. 

The slope of EA ARGF significantly varied with the probe frequency at each activator. 

The slope of 630-Hz EA ARGF was significantly steeper than that at 397-Hz and 1000-Hz EA 

ARGF for five activators, except that it was not significantly steeper than 397-Hz EA ARGF for 

the 4000 Hz activator. There was no significant slope difference in EA ARGF between 397 Hz 

and 1000 Hz probe frequencies for all five activators. The effect of the activator on the slope was 

significant at 397- and 630-Hz EA ARGF and wasn’t significant at 1000-Hz EA ARGF. The 

1000 Hz and 2000 Hz activators presented the steepest slopes in five activators. The shallowest 

slope occurred for BBN activator at three probe frequencies.  

The 630-Hz EA ARGF had the smallest CVs of slope (see Tables 2, 3, and 4). The CVs 

of slope for 1000 Hz and 2000 Hz activators were smaller than those for other activators at 630 

Hz probe frequencies. Because the slope was calculated by the initial three EA AR magnitude 

data points with a linear fit method, the slope could not be calculated for some activators in some 

subjects, even if AR magnitude could be measured at one or two activator levels above the 

threshold. The slopes of EA ARGF for 1000 Hz and 2000 Hz activators could be calculated in 

almost all qualified subjects. Thus, the 630 Hz probe frequency may have greater potential for 

detecting EA ARGF, especially for 1000 Hz and 2000 Hz activators. Although the inter-subject 
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variability of 630-Hz EA ARGF (CV: 0.66 − 0.86) was less than 397-, and 1000-Hz EA ARGF, 

it is still too large for clinical use (Brown, 1998; Lutolf et al., 2003).  

 

AR-Level ARGF 

The results in the present study showed that the AR-Level ARGF for low frequency had 

larger AR-Level magnitude and a significantly steeper slope than that for high frequency. The 

effect of activator was significant on the AR-Level ARGF slope for low frequency and was not 

significant on the AR-Level ARGF slope for high frequency. The slopes of low-frequency AR-

Level ARGF for the 1000 Hz and 2000 Hz activators were larger than other activators. The AR-

Level ARGF for BBN activator had the shallowest slope. The activator level affected the AR-

Level magnitude for the five activators. In the most recently study, Westman et al. (2021) used 

the cumulative ∆EA, which was added the absolute ∆EAs in dB between 200 Hz and 2400 Hz, to 

evaluate the wideband ARGF for BBN activator. The results indicated a similar effect of 

activator level on wideband ARGF. The slope for BBN activator (0.47), which was reported by 

Westman et al. (2021) was lower than slope (0.70) in the present study. The lower slope might 

relate to the difference in measuring wideband AR magnitude. 

The CVs of slope for low frequency were lower than those for high frequency (see Tables 

5 and 6). The CV for the 1000 Hz activator was slightly smaller than that for the 2000 Hz 

activator, and the CV for the BBN activator was the smallest with low frequency. Furthermore, 

the 1000, 2000 Hz, and BBN activators could provide slope of AR-Level ARGF in almost all 

qualified subjects. Thus, low-frequency passband might be more appropriate for detecting AR-

Level ARGF, especially for the BBN activator. Although the degree of variability for the low-
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frequency AR-Level ARGF slope was still too large, the wideband ARGF had potential values in 

the clinical application.  

 

Test-Retest Reliability and Variability 

The present study is the first to demonstrate the immediate test-retest reliability and 

variability of wideband ARGF. As shown in Figure 10 and 12, the reliability of EA AR 

magnitude and AR-Level magnitude were excellent for all measures. Although the test-retest 

differences in EA AR magnitude and AR-Level magnitude were statistically significant at a few 

activator levels for five activators, the mean difference was very small (EA AR magnitude, 0.3 − 

1.7 %; AR-Level magnitude, 0.7 − 1.6 dB). As shown in Figure 11 and 13, the results showed 

excellent test-retest reliability of EA ARGF and AR-Level ARGF slope for five activators. A 

significant difference was only found in EA ARGF at 630 Hz and 1000 Hz probe frequencies for 

BBN and 2000 Hz activators, respectively.  

This study described the coefficient of variation of SEM (CVSEM) to assess the relative 

test-retest variability of wideband ARGF slope, which was calculated by SD of difference to the 

average mean (see Table 7, 8, 9, 10, and 11). The test-retest variability of slope was good for EA 

ARGF and AR-Level ARGFs, except for high-frequency AR-Level ARGF with the 1000 Hz and 

4000 Hz activators. The major reason for larger CVSEM of high-frequency AR-Level slope with 

the 1000 and 4000 Hz activators was that the mean difference was very small for all measures 

and the SD of difference was larger. The EA ARGF for BBN activator had less test-retest 

variability of slope than other activators. In AR-Level ARGF measurements, the CVSEM for low 

frequency and high frequency was the smallest for 500 Hz activators.  
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Comparison of Wideband ARGFs to Single-frequency ARGFs 

 
Single-frequency ARGFs 

The present study has demonstrated single-frequency ARGF in admittance change (Y 

ARGF) measured for three probe tones and five activators in fifty normal-hearing adults. The 

effect of activator level was significant for different probe tones and activators. The slope of Y 

ARGF for each activator became steeper with the probe tone raised. Y ARGF at 1000 Hz probe 

tone had a significantly steeper slope than 226 Hz and 678 Hz probe tones. These relationships 

between probe tone and Y ARGF is similar to the previous findings that the slope and magnitude 

were directly proportional to probe tone (Lutolf et al., 2003; Wilson & McBride, 1978). 

However, statistical analysis was not applied in these two studies. In the present study, the 678-

Hz Y ARGF had a steeper slope than 226-Hz Y ARGF, but not significantly. Sprague et al. 

(1981) reported the slope and magnitude of the ARGF in impedance change with 660 Hz probe 

tone were smaller than those with a 220 Hz probe tone. The slope difference was not significant 

between the two probe tones. This finding agrees with the present study results because the 

admittance is a direct reciprocal of impedance. 

In the present study, the effect of activator on Y ARGF slope for three probe tones was 

not significant. This finding is consistent with the results from Saxena et al. (2015), which 

reported no significant difference in slope of 226-Hz Y ARGF for 500, 1000, and 2000 Hz 

activators. Sprague et al. (1981) reported no significant difference in slope of ARGF in 

impedance change for four activators (500, 1000, 4000 Hz, and BBN) at 220 Hz and 660 Hz 

probe tones. Wilson and McBride (1978) measured Y ARGF at 220 Hz and 660 Hz probe tones 

for 250, 500, 1000, 2000, 4000 Hz, and BBN activators with contralateral stimuli. The slope for 

tonal activators appeared to be steeper than that for BBN activator, however statistical analyses 
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were not completed. The present study agrees with these findings in Y ARGF at 220 Hz probe 

tone. The differences may be due to differences in ipsilateral and contralateral AR test 

procedures and/or difference in decision criterion for the presence of an acoustic reflex. 

Inter-subject variability had been discussed in previous studies (Silman & Gelfand, 1981; 

Silman et al., 1978; Sprague et al., 1981). The present study used CV to evaluate the inter-

subject variability of Y ARGF slope. As shown in Tables 12, 13, and 14, the 226- and 1000-Hz 

Y ARGF had smaller inter-subject variability than 678-Hz Y ARGF. The variability of Y ARGF 

was the largest for 4000 Hz activator. However, the relatively smaller variability of 226-, 1000-

Hz Y ARGF is still unacceptable for clinical use  (Brown, 1998; Lutolf et al., 2003). Lutolf et al. 

(2003) evaluated the variability of ARGF in compliant susceptance and conductance change at 

226, 678, and 1000 Hz probe tones for 2000 Hz activator. The results suggested that 678-Hz 

ARGF in conductance change and 1000-Hz ARGF in susceptance change had smaller 

variability. The author also indicated that the variability of 678-Hz ARGF in conductance change 

and 1000-Hz ARGF in susceptance change was too large to use in the clinical area.  

 

Single-frequency ARGF versus Wideband ARGF 

In the present study, it was hypothesized that the magnitude of EA ARGF at 397, 630, 

and 1000 Hz probe frequencies would be significantly different from the magnitude of Y ARGF 

at 226, 678, and 1000 Hz probe tones for five activators. The magnitudes of EA ARGF at 397 Hz 

were similar to the magnitude of Y ARGF at 226 Hz across activator levels for five activators. 

There was no significant dB difference between 226-Hz Y AR magnitude and 397-Hz EA AR 

magnitude at almost all activator levels for five activators. Results do not support the hypothesis 

at all activator levels, except at 5 dB for 500 Hz and BBN activators. The magnitudes of 630-Hz 
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EA ARGF were larger than those of 678-Hz Y ARGF across activator levels for five activators. 

Significant dB differences were found at most activator levels between 630-Hz EA ARGF and 

678-Hz Y ARGF. Results support the hypothesis at most activator levels. The magnitudes of 

1000-Hz EA ARGF were similar or larger than 1000-Hz Y ARGF across activator levels for five 

activators. There was no significant dB difference between 1000-Hz Y AR magnitude and 1000-

Hz EA AR magnitude at almost all activator levels for five activators. Results do not support the 

hypothesis at all activator levels, except at 5 dB for BBN activator.  

The dynamic range of EA ARGF was wider (10 to 20 dB) than that of Y ARGF for all 

tested probes and activators. The EA ARGF had up to 45 dB SL of dynamic range for all 

activators, and the Y ARGF only had up to 35 dB SL of dynamic range. The dynamic range 

difference between EA ARGF and Y ARGF was more obvious at high probe frequency for tonal 

activators. The reason for the more extensive dynamic range of wideband ARGF is related to the 

lower threshold of the wideband AR test compared to the single-frequency AR test (Feeney & 

Keefe, 2001; Feeney et al., 2003b; Schairer et al., 2007).  

In the present study, it was hypothesized that the slope of EA ARGF at 397, 630, and 

1000 Hz probe frequencies were significantly different from those of Y ARGF at 226, 678, and 

1000 Hz probe tones for five activators. The results support the hypothesis for comparing 

between the slope of EA ARGF at 630 Hz and Y ARGF at 678 Hz for five activators.  The 

slopes of 630-Hz EA ARGF were significantly steeper than those of 678-Hz Y ARGF. The 

results do not support the hypothesis for comparing the slope of EA ARGF at 630 and 1000 Hz 

to the slope of Y ARGF at 678 and 1000 Hz for five activators. There was no significant slope 

difference between 397-, 1000-Hz EA ARGF and 226-, and 1000-Hz Y ARGF for five 

activators. Based on the comparison of CVs between EA ARGF and Y ARGF, the 630-Hz EA 
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ARGF was accompanied by smaller inter-subject variability than 678-Hz Y ARGF. However, 

the 397- and 1000-Hz EA ARGF was accompanied by larger inter-subject variability than 226- 

and 1000-Hz Y ARGF. As stated previously, the EA ARGF had wider dynamic range than Y 

ARGF. The wideband AR measurement may be more appropriate for obtaining ARGF compared 

to single-frequency AR measurement. The wideband ARGF may be more useful in evaluating 

ears which had greater hearing loss due to sensory, cranial nerve, and brainstem dysfunctions.  

In the present study, it was difficult to directly compare the AR-Level ARGF to Y ARGF 

for five activators because of the different measures of the AR magnitude. However, the AR-

Level ARGF for low frequency may improve the inter-subject variability compared to Y ARGF 

and EA ARGF.  

 
Conclusions 

The present study has provided the first set of normative data for the ipsilateral wideband 

ARGF test and evaluated the difference between single-frequency and wideband ARGF. The 

major findings of this study are as follows: 

1. The effect of probe frequency (and frequency passband) on the wideband ARGF 

slope is significant across five activators.  

2. The effect of activator on the slope of 397-Hz and 630-Hz EA ARGF and low-

frequency AR-Level ARGF is significant. 

3. The 630-Hz EA ARGF has a steeper slope with smaller variability than the 397-

Hz and 1000-Hz ARGFs, especially for 1000 Hz and 2000 Hz activators.  

4. The low-frequency AR-Level ARGF has a steeper slope than the high-frequency 

ARGF.  
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5.  The low-frequency AR-Level ARGF has a slope with the smallest variability 

among all type of ARGFs tested. 

6. The test-retest reliability is excellent in wideband ARGF. 

7. Overall, the 630 Hz probe frequency and low-frequency passband are more 

appropriate in the measurement of wideband ARGF because of smaller inter-

subject variability and steeper slope.  

8. The dynamic range of wideband ARGF is 10 to 20 dB wider than single-

frequency ARGF. The slope of 630-Hz EA ARGF with less variability is 

significantly steeper than the slope of 678-Hz Y ARGF for five activators.  

9. Taken together, the wideband AR procedure should be superior in testing ARGF.  

 

Limitations and Future Studies 

There were several limitations that may affect the evaluation of ARGF in wideband and 

single-frequency AR measurements, including: (1) The effect of age and gender on AR response. 

(2) The measure of calculating the slope of ARGF. (3) Using the formula to transfer wideband 

AR magnitude in ∆EA and single-frequency AR magnitude in admittance change into dB for 

comparing the difference. (4) Using a between-group design to compare wideband ARGF to 

single-frequency ARGF. 

In the present study, the mean age of participants was 24 years old for both wideband 

(SD: 5 years) and single-frequency AR tests (SD: 4 years). Sixty-three percent and 74% of 

individuals were female for single-frequency and wideband AR tests, respectively. The previous 

studies reported that the increased age and male gender reduced the probability of detecting AR 
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(Hall, 1982; McGregor et al., 2018). It is needed to increase the number of male participants to 

achieve a gender balance in the future studies.  

In the present study, the slope of ARGF was calculated using the initial three AR 

magnitude data points with a linear fit method, as some previous studies did (Saxena et al., 2015; 

Wilson, 1981; Wilson & McBride, 1978). Different methods were also used in a few studies. For 

example, Sprague et al. (1981) used the first AR magnitude data point and the 50% of the whole 

range of AR magnitude data points to calculate the slope, and Westman et al. (2021) used the 

first 5 AR magnitude data points to calculate the slope. There is no sufficient evidence to ensure 

which method is better. Dhar et al. (2022) used three-segment linear fitting to evaluate the slope 

of distortion product otoacoustic emission growth functions with break-points. It provided a new 

viewpoint to assess the slope of ARGF.  

In the present study, the transformation of AR magnitude measures into dB altered the 

slope of ARGF. It might influence the result of comparison between wideband ARGF and 

single-frequency ARGF.  

In the current study, a between-group design was used to compare the wideband ARGF 

and single-frequency ARGF. The within-group design might be more reasonable to use because 

it could remove the effect of individual difference and was more statistically powerful.  

Future investigations will evaluate the EA ARGF at more probe frequencies, evaluate the 

effect of both ipsilateral and contralateral stimuli on wideband ARGF, and effects of aging and 

hearing loss on wideband ARGF. It is important to optimize the measurements to decrease the 

inter-subject variability of wideband ARGF. The wideband ARGF in cumulative ∆EA may have 

a good potential value in reducing inter-subject variability. It is interesting to evaluate the 
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wideband ARGF in patients with varying auditory pathologies to see how they affect the slope of 

wideband ARGF.  
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