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ABSTRACT 

Distortion-product emissions <DPEs) are tonal responses that may 

be detected in the ear canal when the ear is stimulated simultaneously 

by two tones that are closely spaced in frequency. In experimental 

animals, DPEs are reduced in amplitude or are eliminated when cochlear 

function is disrupted. This association has not been investigated in 

human subjects. This study was designed to investigate the relation 

of cochlear status, as determined by pure-tone behavioral thresholds, 

to DPE amplitude in human subjects. 

Forty men were selected as subjects. Twenty had normal hearing 

and 20 had high-frequency sensorineural hearing loss. Pure-tone 

behavioral thresholds were determined using conventional audiometric 

procedures for eight frequencies from 750 to 8000 Hz. DPEs were 

generated in the test ear of each subject by stimulating the ear with 

two tones, fl and f2. The stimuli were selected to approximate 

audiometric test frequencies. Responses were detected by a sensitive 

microphone that was placed in the ear canal and were extracted by 

spectral analysis. 

Results of the study indicated that DPE amplitude was associated 

with pure-tone threshold. When audiometric threshold was ~10 dB HL, 

DPEs could be elicited at all test frequencies for 98% of subjects in 

both groups. Mean maximum emission amplitude ranged from 3 to 

13 dB SPL across frequency. When pure-tone threshold was above 

50 dB HL, DPEs were absent or were significantly attenuated. DPEs 

varied in amplitude when audiometric threshold was between these two 



extremes. The association of OPE amplitude with pure-tone threshold 

was frequency specific. OPE amplitude was maximal when pure-tone 

thresholds were <10 dB HL and decreased as pure-tone behavioral 

threshold increased in the same subject. Repetition of the OPE 

protocol with five subjects from each group during separate test 

sessions indicated that the results were reliable over time. 

10 

Results of the study have clinical implications. The technique 

may have potential as a noninvasive means of monitoring the status of 

the cochlea in human subjects. 
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CHAPTER 1 

INTRODUCTION 

When the ear is stimulated with two tones at frequencies fl and 

f2, various forms of distortion become evident. One manifestation of 

distortion that originates within the cochl~~ is the generation of 

combination tones. The most prominent combination tone that is 

generated when f2>fl and f2/fl <1.5 is at the frequency 2fl-f2. Its 

characteristics have been investigated extensively using 

psychophysical, physiological, and acoustic techniques. When 

combination tones are detected using acoustic techniques, they are 

referred to as "distortion-product emissions" (OPEs). For purposes of 

this study, OPE will be used to refer to an emission at the 2fl-f2 

frequency although other distortion products are present and may be 

predicted by the function mfl+/-nf2, where m and n are integers. 

The technique for detecting OPEs is noninvasive and involves 

placing a small sensitive microphone in the ear canal. OPEs are 

readily detected in both experimental animals and in human subjects 

with normal hearing sensitivity, but they are absent or reduced in 

amplitude when there is an elevation in auditory threshold or a 

disruption in the anatomical or physiological status of the cocHlea. 

This finding has led investigators to suggest that the measurement of 

OPEs might have potential as an objective procedure for the 

identification of hearing loss associated with disruption of cochlear 

function in human subjects. 

The purpose of this study was to investigate the association of 
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auditory sensitivity to measures of distortion-product emission 

amplitude in human subjects. The rationale for the study is developed 

in the next sections by a discussion of psychophysical and 

physiological investigations of the characteristics of 2f1-f2 and its 

generation within the cochlea, and by a review of the characteristics 

of distortion-product emissions in human subjects. Finally, the 

research questions that were addressed in the study are stated. 

Psychophysical Procedures 

Nonlinearity in the human auditory system has been investigated 

quantitatively since the 1950s. Various procedures have been used for 

these investigations including the cancellation tone, loudness 

balance, and pulsation threshold techniques. Briefly, these 

procedures may be described as follows: 

1. Cancellation tone. In this technique, pure tones at f1 and 

f2 are introduced simultaneously to the test ear. A third tone, the 

cancellation tone, then is introduced and its phase and amplitude 

adjusted by the listener until the awareness of the 2f1-f2 combination 

tone has been eliminated (Zwicker, 1955). 

2. Loudness balancing. A bitonal stimulus composed of f1 and f2 

is alternated at a I-Hz rate with another two-tone stimulus, 

designated as the matching stimulus, containing frequencies at 2f1-f2 

and fl. The matching stimulus contains fl to si~ulate the masking 

effect of f1 on 2f1-f2 under both conditions. The amplitude of 2f1-f2 

in the matching stimulus is adjusted until it is equal in loudness to 

the 2f1-f2 combination tone, thus providing an estimate of the level 

of the combination tone (Goldstein, 1967). Smoorenburg (1972b) 



13 

modified this procedure so that the matching stimulus contained only a 

frequency coinciding with 2fl-f2. 

3. Pulsation threshold. This method was first proposed by 

Houtgast in 1972 for examining psychophysical phenomena such as 

masking patterns and two-tone suppression. It was adapted by 

Smoorenberg (l972b) for determining combination tone levels. In this 

technique, two signals, a probe tone (at 2fl-f2) and a stimulus tone 

(resulting from the simultaneous presentation of fl and f2), are 

alternated at about 4 Hz. The sound pressure level (SPL) of the probe 

tone is increased until the signal appears to be pulsed rather than 

continuous. Just below this "pulsation threshold," the level of the 

combination tone and the level of the probe are interpreted as being 

equal. 

Several characteristics of 2f1-f2 have been identified using 

these procedures: 

1. The source of the generation of 2fl-f2 and related distortion 

components is within the cochlea. The combination tone that is 

generated internally has properties that are similar to externally 

introduced signals at the same frequency. For example, a combination 

tone at 2fl-f2 can be masked by a tone that would be expected to mask 

an externally generated tone at the same frequency (Goldstein, 1967). 

Also, beats can be generated when a signal is introduced that is close 

in frequencY,to the combination tone (Goldstein, 1967). 

2. The amplitude of 2fl-f2 is sensitive to the frequency 

separation of fl and f2. As the ratio of f2 to fl increases from 1.1 

to 1.5, there is an initial increase in the amplitude of 2f1-f2 
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followed by a decrease in amplitude until it can no longer be measured 

(e.g., Goldstein, 1967; P10mp, 1965; Smoorenburg, 1972a, 1972b; 

Zwicker, 1979, 1981). The optimal region of interaction of f1 and f2 

tends to be in the region where f2/f1 = 1.1 to 1.25 (Norton, 1982). 

This relationship is dependent upon both the frequency and the sound 

pressure level of f1 and f2 (Goldstein, 1967; Smoorenburg, 1972a; 

Zwicker, 1981). 

3. If f1 and f2 are equal in amplitude, then as SPL of the 

primaries increases, combination tone level also increases. However, 

the functions of some individuals are nonmonotonic, especially if f1 

and f2 are widely spaced. (Weber & Me11ert, 1975; Zwicker, 1980). 

4. In general, the slope of the growth of 2f1-f2 as a function 

of primary-tone amplitude (level of f1 = level of f2) is about 0.8 as 

determined by simultaneous ~rocedures (Goldstein, 1967; Smoorenberg, 

1972b; Zwicker, 1968) and 0.5 using the pulsation threshold method 

(Smoorenberg, 1974). 

5. The combination tone at 2f1-f2 is audible at sensation levels 

as low as 20 dB (Goldstein, 1967). 

The results that are available from individuals with impaired 

auditory sensitivity are limited. Generally, it has been observed 

that the phenomenon is absent when there is an elevation in auditory 

sensitivity in the region corresponding to stimulation by fl and f2. 

For example, Smoorenburg (1972a) reported results from an individual 

with threshold elevation in the region of 2000 Hz. The individual 

could detect the combination tone only when f2 exceeded the elevated 

threshold. Similar effects were observed for fl but were apparently 
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not as marked. Also, combination tones were not audible if their 

frequencies were in the region of threshold elevation. Takahashi and 

Collins (1985) described results for a subject with a bilateral 
, 

noise-induced hearing loss. Using an f2/fl ratio of 1.2, they 

determined that the 2f1-f2 combination tone was not perceived when it 

was in the region of the hearing loss. Also, when the primaries were 

in the region of the hearing loss, the combination tone was not 

perceived until the input level of f1 and f2 exceeded auditory 

threshold. 

E1ectrophysiological and Acoustic Techniques - Experimental Animals 

Electrophysiological and acoustic techniques have been used with 

experimental animals to determine the specific site(s) of generation 

of 2f1-f2 within the cochlea and to evaluate the effects of alteration 

of the status of the cochlea on the properties of 2f1-f2. Results 

from these investigations contribute to the rationale for the 

-
selection of the stimuli described in Chapter 2. Furthermore, they 

provide the impetus for developing questions concerning the relation 

between cochlear damage, impaired auditory sensitivity, and alteration 

in neural and acoustic responses at 2f1-f2. 

The first demonstration that nonlinearity originated within the 

cochlea was provided in a series of experiments by Wever, Bray, and 

Lawrence in 1940. They measured distortion components in cochlear 

microphonics of guinea pig and cat both with the presence of the 

ossicles and tympanic membrane and with direct stimulation of the 

stapes after removal of other middle ear structures. Their finding of 

combination tones under both conditions confirmed that the cochlea is 
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the major source of nonlinearity within the auditory periphery. This 

view is now widely accepted and has been confirmed using other 

physiological techniques. Experiments involving the measurement of 

responses of single fibers of the auditory nerve (N.VIII) demonstrate 

that 2f1-f2 acts as a stimulus at the characteristic frequency 

predicted by the combination of f1 and f2. For example, Goldstein and 

Kiang (1968) observed that, if a stimulus consisting of frequencies f1 

and f2, is applied to the ear such that the characteristic frequency 

(CF) of a cochlear nerve fiber is lower in frequency than the primary 

frequencies but is near the frequency of the prominent distortion 

product (DP) at 2f1-f2, then the nerve fiber responds to 2f1-f2 even 

if the fiber's response at the primary frequencies is negligible. Kim 

(1980) and colleagues (Kim & Molnar, 1975; Kim, Siegel & Molnar, 1979; 

Siegel & Kim, 1982) determined that a nerve fiber responds to a DP 

that is located at the neuron's characteristic frequency. They also 

found the mechanical propagation characteristics of DPs elicited with 

two-tone stimuli at sound pressure levels as low as 20 to 40 dB SPL to 

be similar to a single-tone response at the same frequency. This 

implies that both involve similar motion of the cochlear partition. 

Kim's (1980) cochlear model supports the notion that the distortion 

products are "generated by nonlinear interactions between the primary 

components in the region of overlap between the primary components and 

propagate to other places" (p. 302). 

Kim, Molnar, and Matthews (1980) and Siegel and Kim (1982) 

provided evidence that the characteristics of 2f1-f2 determined using 

acoustic techniques are similar to those observed using neural and 



psychoacoustic techniques. In DPEs measured in the ear canal of cat 

and chinchilla, they observed the same nonmonotic behavior with 

increasing primary levels that has been observed using neural and 

psychoacoustic techniques. Relative distortion levels were found to 

decrease with increasing primary-tone levels, and the slopes of the 

curves (DPE amplitude as a function of primary tone level from 80 to 

40 dB SPL) were approximately 0.7. 

17 

Results of investigations in which the cochlea has been altered 

by anolcia or agents such as cyanide or kanamycin also provide evidence 

that 2fl-f2 is generated within the cochlea. Following anoxia, the 

amplitude of DPEs decreases until eventually no response is detected 

(Kemp & Brown, 1984; Kim, 1980; Lonsbury-Martin, Martin, Probst, & 

Coats, 1987). Under hypoxic conditions, the response recovers with 

recovery of the animal (Kim, 1980). Kim (1980) altered the normal 

metabolic activity of the cochlea in anesthetized chinchilla by 

perfusing scala tympani with cyanide. The sound pressure level of the 

DPE at 2fl-f2 was reduced by about 25 dB in less than 1 s after 

administration and gradually recovered to within 6 dB of the 

pre-perfusion level after about 4 min following perfusion. Thus, 

"normal metabolic activity of the cochlea is required for generation 

of the acoustically observed (2fl-f2). This observation provides 

evidence that the acoustically observed distortion product is ~ 

generated in the eardrum or middle ear but in the cochlea or more 

centrally" (p. 306). 

The importance of outer hair cells in the generation of 2fl-f2 

was demonstrated by Da11os, Harris, Re1kin, and Cheatham (1980) and by 
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Dallos (1980) who reported an elevation in behavioral threshold in 

chinchilla treated with kanamycin. Behavioral responses were elevated 

both when fl and f2 were in regions of the cochlea with outer hair 

cell loss and when the frequencies of 2fl-f2 coincided with regions of 

damage. Also, 2fl-f2 was absent in single auditory nerve fiber 

responses following destruction of outer hair cells. 

Numer~"s ~xperiments have used both short-term and long-term 

exposures to sound to effect changes at specific sites within the 

cochlea. These experiments are used to determine the contribution of 

various sites to the generation of 2fl-f2. Results of these 

investigations confirm that distortion products are frequency 

selective and are sensitive to even minor alterations in the cochlea. 

Several examples are discussed. 

Kim (1980) and colleagues (Kim, Molnar, & Matthews, 1980; Kim, 

Siegel, & Molnar, 1979; Siegel & Kim, 1982; Siegel, Kim, & Molnar, 

1982) have used physiological, acoustic, or a combination of 

techniques with cat and chinchilla for much of this work. In all 

animals, reduced distortion-product amplitude was observed following 

noise exposure when fl and f2 were placed in a region corresponding to 

cochlear damage. Siegel and Kim (1982) demonstrated that 

distortion-product amplitude was reduced immediately following 

exposure of the ear to a tone near the primaries and recovered after 

I-min poststimulus time to an amplitude greater than or equal to that 

observed pre-exposure. Siegel et al. (1982) comment that the recovery 

course of the distortion-product amplitude parallels the recovery 

observed in human psychophysical threshold following short-term 
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exposure (Hirsh & Bilger, 1955). They suggest that the similarity 

indicates that both are being influenced by the same mechanism. Kim 

(1980) exposed the ear of anesthetized cats to a 90 dB SPL tone at a 

frequency slightly below f1 and f2 for 2 min. This resulted in a 

reversible reduction in the amplitude of the acoustic distortion 

product 2f1-f2, and the effect was only observed when the exposure 

stimulus frequency was near or slightly below the primary frequencies. 

Kim concluded that the "acoustically-observed distortion product 

(2f1-f2) is generated in the primary-frequency region of the cochlea" 

(p.303). 

Long-term noise exposure from octave bands of noise was used by 

Zurek, Clark, and Kim (1982) to evaluate effects on the amplitude of 

the 2f1-f2 DPE in chinchilla. Histologic examination and behavioral 

testing were also included. They determined that 2f1-f2 was reduced 

permanently postexposure when the primaries were located within the 

frequency region that would be expected to correspond with cochlear 

damage as evidenced histologically. Overall, results indicated that 

there was a significant correlation between permanent and temporary 

threshold shift and reductions in DPE amplitude. Amplitude reductions 

were observed even with small amounts of threshold shift due to 

cochlear damage in the region of the primaries (as corroborated by 

histological findings). Lonsbury-Martin et a1.(1987) confirmed 

similar findings using short-term noise exposure in unanesthetized 

rabbit. They compared pre- to postexposure DPE amplitude, over a 

4-day recovery period following a 45-min exposure to 90-dB SPL pure 

tones. Their results indicated that DPE amplitude was reduced 
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immediately following exposure and by 96 hours postexposure, recovery 

of 2fl-f2 amplitude was complete. In all instances, reduction of DPE 

amplitude was greatest when fl and f2 were in a region of exposure. 

Thus, investigations with experimental animals indicate that 

nonlinearity is generated within the cochlea at the place of 

interaction of fl and f2. The 2fl-f2 combination tone travels along 

the basilar membrane to its characteristic place where it can be 

detected neurally or psychoacoustically. Results obtained 

acoustically are compatible with physiological and psychoacoustic 

findings and all techniques are believed to detect responses that 

reflect a common origin. It therefore seems reasonable to conclude 

that DPEs have potential as a noninvasive means of determining 

cochlear status. Also, shifts in auditory thresholds as measured 

b~haviorally correlate with reductions in DPE amplitude indicating 

that DPE measures may have potential for making inferences about 

auditory sensitivity. 

Distortion-Product Emissions - Human Subjects 

DPEs may be readily detected in human subjects, but they are not 

as robust in amplitude as those that have been determined in animals. 

In general, the characteristics of acoustic distortion products are 

similar to their psychophysical counterparts. 

Kemp (1979) first observed DPEs in one subject with spontaneous 

emissions and determined that the level of 2fl-f2 was approximately 

40 dB below the SPL of equilevel primaries and 6 dB below the 

psychophysical cancellation levels over a 20 to 50 dB sensation level 

range. In general, DPEs are greatest in amplitude when 2fl-f2 is at a 
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frequency that corresponds to spontaneous or other evoked otoacoustic 

emissions (Harris, Stagner, Martin, & Lonsbury-Martin, 1987; Kemp, 

1979; Wilson, 1980). Acoustic responses are dependent upon the 

frequency separation of the primaries and are strongest for values of 

f2/f1 ranging from 1.1 to 1.25 (Harris et a1., 1987; Kemp, 1979; 

Wilson, 1980). 

The presence of DPEs is not limited to ears that have spontaneous 

or other evoked emissions. In a comprehensive descriptive study of 

distortion-product emissions in 44 ears of 22 young adult human 

subjects, Lonsbury-Martin, Harris, Stagner, Martin. & Coats (1988) 

detected DPEs at 100-Hz intervals from 750 to 5750 Hz with 

primary-tone levels at 85. 75. and 65 dB SPL. Although there were 

individual differences and variations in absolute amplitude of the 

responses by frequency. emissions were present at all frequencies 

across subjects. Kemp. Bray. Alexander. and Brown (1986) described 

DPE characteristics in 14 ears with normal hearing and compared these 

findings with results from three individuals with sensorineural 

hearing loss. They noted a loss of DP response coincident with 

normal/abnormal threshold boundaries. 

Summary 

Psychophysical techniques have demonstrated that combination 

tones have stimulus properties that are similar to pure tones 

introduced externally and that are compatible with the frequency 

selectivity of the inner ear (Goldstein, 1971). Distortion products 

that are detected acoustically as emissions are present in both 

experimental animals and in human subjects. The characteristics of 



DPEs closely parallel their physiological and psychophysical 

counterparts. The source of generation of 2fl-f2 appears to be in a 

cochlear region located between the fl and f2 places of excitation. 

Both the perception of the combination tone and its detection 

acoustically are altered in individuals with sensorineural hearing 

loss. 

Research Questions 

This study was designed to investigate distortion-product 

emissions in human subjects with auditory threshold elevations to 

determine the clinical potential of the observations as a means of 

monitoring cochlear status. 

Two questions were posed for investigation: 

1. What is the nature of the relation of pure-tone behavioral 

threshold to distortion-product emission amplitude at eight 

frequencies representing the audiometric range from 750 to 

8000 Hz? 

2. Are there differences between distortion-product emission 

input-output functions obtained from ears with normal hearing 

sensitivity from 750 to 8000 Hz and ears with a loss of hearing 

sensitivity at frequencies above 1000 Hz? 

22 



CHAPTER 2 

METHOD 

Subjects 

Forty male subjects, 20 with normal pure-tone thresholds and 20 

with high frequency sensorineural hearing loss, were selected to 

participate in the investigation. One ear from each subject was 

designated as the test ear. Subject selection criteria were: 

1. Age: 18 to 40 years 

2. Middle ear status: 

a. Middle ear pressure by tympanometry, 

between -100 and +50 daPa in the test ear. 

b. Static Compliance range .30 to 1.60 cc. 

c. At least one acoustic reflex response recorded from 

the test ear with contralateral stimulation at .5 

and 1 kHz (probe in the test ear). 

3. Health: 

a. Good general health by history. Specifically, 

(1) No neurological problems except sensorineural 

hearing loss. 

(2) No history of concussion resulting in 

unconsciousness. 

(3) No hypertension requiring treatment by 

medication. 

b. No regular prescription or other drug use. 

4. No spontaneous otoecoustic emissions in the test ear. 
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Subjects were qualified for the group with normal hearing 

(Group NH) if (a) hearing sensitivity by conventional audiometry was 

<10 dB HL for all octave and interoctave audiometric test frequencies 

from 250 to 8000 Hz and (b) there was no history of long-term noise 

exposure. 

Selection criteria for subjects with high frequency hearing loss 

(Group HF) included: (a) hearing sensitivity by conventional 

audiometry ~ 10 dB HL from 250 to 1000 Hz (b) sensitivity >15 dB but 

< 60 dB HL for at least two adjacent frequencies above 1000 Hz and 

(c) no air-bone gap> 10 dB at frequencies above 1000 Hz. 

Procedure 

Subject Selection 

Subjects were recruited by notices and advertisements or were 

selected from clinic records. An initial telephone or personal 

interview was used to determine if a subject would be eligible to 

proceed with selection procedures. At that time, the purpose of the 

study and the test protocol were explained. Subjects were instructed 

to refrain from salicylate ingestion for 48 hr and to avoid high-level 

noise exposure without the use of ear protection for 14 hr prior to 

their appointments. Subjects received S4.00/hour for participating. 

Selection Procedure 

Selection procedures progressed through the following steps: 

1. A subject signed a consent form and completed a 3-page 

questionnaire concerning general health and otologic history (see 

Appendix A). 

2. The subject's ear canal was observed with an otoscope to 



assure that there were no obstructions. 

3. Immittance testing was conducted bilaterally using a Teledyne 

Model TA-4D Acoustic Impedance Meter: 
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a. For tympanometry, an acoustic probe was inserted in 

the subject's ear canal and an acoustic seal was obtained as 

determined by the maintenance of +100 daPa on the pressure 

meter of the instrument. Air pressure then was varied from 

-200 daPa to +200 daPa and the corresponding compliance 

values manually recorded for each 100 unit change. Static 

compliance was calculated by subtracting the compliance value 

corresponding to +200 daPa from the value corresponding to 

the peak of the tympanogram. 

b. Contralateral acoustic reflex thresholds were 

determined at 500 through 4000 Hz after air pressure was set 

for peak compliance. Reflex threshold levels were determined 

using a 5-dB step bracketing procedure with an initial 

stimulation level of 80 dB HL. An acoustic reflex was 

considered as present if there was a change of -.02 cc on the 

compliance meter of the measuring instrument. The minimum 

hearing level coincident with the stimulus presentation at 

which this change occurred for two presentations of the 

stimulus was recorded as the threshold value. 

4. Air-conduction testing at 250, 500, 750, 1000, 1500, 2000, 

3000, 4000, 6000, and 8000 Hz was conducted for each ear using a 

GSI-16 Audiometer with TDH 50-P earphones mounted in PIN 510 C017-1 

cushions. Auditory thresholds were determined using a conventional 



clinical modified method of limits and were recorded manually. Bone 

conduction testing was done using the same procedure at frequencies 

with threshold elevation by air conduction greater than 15 dB HL. 
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5. Screening for spontaneous otoacoustic emissions <SOAEs) 'was 

conducted bilaterally using the instrumentation that is diagrammed in 

Figure 1. Subjects were placed in a reclining position in a 

sound-treated enclosure and were instructed to remain as quiet as 

possible. An Etymotic Research probe assembly consisting of an ER-10 

microphone and two ER-2 earphones was coupled to the subject's ear 

canal with a foam eartip. The output of the microphone was led to the 

ER 10-72 Low Noise Microphone Preamplifier of the ER-lO system. The 

preamplifier output was then led to a custom-built low-noise 

amplifier. The amplifier included a high-pass filter system with a 

30 dB/octave attenuation characteristic below 400 Hz and provided a 

gain of 20 dB. The final output then was led to a Bruel and Kjaer 

2033 Signal Averager for spectral averaging and was also monitored 

using an oscilloscope and amplifier-loudspeaker. To determine proper 

probe placement, an 1100 Hz signal was presented through one of the 

two ER-2 earphones and was adjusted in level to yield 65 dB SPL, as 

detected by the ER-10 microphone in a 2-cc cavity. The probe then was 

positioned in the subject's ear canal until maximal output, as 

examined on the B & K 2033 Signal Analyzer, was achieved. Frequency 

windows of 500 Hz, with a center frequency ranging from 750 to 

1250 Hz, and of 1000 Hz with center frequencies from 2500 to 7500 Hz 

then were sampled. An SOAE was considered present when there was a 

consistent narrowband maximum in the spectrum that exceeded the noise 
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floor of the recording by 3 dB after 32 consecutive samples. Subjects 

with bilateral SOAEs were eliminated from further participation in the 

study. 

Twenty subjects were selected for each group from a total of 

seventy-six subjects (33 with normal auditory sensitivity and 43 with 

hearing loss) who were screened using these procedures. The 

characteristics of the subjects composing each group will be described 

in Chapter 3. 

Distortion-Product Emissions 

For this portion of the session, subjects remained in a reclining 

position in the sound-treated enclosure with the probe assembly 

coupled to the test ear via a foam eartip, as previously described. 

The nontest ear was unocc1uded. The lights in the test room were 

turned off to reduce possible contamination from electrical line 

signals within the test environment. The testing was completed during 

a single 1 1/2 hour period. 

The frequencies that were used as primaries at fl and f2 are 

listed in Table 1. These combinations were selected so that the 

geometric mean (GM = vrrt:f) of the primaries would approximate the 

frequencies sampled audiometrical1y from 750 through 8000 Hz. This 

strategy was adopted because investigations with experimental animals 

(see review in Chapter 1) have determined that the locus of generation 

of 2fl-f2 is within the cochlear region that corresponds to the 

geometric mean of the primaries. An f2/fl ratio of approximately 1.21 

was maintained throughout the majority of test frequencies to 

represent the optimal ratio for elicitation of distortion products in 



Table 1. Equi1eve1 pure-tone stimuli, 

f1 
690 
909 
1364 
1818 
2727 
3635 
5455 
7273 

DPE: 
NF: 

noise floor frequencies 

f2 f2/f1 
825 1.19 

1100 1.21 
1650 1.21 
2200 1.21 
3300 1.21 
4400 1.21 
6600 1.21 
8795 1.21 

Distortion-Product Emission (Hz) 
Noise Floor (Hz) 

distortion-product 

DPE NF 
555 535 
718 700 

1078 1058 
1436 1416 
2154 2134 
2870 2850 
4310 4290 
5751 5731 

GM: Geometric Mean of f1 and f2, V:f:[E:2 (Hz) 
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emission and 

GM 
754 

1000 
1500 
2000 
3000 
3999 
6000 
7998 
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the mid- and high-frequency range (Harris et a1., 1987). The stimulus 

conditions used to generate both the lowest and highest frequency DPEs 

departed slightly from this paradigm because of instrumentation 

limitations. When using an f2/f1 = 1.21 to generate the DPE at the 

lowest frequency, there was interference at a harmonic of 60 Hz that 

was believed to be contributing to the output levels observed near the 

DPE frequency (540 Hz). A ratio of f2/f1 = 1.19 circumvented this 

problem. The GM of the highest frequency DPE is at 7998 Hz rather 

than at 8000 Hz because of programming limitations of the waveform 

synthesizer used to produce f2. It was decided to maintain the 

optimal stimulus conditions (f2/f1 = 1.21) throughout the 1000 to 

8000 Hz range rather than to modify the entire test protocol because 

of these two minor departures at the extremes. 

Primary pure-tone stimuli at f1 and f2 were generated by two 

separate signal sources. As illustrated in Figure 1, frequencies at 

f2 were synthesized digitally using a Qua Tech WSD-10C Waveform 

Synthesizer with 12-bit resolution that was programmed by an AT & T PC 

6300 computer. Analog signals then were attenuated, amplified, 

further attenuated and led to one of the two ER-2 earphones. Signals 

at f1 were produced by a Grason-Stad1er 200-CD oscillator, attenuated, 

and led to the second ER-2 earphone. Signals were combined 

acoustically in the subject's ear canal. Responses were detected by 

the ER-10 microphone as described previously for SOAEs. Calibration 

of the system was performed daily, and these procedures are included 

in Appendix B, which describes all calibration procedures. 

The following procedure was used for each of the eight frequency 
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combinations beginning with the lowest and progressing to the highest 

frequency. 

1. Tones were delivered initially at 65 dB SPL as 

determined by the ER-10 microphone in the subject's ear canal in 

combination with the 2033 Signal Analyzer adjusted to a 10-kHz 

frequency span. 

2. The amplitude of 2f1-f2 then was sampled within a 

1000 Hz frequency span on the B&K Signal Analyzer. Eight to sixteen 

consecutive samples were averaged until a stable response was observed 

above the noise floor. Averages that were severely compromised by the 

background noise level were discarded. 

3. The SPL of the 2fl-f2 DPE was recorded manually. 

4. The SPL of the noise floor at -20 Hz (+/- 2.5 Hz) from the 

DPE was recorded manually. 

5. Stimuli were reduced 5 dB, and steps 2 through 4 were 

repeated. 

6. Testing for any series was terminated when there was no 

apparent response above the noise floor for two consecutive 

presentations. 

7. The next series of tones was generated, and steps 1 through 6 

were repeated. 

Five subjects from each group were selected randomly and were 

retes~0d during a separate session for threshold and DPE measures to 

determine test-retest reliability. 
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CHAPTER 3 

RESULTS 

Forty male subjects, 20 with normal hearing and 20 with 

high-frequency sensorineural hearing loss, were selected to 

participate in the study based on the criteria described in Chapter 2. 

Subjects in the group with normal hearing (Group NH) ranged in age 

from 18 to 39 years (M = 26.5, SD = 6.4), and subjects in the group 

with high-frequency sensorineural hearing loss (Group HF) ranged in 

age from 21 to 39 years (M = 30.7, SD = 6.2). Distortion-product 

emission (DPE) measures were obtained from one ear of each subject. 

Eight right ears and 12 left ears were tested in subjects in Group NH, 

and 9 right and 11 left ears were tested in subjects in Group HF. The 

age of each subject and the ear selected for study are listed in 

Appendices C and D. 

Audiometric Configuration 

Pure-tone test results conformed with subject selection criteria 

for subjects in both groups, and individual thresholds are listed in 

Appendices E and F. All subjects in Group NH had auditory thresholds 

that were <10 dB HI. from 250 to 8000 Hz. For subjects in Group HF, 

thresholds were <10 dB HL from 250 Hz to 1000 Hz, and the maximum 

threshold was 60 dB HL in the 3000 to 6000 Hz range. Figures 2a and 

2b illustrate the mean threshold (+/- 1 SD) for the eight frequencies 

that were also evaluated with the DPE measure. As the configuration 

illustrated in Figure 2b suggests, results from subjects in Group HF 

were typical of those associated with an etiology of noise exposure. 
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Figure.2b also depicts the wide range of threshold levels that was 

represented in this sample. Both the mean amount of threshold 

elevation and the number of subjects with threshold elevation were 

greatest for 4000 Hz (M = 45.75, SD = 16.16, N = 19) and 6000 Hz (M = - -
44.25, SD = 13.50, N = 19). 

Distortion-Product Emissions 

After averaging by the spectral analyzer, the amplitude at both 

the DPE frequency and at a frequency 20 Hz below the DPE frequency 

(Noise Floor, NF) were recorded manually and were converted later to 

dB SPL using the results from the calibration procedure described in 

Appendix B. DPEs were considered as present when the amplitude at the 

appropriate frequency was> 3 dB above NF. The mean amplitude of the 

noise floor ranged from approximately -21 dB SPL at 5731 Hz to 0 dB 

SPL at 535 Hz. DPE amplitudes are listed in Appendices G and H for 

both groups. Both the DPE and GM frequencies are provided for 

reference. The DPE is the frequency of the emission at 2fl-f2, and GM 

is the frequency of the geometric mean of the primaries (W1f2 ), 

which is associated with the presumed cochlear generation site of the 

DPE, as discussed in Chapter 1. GM frequencies for the eight DPEs 

spanned the audiometric frequency range from 750 to 8000 Hz and were 

approximately 1.39 times the DPE from 718 to 5751 Hz and 1.35 times 

the DPE at 555 Hz. 

The characteristics of DPEs for each group, the correspondence of 

these characteristics with pure-tone threshold levels in Group HF, 

differences of the responses between the groups, and the reliability 

of the DPE measure were analyzed using descriptive and inferential 
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statistics. 

Characteristics of DPEs - Group NH 

Except for Subject N08, who failed to emit a response at 555 Hz 

(GM = 754 Hz), all subjects in this group had at least one OPE for 

each frequency. OPE responses ranged in amplitude from a maximum of 

22.93 dB SPL for Subject N13 (DPE = 4310, GM = 6000 Hz) to a minimum 

of -18.46 dB SPL for Subject N18 (OPE = 5751, GM = 7998 Hz). 

Responses averaged 50 dB below the amplitude of the primaries. The 

number of DPEs that were recorded decreased markedly when the primary 

levels were below 45 dB SPL. At the minimum stimulus level of 20 dB 

SPL, OPEs were detected in 7 subjects. Table 2 summarizes the group 

means and standard deviations of the amplitudes of OPEs as a function 

of the SPL of the primaries. Also listed are the minimum and maximum 

responses that formed the range of amplitudes for each stimulus 

condition. The mean amplitudes of OPEs varied across frequency, as 

illustrated in Figure 3, in which mean OPE amplitude is plotted as a 

function of OPE frequency with level of the primaries from 65 dB to 

40 dB SPL as parameter. The average amplitude of responses was 

greatest at 4310 Hz and was least at 5751 Hz. There was more 

variability in the response at OPE = 5751 (GM=7998 Hz) where there 

were also fewer responses and a reduced range of response in 

comparison to the other seven frequencies. Mean amplitude of OPEs 

varied directly with the sound pressure level of the primary stimuli 

as displayed in the input-output functions for each DPE frequency in 

Figures 4a - 4h, in which OPE amplitude is plotted as a function of 

sound pressure level of the primaries. The level of the noise floor 
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Table 2. DPE mean amplitudes (dB SPL) and standard deviations -
Group NH 

f1,f2 amplitude = 65dB SPL 
DPE GM N Minimum Maximum Mean SD 
(Hz) (Hz) DPE DPE 
555 754 18 -1.04 16.36 7.65 3.33 
718 1000 20 -2.87 17.13 6.00 4.71 
1078 1500 20 -6.30 13.30 5.54 5.38 
1436 2000 20 -4.09 9.31 2.54 4.00 
2154 3000 20 -1.59 14.31 5.50 4.54 
2870 3999 20 2.83 17.53 9.99 4.79 
4310 6000 20 1.73 21.53 12.70 5.87 
5751 7998 20 -15.06 3.34 -8.02 5.70 

f1,f2 amplitude = 60dB SPL 
DPE GM N Minimum Maximum Mean SO 
(Hz) (Hz) DPE DPE 
555 754 18 -0.44 12.06 5.93 2.83 
718 1000 19 -4.27 15.63 4.03 4.66 
1078 1500 20 -7.20 10.90 3.71 4.84 
1436 2000 20 -9.79 6.81 -1.12 4.50 
2154 3000 20 -7.39 9.71 1.81 5.31 
2870 3999 20 -4.77 16.33 7.03 5.92 
4310 6000 20 -3.07 22.93 8.47 7.18 
5751 7998 17 -18.46 -0.36 -11.93 5.63 

f1,f2 amplitude = 55dB SPL 
DPE GM N Minimum Maximum Mean SO 
(Hz) (Hz) DPE DPE 
555 754 14 -2.44 10.46 4.47 3.11 
718 1000 17 -4.67 11.63 2.92 3.78 
1078 1500 19 -6.50 8.90 1.28 3.87 
1436 2000 17 -8.69 5.41 -2.32 3.94 
2154 3000 19 -8.99 7.91 -1.37 5.49 
2870 3999 20 -6.87 13.43 3.17 6.31 
4310 6000 20 -5.77 20.43 3.85 7.55 
5751 7998 9 -18.26 -3.86 -13.38 4.99 

f1,f2 amplitude = 50dB SPL 
DPE GM N Minimum Maximum Mean SO 
(Hz) (Hz) DPE DPE 
555 754 10 0.26 6.36 3.49 1.88 
718 1000 12 -2.47 9.03 2.28 3.33 
1078 1500 18 -7.70 5.80 -1.42 3.94 
1436 2000 15 -9.39 5.11 -4.64 4.15 
2154 3000 15 -10.99 6.31 -2.50 4.81 
2870 3999 19 -9.87 11.33 0.02 6.05 
4310 6000 16 -5.97 15.13 1.68 6.49 
5751 7998 7 -17.56 -5.66 -14.35 4.08 
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Table 2, Continued 

f1,f2 amplitude = 45dB SPL 
OPE GM N Minimum Maximum Mean SO 
(Hz) (Hz) OPE OPE 
555 754 8 -0.54 5.16 2.30 2.03 
718 1000 11 -4.87 7.33 0.28 3.86 
1078 1500 15 -9.80 1.10 -3.50 2.99 
1436 2000 10 -9.49 4.41 -5.41 4.43 
2154 3000 12 -8.89 5.81 -3.72 4.90 
2870 3999 16 -8.77 8.03 -1.80 5.09 
4310 6000 12 -7.57 9.63 -0.65 5.56 
5751 7998 3 -16.36 -8.06 -13.59 4.79 

f1,f2 amplitude = 40dB SPL 
OPE GM N Minimum Maximum Mean SO 
(Hz) (Hz) OPE OPE 
555 754 2 -1.34 -0.14 -0.74 0.85 
718 1000 5 -5.37 2.83 0.11 3.33 
1078 1500 11 -8.00 -1.10 -5.35 2.22 
1436 2000 5 -9.49 3.81 -4.45 5.06 
2154 3000 9 -8.89 3.81 -4.58 4.83 
2870 3999 14 -10.27 5.33 -4.16 5.31 
4310 6000 7 -6.57 6.53 -0.91 4.84 
5751 7998 1 -11.66 -11.66 -11.66 

f1,f2 amplitude = 35dB SPL 
OPE GM N Minimum Maximum Mean SO 
(Hz) (Hz) OPE OPE 
555 754 0 • 
718 1000 3 -3.87 2.03 -0.14 3.25 
1078 1500 6 -10.40 -3.70 -7.08 2.33 
1436 2000 2 -6.59 2.21 -2.19 6.22 
2154 3000 4 -9.49 1.31 -3.97 5.87 
2870 3999 9 -10.67 2.33 -4.91 5.22 
4310 6000 5 -6.27 3.43 -2.15 3.67 
5751 7998 1 -14.26 -14.26 -14.26 

fl,f2 amplitude = 30dB SPL 
OPE GM N Minimum Maximum Mean SO 
(Hz) (Hz) OPE OPE 
555 754 0 • 
718 1000 1 0.43 0.43 0.43 • 
1078 1500 4 -9.70 -7.00 -8.30 1.11 
1436 2000 2 -8.69 1.71 -3.49 7.35 
2154 3000 3 -4.79 -2.09 -3.56 1.37 
2870 3999 7 -10.87 -1.07 -6.16 4.39 
4310 6000 3 -5.97 0.83 -3.54 3.79 
5751 7998 0 



Table 2, Continued 

f1,f2 amplitude = 25dB SPL 
DPE GM N Minimum Maximum 
(Hz) (Hz) DPE DPE 
555 754 0 
718 1000 1 -3.07 -3.07 
1078 1500 2 -9.40 -5.90 
1436 2000 2 -10.79 -0.89 
2154 3000 1 -8.49 -8.49 
2870 3999 5 -11.47 -4.07 
4310 6000 2 -6.17 -2.17 
5751 7998 0 • • 

f1,f2 amplitude = 20dB SPL 
DPE GM N Minimum Maximum 
(Hz) (Hz) DPE DPE 
555 754 0 • • 
718 1000 1 -3.37 -3.37 
1078 1500 0 • • 
1436 2000 1 -1.79 -1.79 
2154 3000 1 -9.39 -9.39 
2870 3999 3 -8.47 -5.67 
4310 6000 1 -5.77 -5.77 
5751 7998 0 

DPE = Distortion-product emission f~qUenCY 
GM = Geometric mean of f1 and f2 ( 1f2) 
N = Number of subjects with responses 
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Mean SD 

-3.07 
-7.65 2.47 
-5.84 7.00 
-8.49 
-7.27 3.54 
-4.17 2.83 

Mean SD 

-3.37 
• • 

-1. 79 
-9.39 
-7.47 1.56 
-5.77 
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is depicted by the cross-hatched area beneath each function. Means 

for maximum responses and range of responses (which are summarized in 

Table 3) were greatest for OPEs of 2870 and 4310 Hz, which correspond 

with GM frequencies of 3999 and 6000 Hz. The means of the minimum 

amplitude responses indicated that the smallest amplitude response was 

for OPE = 5751 (GM = 7998). Mean slopes of the functions illustrated 

in Figures 4a - 4h are summarized in the lower portion of Table 3 and 

indicate that slope increased from 0.35 to .90 as OPE frequency 

increased from 555 to 4310 Hz. The results corresponding to GMs from 

3000 to 6000 Hz will be of importance in the comparison of Groups NH 

and HF. In Group NH, from 75 to 95% of subjects had more than three 

responses for OPEs corresponding to GMs at 3000 (75%), 3999 (95%) and 

6000 Hz (80%) and the mean range of response amplitude was never lower 

than approximately 10 dB for these frequencies. 

Characteristics of OPEs Group HF 

At least one OPE was present for all subjects in this group at GM 

frequencies of 754, 1000, and 1500 Hz, and the number and range of 

responses progressively decreased as frequency increased. OPE 

amplitude means and standard deviations for each stimulus condition 

are summarized in Table 4. Responses contributing to the mean results 

in Table 4 represent both subjects with and without threshold 

elevation who had OPEs. The number of subjects contributing to the 

mean is less than the total sample because OPEs were absent for many 

stimulus conditions above GM = 1500 Hz. 

Mean responses ranged in amplitude from 8.15 dB SPL (GM = 754) to 

-11.7 dB SPL (GM = 5751) when primaries were at 65 dB SPL. The 
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Table 3. Characteristics of OPEs including means for maximum response, 
minimum response, range of responses, and slope - Group NH 

Maximum OPE Responses 
OPE (Hz) GM (Hz) N Mean SO 

555 754 19 7.53 3.32 
718 1000 20 6.05 4.70 
1078 1500 20 5.56 5.35 
1436 2000 20 2.54 4.00 
2154 3000 20 5.53 4.56 
2870 3999 20 10.14 4.71 
4310 6000 20 12.80 6.01 
5751 7998 20 -8.02 5.70 

Minimum OPE Responses 
OPE (Hz) GM (Hz) N Mean SO 

555 754 19 2.38 2.99 
718 1000 20 -1.00 2.49 
1078 1500 20 -7.20 2.92 
1436 2000 20 -7.52 2.12 
2154 3000 20 -·8.11 1.52 
2870 3999 20 -8.76 1.69 
4310 6000 20 -5.31 1.14 
5751 7998 20 -15.66 2.42 

Range of OPE Responses 
OPE (Hz) GM (Hz) N Mean SO 

555 754 19 5.15 3.40 
718 1000 20 7.05 4.00 
1078 1500 20 12.76 5.90 
1436 2000 20 10.06 3.98 
2154 3000 20 13.64 4.81 
2870 3999 20 18.90 5.34 
4310 6000 20 18.11 6.28 
5751 7998 20 7.64 4.80 

Slope of OPE Responses 
OPE (Hz) GM (Hz) N Mean SO 

555 754 18 0.35 0.20 
718 1000 19 0.44 0.27 
1078 1500 20 0.50 0.21 
1436 2000 20 0.66 0.29 
2154 3000 20 0.69 0.19 
2870 3999 20 0.74 0.19 
4310 6000 20 0.90 0.23 
5751 7998 17 0.83 0.32 



44 

maximum response obtained from subjects in this group was for Subject 

505 who had a DPE of 21.33 dB SPL (GM = 6000 Hz) with stimuli at 

65 dB SPL. When 'present, responses averaged 50 dB to 70 dB below 

primary stimulus levels. With primaries at amplitudes below 

40 dB SPL, only two subjects had responses at GM frequencies above 

2000 Hz. These responses were from subjects who had thresholds less 

than 25 dB HL: Subject 505 had a pure-tone threshold of 20 dB HL at 

6000 Hz, and 501 had a pure-tone threshold of 10 dB HL at 6000 Hz. 

Input-output functions relating DPE amplitude to the amplitude of 

the primaries are illustrated in Figures 5 a to h. Comparison of 

these functions with those for Group NH that are displayed in Figures 

4 a to h reveals that the functions for the two groups were similar 

for GM = 754 Hz and GM = 1100 Hz. The reduced range of the response 

at frequencies above GM = 1500 Hz for Group HF is evident in Figures 

5e through 5h in which fewer responses contributed to the mean 

results. 

Maximum amplitude of responses at frequencies above 1500 Hz also 

was reduced for subjects in this group (Table 5) when compared with 

results from Group NH (Table 3). Estimates of both mean range 

and slope were compromised by fewer responses for these measures, and 

these results are summarized in Table 5 for all responses that were 

recorded. Both of these measures were compared with results from 

Group NH and will be discussed in a later section. 

At all group mean frequencies above GM = 1000 Hz, group mean DPE 

results could be associated with both normal and elevated behavioral 

thresholds. The percentage of subjects with threshold >10 dB HL 
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Table 4. OPE mean amplitudes (dB SPL) and standard deviations -
Group HF 

f1,f2 amplitude = 65dB SPL 
OPE GM N Minimum Maximum Mean SO 
(Hz) (Hz) OPE OPE 
555 754 20 0.16 16.96 8.15 4.24 
718 1000 20 -1.17 17.23 7.82 5.28 
1078 1500 20 -7.10 16.00 3.72 5.83 
1436 2000 18 -8.49 8.11 -0.22 5.02 
2154 3000 10 -6.79 5.21 -1.18 4.02 
2870 3999 13 -10.17 11. 73 -2.42 6.83 
4310 6000 14 -4.07 21.33 3.81 7.89 
5751 7998 16 -16.06 -3.36 -11.74 4.01 

f1,f2 amplitude = 60dB SPL 
OPE GM N Minimum Maximum Mean SO 
(Hz) (Hz) OPE OPE 
555 754 18 -1.84 17.66 6.47 4.41 
718 1000 20 -3.97 15.03 ·5.25 5.45 
1078 1500 20 -9.90 12.10 1.11 5.86 
1436 2000 18 -7.79 6.91 -2.07 4.37 
2154 3000 7 -6.49 -0.29 -2.98 2.60 
2870 3999 5 -6.07 8.83 -0.33 5.92 
4310 6000 8 -5.17 18.13 4.08 8.09 
5751 7998 9 -16.76 -8.46 -14.28 2.49 

f1,f2 amplitude = 55dB SPL 
OPE GM N MinilLum Maximum Mean SO 
(Hz) (Hz) OPE OPE 
555 754 13 1.56 15.46 6.31 3.82 
718 1000 17 -2.67 11.13 3.60 4.30 
1078 1500 18 -12.20 6.90 -1.13 5.60 
1436 2000 13 -10.49 4.61 -2.92 4.69 
2154 3000 7 -8.09 -1.19 -5.23 2.52 
2870 3999 5 -8.67 3.93 -4.97 5.18 
4310 6000 5 -1.67 8.43 1.47 4.05 
5751 7998 2 -17.06 -13.36 -15.21 2.62 

f1,f2 amplitude = 50dB SPL 
OPE GM N Minimum Maximum Mean SO 
(Hz) (Hz) OPE OPE 
555 754 8 0.56 13.16 5.11 3.80 
718 - 1000 12 -2.27 6.53 2.98 2.41 
1078 1500 15 -8.40 4.30 -2.00 4.02 
1436 2000 11 -9.29 3.61 -3.56 3.95 
2154 3000 6 -8.79 -6.79 -7.92 0.72 
2870 3999 2 -9.07 -2.07 -5.57 4.95 
4310 6000 3 -7.57 1.53 -2.50 4.64 
5751 7998 1 -16.86 -16.86 -16.86 
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Table 4, Continued 

f1,f2 amplitude = 45dB SPL 
OPE GM N Minimum Maximum Mean SO 
(Hz) (Hz) OPE OPE 
555 754 6 -2.34 11.76 2.68 4.88 
718 1000 8 -1.37 3.53 1.18 1.66 
1078 1500 12 -9.00 1.50 -3.36 2.96 
1436 2000 9 -10.19 0.81 -4.78 3.92 
2154 3000 1 -6.89 -6.89 -6.89 
2870 3999 2 -10.47 -8.37 -9.42 1.48 
4310 6000 2 -3.77 -3.07 -3.42 0.49 
5751 7998 1 -16.56 -16.56 -16.56 

f1,f2 amplitude = 40dB SPL 
OPE GM N Minimum Maximum Mean SO 
(Hz) (Hz) OPE OPE 
555 754 3 1.96 8.56 4.69 3.44 
718 1000 5 -4.47 2.63 -1.73 2.71 
1078 1500 7 -7.90 -0.30 -4.41 2.94 
1436 2000 5 -9.09 -2.69 -5.35 2.33 
2154 3000 0 • 
2870 3999 0 
4310 6000 2 -6.17 -4.77 -5.47 0.99 
5751 7998 0 

f1,f2 amplitude = 35dB SPL 
OPE GM N Minimum Maximum Mean SO 
(Hz) (Hz) OPE OPE 
555 754 2 -0.34 8.26 3.96 6.08 
718 1000 2 -3.77 1.93 -0.92 4.03 
1078 1500 5 -9.50 -2.60 -5.86 3.20 
1436 2000 2 -6.09 -5.59 -5.84 0.35 
2154 3000 0 • 
2870 3999 0 • • 
4310 6000 0 • 
5751 7998 0 • 

f1,f2 amplitude = 30dB SPL 
OPE GM N Minimum Maximum Mean SO 
(Hz) (Hz) OPE OPE 
555 754 1 7.36 7.36 7.36 
718 1000 1 1.63 1.63 1.63 • 
1078 1500 2 -7.60 -7.40 -7.50 0.14 
1436 2000 1 -7.49 -7.49 -7.49 
2154 3000 0 • • 
2870 3999 0 • • 
4310 6000 0 • • 
5751 7998 0 • • • 



Table 4, Continued 

f1,f2 amplitude = 25dB SPL 
DPE GM N Minimum Maximum 
(Hz) (Hz) DPE DPE 
555 754 0 
718 1000 1 -0.07 -0.07 
1078 1500 0 
1436 2000 1 -7.89 -7.89 
2154 3000 0 
2870 3999 0 
4310 6000 0 • 
5751 7998 0 

f1,f2 amplitude = 20dB SPL 
DPE GM N Minimum Maximum 
(Hz) (Hz) . DPE DPE 
555 754 0 • 
718 1000 1 -3.87 -3.87 
1078 1500 0 • 
1436 2000 0 • • 
2154 3000 0 • 
2870 3999 0 
4310 6000 0 • • 
5751 7998 0 • 

DPE = Distortion-product emission frequency 
GM = Geometric mean of f1 and f2 (vrrt:r ) 
N = Number of subjects with responses 
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varied by test frequency: 30% at 1500; 20% at 2000; 75% at 3000; 95% 

at 4000; 95% at 6000; and 80% at 8000Hz. Therefore, summary 

statistics were also determined for the subgroup of responses that 

were from individuals with threshold elevation at each frequency. 

Means and standard deviations for this subgroup (labelled HF2) are in 

Table 6, which also lists the total number of subjects with thresholds 

>10 dB HL for each frequency. No responses were obtained for this 

frequency range when the primaries were below 40 dB SPL. Means of the 

maximum, minimum, range, and slope of DPE responses from subjects 

composing this subgroup are provided in Table 7. The summaries in 

Table 7 emphasize the reduction in the amplitude and range of the 

responses that was evident when there was associated threshold 

elevation. The differences between the total sample and this subgroup 

were small. In subsequent analyses comparing responses from subjects 

in Group NH to those of Group HF, all responses were included even 

though some responses at each frequency may have been associated with 

thresholds < 10 dB HL. 

• 
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Table 5. Characteristics of OPEs including means for maximum response, 
minimum response, range of responses, and slope - Group HF 

Maximum OPE Responses 
OPE (Hz) GM (Hz) N Mean SO 

555 754 20 8.32 4.29 
718 1000 20 7.83 5.27 
1078 1500 20 3.73 5.82 
1436 2000 18 0.36 4.68 
2154 3000 11 -1.70 4.19 
2870 3999 14 -2.87 6.77 
4310 6000 14 3.81 7.89 
5751 7998 16 -11. 72 3.99 

Minimum OPE Responses 
OPE (Hz) GM (Hz) N Mean SO 

555 754 20 3.41 3.62 
718 1000 20 -1.07 2.42 
1078 1500 20 -6.44 2.79 
1436 2000 18 -7.38 1. 76 
2154 3000 11 -6.88 1.92 
2870 3999 14 -7.33 2.63 
4310 6000 14 -3.16 2.49 
5751 7998 16 -14.95 1.67 

Range of OPE Responses 
OPE (Hz) GM (Hz) N Mean SO 

555 754 20 4.91 3.69 
718 1000 20 8.90 4.92 
1078 1500 20 10.17 5.96 
1436 2000 18 7.74 4.70 
2154 3000 11 5.18 4.88 
2870 3999 14 4.46 7.05 
4310 6000 14 6.97 8.59 
5751 7998 16 3.23 4.52 

Slope of OPE Responses 
OPE (Hz) GM (Hz) N Mean SO 

555 754 18 0.41 0.24 
718 1000 20 0.58 0.25 
1078 1500 20 0.56 0.36 
1436 2000 18 0.39 0.38 
2154 3000 8 0.53 0.20 
2870 3999 5 0.99 0.21 
4310 6000 8 1.03 0.35 
5751 7998 10 0.62 0.54 
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Table 60 DPE mean amplitudes (dB SPL) and standard deviations -
Group HF2 

fl,f2 amplitude = 65dB SPL 
DPE GM N NHF2 Minimum Maximum Mean SD 
(Hz) (Hz) DPE DPE 
1078 1500 6 6 -1.00 7.60 2.43 3.13 
1436 2000 4 2 -2.99 0.61 -1.19 2.55 
2154 3000 15 6 -4.49 4.61 -1.04 3.47 
2870 3999 19 12 -10.17 11. 73 -3.01 6.78 
4310 6000 19 13 -4.07 21.33 2.98 7.56 
5751 7998 16 12 -16.06 -6.96 -12.95 2.89 

f1,f2 amplitude = 60dB SPL 
DPE GM N NHF2 Minimum Maximum Mean SD 
(Hz) (Hz) DPE DPE 
1078 1500 6 6 -2.10 5.60 0.40 3.10 
1436 2000 4 2 -5.09 -1.49 -3.29 2.55 
2154 3000 15 4 -6.49 -0.59 -3.17 2.61 
2870 3999 19 4 -6.07 8.83 -0.82 6.71 
4310 6000 19 7 -5.17 18.13 2.79 7.79 
5751 7998 16 6 -15.76 -13.76 -15.09 0.81 

f1,E2 amplitude = 55dB SPL 
DPE GM N NHF2 Minimum Maximum Mean SD 
(Hz) (Hz) DPE DPE 
1078 1500 6 5 -6.70 3.00 -2.42 3.60 
1436 2000 4 1 -10.49 -10.49 -10.49 
2154 3000 15 3 -8.09 -1.19 -4.69 3.45 
2870 3999 19 4 -8.67 3.93 -5.00 5.98 
4310 6000 19 4 -1.67 1.43 -0.27 1.28 
5751 7998 16 1 -17.06 -17.06 -17.06 

fl,f2 amplitude = 50dB SPL 
DPE GM N NHF2 Minimum Maximum Mean SD 
(Hz) (Hz) DPE DPE 
1078 1500 6 4 -6.90 0.80 -2.92 3.62 
1436 2000 4 0 • 
2154 3000 15 2 -8.19 -7.99 -8.09 0.14 
2870 3999 19 1 -2.07 -2.07 -2.07 
4310 6000 19 2 -7.57 -1.47 -4.52 4.31 
5751 7998 16 0 • 
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Table 6, Continued 

f1,f2 amplitude = 45dB SPL 
OPE GM N NHF2 Minimum Maximum Mean SO 
(Hz) (Hz) OPE OPE 
1078 1500 6 2 -5.10 -2.50 -3.80 1.84 
1436 2000 4 0 • 
2154 3000 15 0 • • 
2870 3999 19 1 -8.37 -8.37 -8.37 • 
4310 6000 19 I -3.77 -3.77 -3.77 
5751 7998 16 0 • 

f1,f2 amplitude = 40dB SPLa 
OPE GM N NHF2 Minimum Maximum Mean SD 
(Hz) (Hz) OPE OPE 
1078 1500 6 I -7.90 -7.90 -7.90 
1436 2000 4 0 • 
2154 3000 15 0 • 
2870 3999 19 0 • 
4310 6000 19 1 -4.77 -4.77 -4.77 
5751 7998 16 0 • 

N represents the number of subjects with threshold >10 dB HL 
NHF2 represents the number of subjects with threshold > 10 dB HL who 

had responses 
a There were no responses with f1, f2 below 40 dB SPL 
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Table 7. Characteristics of OPEs from 1078 to 5751 Hz including means 
for maximum response, minimum response, range of responses, 
and slope - Group HF2 

Maximum OPE Responses 
OPE GM N Mean SO 
(Hz) (Hz) 

1078 1500 6 2.43 3.12 
1436 2000 2 -1.19 2.55 
2154 3000 6 -1.04 3.47 
2870 3999 13 -3.45 6.68 
4310 6000 13 2.98 7.56 
5751 7998 12 -12.93 2.86 

Minimum OPE Responses 
OPE GM N Mean SO 
(Hz) (Hz) 

1078 1500 6 -5.18 2.42 
1436 2000 2 -7.79 3.82 
2154 3000 6 -6.26 2.38 
2870 3999 13 -7.09 2.57 
4310 6000 13 -2.92 2.43 
5751 7998 12 -14.59 1.65 

Range of OPE Responses 
OPE GM N Mean SO 
(Hz) (Hz) 

1078 1500 6 7.61 3.81 
1436 2000 2 6.60 6.36 
2154 3000 6 5.22 5.29 
2870 3999 13 3.64 6.61 
4310 6000 13 5.90 7.94 
5751 7998 12 1.66 2.56 

Slope of OPE Responses 
OPE GM N Mean SO 
(Hz) (Hz) 

1078 1500 6 0.48 0.15 
1436 2000 2 0.77 0.49 
2154 3000 4 0.63 0.19 
2870 3999 4 1.03 0.21 
4310 6000 7 1.05 0.37 
5751 7998 6 0.51 0.60 



OPEs and Pure-tone Thresholds 

To determine the trends for the correspondence of threshold to 

OPE characteristics, only GM and threshold frequencies above 1000 Hz 

were considered. Both the number of OPE responses and the 

characteristics of these responses were considered with respect to 

threshold levels at each frequency. 
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The probability of obtaining a OPE response varied as a function 

of threshold. This trend is illustrated in Figure 6, in which the 

percentage of possible OPE responses present for GM frequencies from 

1500 to 7998 Hz is plotted as a function of the magnitude of 

behavioral threshold at those frequencies. OPE responses were present 

for all subjects when the behavioral threshold was <20 dB HL. As 

threshold elevation increased, the percentage of responses at 

corresponding GM frequencies decreased to less than 56%. Figure 6 

accounts only for the presence of responses but does not classify 

these responses on the basis of their relative amplitudes. 

To evaluate the amplitudes of individual responses at various 

frequencies, results for maximum OPE response were normalized by 

converting them to z-scores at each frequency (OPE response - Mean for 

Group NH/SO Group NH). Normalized scores were considered in terms of 

their relationship to pure-tone threshold and were plotted for each GM 

frequency from 1500 to 7998 Hz as displayed in Figure 7. As 

illustrated, the relationship of threshold to OPE amplitude maximum 

across subjects is complex and varies by frequency. For example, at 

3000, 3999, and 6000 Hz, for threshold levels >50 dB, OPE responses 

were absent or response amplitudes were more than 2 50s below the mean 
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for 100%, 86%, and 100% of subjects respectively. When thresholds 

were from 20 to 45 dB HL, there was variability in the association of 

z-scores to threshold levels. For example, at 3000 Hz, there were 11 

subjects with pure-tone thresholds from 20 to 45 dB HL. Of these 

subjects, six had no responses, and the ~-scores corresponding to the 

five responses ranged from -1.035 (514, 30 dB HL) to -2.19 (504, 25 dB 

HL). At 4000 Hz, seven subjects had thresholds in the 20 to 45 dB HL 

range. OPE responses were present for four subjects and the ~-scores 

corresponding to the responses ranged from .3376 to -3.99. Results 

from this sample suggest that there would be a higher probability of 

making errors in estimating threshold based upon OPE maximum amplitude 

of the response when threshold was in the 20 to 45 dB HL range. 

The scatterp10ts representing the association of threshold to 

the measures that were extracted from OPE responses indicated that the 

correspondence is not simple at all frequencies. No one function was 

found to fit the distributions best at all frequencies. Spearman rank 

order correlation coefficients were calculated at each frequency to 

evaluate the degree and direction of the relationship of threshold to 

OPE maximum amplitude, minimum amplitude, range, and slope. Results 

for frequencies from 3000 to 8000 Hz, for which there was sufficient 

range in the threshold measure, are listed in Table 8. At all 

frequencies except 4000 Hz, there was moderate correlation between 

threshold and at least one OPE measure. The highest correlation was 

at 6000 Hz for the slope measure (.69032, E = .0008). There was a 

wide distribution of threshold levels for this frequency, and the 

correspondence of threshold with all OPE measures more closely 
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Table 8. Spearman rank-order correlation coefficients: Pure-tone 
behavioral threshold with DPE measures for GM frequencies 
from 3000 to 7998 Hz - Group HF 

Spearman Rank-Order Correlation Coefficients 
DPE (.£ value) 

response 

3000 3998 6000 7998 
(GM frequency, Hz) 

Maximum -.57438 .24504 -.66600 -.68209 
( .0081) ( .2977) ( .0013) (.0009) 

Minimum -.54336 .00039 -.40972 -.32853 
( .0133) ( .9987) ( .0728) (.1573) 

Range -.61590 -.31206 -.65671 -.55980 
(.0038) (.1804) ( .0017) (.0103) 

Slope .63090 .41731 .69032 .03271 
(.0029 ) (.0671) (.0008) (.8911) 



approximated a linear fit at 6000 Hz than at the other seven GM 

frequencies. 
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Individual results comparing pure-tone thresholds with z-scores 

derived from DPE maximum amplitudes are illustrated in Figure 8. As 

these graphs illustrate, there was a trend for decreased DPE amplitude 

to correspond with threshold elevation. Within this sample, only 

three subjects (S06, S07, and S16) had DPE results that departed 

markedly from their audiometric configurations. In terms of 

prediction, for subjects S06 and S07, DPE results would overestimate 

the magnitude of the hearing loss that was detected by pure-tone 

results, whereas for S16, the magnitude of the loss would be 

underestimated. 

Comparison of DPEs - Group NH with Group HF 

The outcome of t-tests based on the comparisons of results of 

mean amplitude of the response obtained with the primaries at 

65 dB SPL for each frequency is reported in Table 9. As illustrated 

in Figure 9, where group means are plotted for each frequency, there 

were no significant differences (£ = .01) between the two groups for 

GM frequencies of 754, 1000, 1500, 2000, and 7998 Hz. Significant 

differences were present for GM frequencies at 3000, 3999, and 6000 

Hz. Thus, when DPEs were generated from primaries stimulating 

cochlear regions corresponding to frequencies where threshold was 

elevated, responses were different when results from the two groups 

were compared. 
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Table 9. t-test results of the comparison of mean DPE amplitude for 
primaries at 65 dB SPL - Group NH and Group HF 

GM (Hz) . t df .E. 

754 .4062 36 > .01 
1000 .7280 38 >.01 
1500 1.030 38 >.01 
2000 1.860 36 > .01 
3000 4.106 29 <.01 
3999 5.690 32 < .01 
6000 3.580 32 <.01 
7998 2.290 34 >.01 
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Figure 9. DPE mean amplitude (f1, f2 level = 65 dB SPL) - Group NH and 
Group HF 
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All subjects could be assigned a value corresponding to the range 

of the response and this measure was used for between group 

comparisons. The histogram in Figure 10 demonstrates the mean range 

of response by frequency for the two groups. These means were 

subjected to a 2 (Groups) X 8 (Frequencies) repeated measures analysis 

of variance. Results indicated significant main effects of Group 

[! (1, 38) = 45.95, £ < .0001] and of Frequency [! (7, 266) = 9.21, £ 

<.0001] and a significant Group by Frequency interaction [! (7, 266) = 

17.01, £ < .0001]. Multiple t-tests were used to evaluate the 

interaction effect and indicated significant differences between the 

two groups for GM frequencies at 3000 Hz [t (38) = 7.38, E = .0001], 

3999 Hz [t (38) = 8.62, £ = .0001], and 6000 Hz [~ (38) = 5.90, E = 

.0001]. This compares favorably with the findings observed for the 

mean amplitude condition illustrated in Figure 9. 

For further comparisons between the two groups, raw data were 

converted to proportions of the maximum response for each 

frequency-by-level series. Slopes of the data in the form of 

proportions then were calculated using a least-squares fit. This form 

of data reduction accounted for the missing values in the results in 

Group HF and permitted an analysis between the two groups. A 

2 (Groups) X 8 (Frequency) mixed design analysis of variance with 

frequency as the repeated measure was used to analyze differences in 

slope means within and between the two groups. This analysis revealed 

significant main effects of Group [! (1,38) = ]7.96, E < .0001] and of 

Frequency [! (7, 266) = 4.60, £, < .0001] and a significant Group X 

Frequency interaction [! (7, 266) = 3.11 2 < .0036]. Multiple ~-tests 



....... 

i 
~ 

J 

& 

20 

10 

o 

GM Frequency (kHz) 

Figure 10. Mean range of DPE responses - Group NH and Group HF 

o GROUP NH 
II GROUP HF 

0\ 
\D 



70 

were used to evaluate the interaction effects. A significance level 

of .006 (~=.05/8) was used to adjust for the use of multiple t-tests. 

These results indicated that the groups were significantly different 

for GM = 3999 Hz [t (38) = 3.13 ~ < .0033] and GM = 6000 Hz [ t (38) 

= 4.30 ~ < .0001]. These are frequencies where 95% of subjects had 

threshold elevation. 

Thus the relationship of auditory threshold elevation to DPE 

amplitude is complex. When threshold was better than 15 dB HL across 

frequency, a DPE was present for every stimulus pair. When threshold 

was greater than 50 dB HL, DPEs were absent or were more than 2 SDs 

below comparable results for the group of normally hearing subjects 

for 96% of subjects in Group HF. For threshold levels between these 

extremes, there was variability in the relationship. 

The differences between the results from these two groups were 

frequency specific and were related to regions corresponding to 

threshold elevation. The groups were similar for frequencies where 

subjects had normal to near normal hearing. Therefore, changes in 

DPEs that are associated with hearing loss are confined to regions 

that are presumably associated with damage, and frequencies outside of 

that range are not affected. 

Reliability of DPEs 

Reliability of the DPE responses was assessed by randomly 

selecting 5 subjects from each group and repeating the test protocol 

during a separate session. Pearson product-moment correlation 

coefficients were used to determine the correspondence between the two 

sets of results. As indicated in Table 12, ~ ranged from .82105 
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(Subject N09) to .98185 (Subject N13). Response differences were 

evaluated using a ~-test of the mean difference scores between Session 

1. and Session 2. These results are also displayed in Table 12. For 

Group NH, only Subject N09 had both a low correlation, r =.82 and 

significant t-test results [~ (19) = 2.66, £ < .0124]. Subject N13's 

significant t-test results (£ < .0001) were associated with a high 

correlation (r = .98). That is, although the results were different 

between sessions, the distribution of the difference between the 

functions was not significant. For the subjects in Group HF, 

correlations ranged from ~ = .83 to r = .98 and Subject S15's t-test 

results were significant [t (19) = 3.87, E < .001] but were highly 

correlated (r = .98). 

Therefore, the temporal reliability of this measure is good. 

When differences do occur, they are generally a constant proportion of 

the results for each stimulus condition. Also, the differences that 

did occur were within the range of +/- 1 SO of the mean results that 

were obtained for Group NH. 
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Table 10. t-tests and Pearson product-moment correlation coefficients 
for test-retest comparisons - Group NH and Group HF 

GROUP NH 

Subject M SE t .E. 

N09 -1.52 0.57 2.66 0.0124 
N11 0.21 0.37 0.57 0.5684 
N12 -0.12 0.57 0.21 0.8358 
N13 2.35 0.19 12.09 0.0001 
N15 -0.63 0.73 0.85 0.4010 

GROUP HF 

Subject M SE t .E. 

SOl 1.20 0.67 1. 78 0.0870 
S02 0.87 0.58 1.50 0.1449 
Sl1 -1.09 0.95 1.15 0.2845 
S13 -0.93 0.74 1.25 0.2290 
S15 1.19 0.31 3.87 0.0010 

M = Mean difference scores between results for two test sessions 
r = Pearson product-moment coefficients 

r 

.82105 

.93892 

.87183 

.98185 

.86398 

r 

.89127 

.88823 

.94269 

.82619 

.98009 
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CHAPTER 4 

SUMMARY ANO CONCLUSIONS 

OPEs and pure-tone behavioral thresholds were measured in 40 men, 

20 with normal hearing and 20 with threshold elevation at frequencies 

above 1000 Hz. The purpose of the study was to examine the 

association of OPEs and audiometric threshold characteristics. 

Results of the study demonstrated that OPE responses are reliable over 

time. Also, the association of pure-tone behavioral thresholds and 

OPE characteristics was demonstrated in several ways: 

1. There were significant differences between the results 

obtained from Group NH and Group HF for OPEs elicited with stimuli at 

65 dB SPL, for the range of OPE response amplitudes, and for the slope 

of response functions. These differences occurred at frequencies 

above 1000 Hz, which is the frequency region where subjects in Group 

HF had elevated pure-tone behavioral thresholds. For the lowest GM 

frequencies, OPE characteristics of the two groups were similar. 

Also, for most subjects in Group HF, the reduction in amplitude or 

range of the OPE response occurred only at frequencies where 

behavioral thresholds were above 20 dB HL. These findings demonstrate 

that alterations in OPE characteristics were related to specific 

frequencies where there presumably was cochlear damage resulting in 

threshold elevation. 

2. The individual results in Figure 8 illustrate similarities 

between audiometric configuration and the OPE maximum response 

amplitude across frequency. These examples also illustrate that 



attenuation of the amplitude or elimination of OPEs was specific to 

frequencies where there was coincident threshold elevation. 
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3. OPE responses were influenced by the extremes of the range of 

behavioral threshold levels. When pure-tone behavioral thresholds 

were below 15 dB HL, OPEs were present in 39 of 40 subjects (Subject 

NOS did not have a OPE at 555 Hz). This finding included all subjects 

even though all subjects in Group HF had pure-tone thresholds above 15 

dB HL for at least one GM frequency. When pure-tone behavioral 

thresholds exceeded 50 dB HL, OPE responses were absent or were 

significantly reduced for 16 of 17 subjects. 

4. There was variability in the amplitude and range of OPE 

responses when pure-tone thresholds were from 20 to 45 dB HL. 

5. The OPE measure was reliable when responses were obtained 

from subjects during two separate test sessions. 

Therefore, when the status of the cochlea is altered, as 

manifested indirectly by threshold elevation, the generation of OPEs 

is affected. OPE responses are reduced in amplitude and restricted in 

range when stimulus frequencies are associated with hearing loss. 

These results may be considered in relation to other investigations of 

OPEs and of evoked otoacoustic emissions, and to implications for 

further research. 

Comparison of Results with Other Investigations of OPEs 

Investigations to determine the association of cochlear lesions 

with OPEs have been more extensive in animal subjects than in human 

subjects. Results from various investigations have been obtained 

using different stimulus parameters. Therefore, comparisons of 
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results are complicated by the changes in OPE amplitude that result 

from changes in stimuli. However, the results from this investigation 

may be compared with several findings that have been identified in 

animals using similar techniques. 

In animals, it has been determined that OPEs are generated at a 

site in the cochlea where f1 and f2 interact (see Chapter 1). This 

finding formed the basis for the selection of the frequencies used as 

stimuli in this study. Although it was not the purpose of this study 

to identify the generation site of OPEs, the results observed from 

Group HF do suggest that the frequency region of the primaries 

associated with the place of interaction of f1 and f2 in the cochlea 

is associated with the generation of OPEs. This is apparent from 

Figure 8 where audiometric configurations are compared with OPE 

amplitudes plotted relative to the GM frequencies for each subject in 

Group HF. Shifting the OPE configuration downward (which would force 

the curve to approximate the OPE rather than the GM frequency) would 

result in greater discrepancies between the two sets of observations. 

The absolute amplitude of OPE responses obtained for the stimulus 

conditions in this study was no greater than approximately 

23 dB SPL (OPE = 4310, level of f1 [L1] = level of f2 [L2] = 

65 dB SPL). Absolute amplitudes that have been reported for 

experimental animals for similar stimulus conditions range from 10 to 

40 dB SPL depending upon the species (20 to 30 dB, L1=L2=60 dB SPL, 

gerbil [Brown & Kemp, 1985]; 10 to 30 dB, L1=L2=70 dB SPL, rabbit 

[Lonsbury-Martin et a1., 1987]; 20 to 40, L1=L2=70, gerbil [Schmeidt, 

1986]). In animals, OPEs are generally 30 to 50 dB below the level of 
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the primaries (Brown & Kemp, 1985; Lonsbury-Martin, et al., 1987; 

Schmeidt, 1986). In comparison, responses were approximately 50 dB 

below the level of the primaries were obtained for subjects with 

normal hearing in this study. Clark et al. (1982, chinchilla) 

reported obtaining OPEs when fl and f2 were greater than or equal to 

40 dB SPL. Results from cat that were reported by Wiederhold et al. 

(1986) indicated that stimuli above 35 dB SPL at 4000 and 5200 Hz (OPE 

= 2800 Hz) elicited OPEs above the system noise floor. In this study, 

responses decreased considerably for both groups when the primaries 

were below 40 dB SPL but were obtained in eight subjects with primary 

tone levels as low as 20 dB SPL. Also, the range of responses was 

less than that observed for animals when OPEs were obained using 

similar stimuli. Lonsbury-Martin et al. (1987) reported a 40 dB range 

in amplitude with a slope of approximately 1 for OPEs at 2k and 4k Hz 

in rabbit. Range of response for subjects with normal hearing in this 

study averaged approximately 18 dB for 2870 and 4310 Hz. Mean slopes 

were .74 and .90 for these frequencies. Similar differences in 

absolute and relative amplitude of OPEs between animal and human 

subjects have been reported by other investigators (e.g., Brown & 

Kemp, 1983, 1984). 

One factor that motivated this study was the finding in 

experimental animals that OPEs are frequency specific and are 

sensitive to changes in cochlear status. Results of representative 

studies were reviewed in Chapter 1. Results of this study confirmed 

the association of OPE responses to cochlear status, as inferred by 

behavioral pure-tone thresholds. Schmiedt (1986) reported that OPEs 
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are absent in gerbil when there are permanent threshold shifts of more 

than 50 dB. Similar findings were identified for the subjects in 

Group HF. Martin, Lonsbury-Martin, Probst, Scheinin, and Coats (1987, 

rabbit) found that DPE amplitude varied systematically with small 

changes in behavioral thresholds associated with temporary threshold 

shift. A similar association was determined by Wiederhold et a1. 

(1985) for changes in auditory nerve responses and DPE amplitude 

following noise exposure in cat. Findings from the present study 

indicated that there was variability in DPE responses when pure-tone 

thresholds were between 20 and 45 dB HL but that DPEs were present for 

the majority of subjects when thresholds were better that 15 dB HL. 

Differences in the physiological mechanisms responsible for temporary 

threshold shift and for permanent threshold shift may account for the 

differences between results from investigations with animals and the 

results observed in this study. Also, the sensitivity of the DPE 

measure might be clarified by investigating a group of subjects with 

only slight deviations in auditory thresholds. 

Results from this study generally agree with other findings on 

DPEs in human subjects. It was suggested by early investigators of 

DPEs that the presence of a spontaneous or evoked otoacoustic emission 

at the DPE frequency was necessary to enhance the amplitude of the 

response sufficiently for it to be detected (Kemp, 1979; Wilson, 

1980). Subjects in this study were not tested for evoked otoacoustic 

emissions, however none had spontaneous otoacoustic emissions in the 

test ear. DPEs were readily detected in all subjects with normal 

hearing for most stimulus conditions. 
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Results from Group NH are similar to results obtained for 22 

normally hearing young adult human subjects by Lonsbury-Martin et al. 

(1987) for similar stimulus conditions. Although these studies were 

conducted in separate laboratories, OPEs were detected with the same 

microphone and the f2/f1 ratio was 1.21 for comparable OPE 

frequencies. Mean amplitude of OPEs with primaries at 65 dB SPL for 

subjects in the Lonsbury-Martin et al. study ranged from 2.78 dB SPL 

(SO = 6.29, OPE = 1339, GM = 1863 Hz) to 11.71 dB SPL (SO = 7.40, OPE 

= 3785, GM = 5270 Hz). Mean results for Group NH for comparable 

stimuli were from 2.54 dB SPL (SO = 4.00, OPE = 1436, GM = 2000 Hz) to 

12.70 dB SPL (SO = 5.87, OPE = 4310, GM = 6000 Hz). Slopes of the 

input-output functions relating OPE mean amplitude to amplitude of the 

primaries from 65 to 20 dB SPL were similar and ranged from .47 (OPE = 

718 Hz, GM = 998 Hz) to .87 (OPE = 5737 Hz, GM = 7988 Hz). In the 

present study, mean slopes for Group NH were from .44 (OPE = 718 Hz GM 

= 1000 Hz) to .83 (OPE = 5751, GM = 7998). These two studies 

represent the only comprehensive investigations of OPEs in human 

subjects with normal hearing. Comparison of the results confirms that 

OPEs can be detected readily in human subjects with normal hearing and 

that there is good agreement of the results when stimulus conditions 

are similar. 

As Kemp et al. (1986) have suggested, OPEs do appear to have 

potential as a clinical technique for the identification of hearing 

loss. Further investigation of the stimulus parameters may determine 

that the technique is more sensitive in detecting threshold shifts in 

the midthreshold region than the results from this study would 
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suggest. 

DPEs and Evoked Otoacoustic Emissions 

Because otoacoustic emissions reflect mechanical activity in the 

cochlea, investigators have attempted to determine if there is a 

clinical application for their detection. The stimulus-related 

emission that has been considered most extensively for this purpose is 

the evoked otoacoustic emission (EOAE) or "echo" that is elicited by a 

brief low-level stimulus. The clinical application of EOAEs may have 

some limitations that are not as significant for DPEs. 

EOAEs are elicited by transient signals. Therefore, restricting 

the frequency range of stimuli is difficult. This factor has limited 

the frequency specificity of the technique. Investigators have 

attempted to restrict the frequency range of the stimuli used to evoke 

the echo response and to relate stimulus and response spectra (Norton 

& Neely 1987; Probst et a1, 1986; Wit & Ritsma, 1979). Probst et a1. 

and Norton and Neely identified preferential responses for stimuli in 

the 1.0 to 1.5 kHz range in ears with no known cochlear damage. 

Norton and Neely demonstrated a close correspondence between stimulus 

and response spectra for tone bursts at .5, .75, 1.0, 1.5, and 2.0 kHz 

and "considerable variability across individual ears in both the 

spectral properties of EOAEs, including onset latency, rate of decay, 

and bandwidth" (p.1869). 

Click-evoked otoacoustic emissions have not been detected in ears 

with auditory thresholds above approximately 20 to 30 dB HL (e.g., 

Kemp, 1978; Kemp et a1., 1986). According to Kemp et a1. (1986), the 

technique " ••• cannot quantify hearing loss, it detects its presence" 
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(p.87). 

Thus, the individual "signature" of a particular ear may be 

identified using the echo technique, but the emission may not be 

sufficiently frequency specific to determine cochlear status within a 

restricted frequency range. Results from this study suggest that OPEs 

are more frequency specific, are not as idiosyncratic, and may be 

elicited by a wider range of stimuli than are available for eliciting 

EOAEs. 

Implications of results for further research 

For purposes of estimating general characteristics of auditory 

sensitivity, the stimulus parameters that were selected for eliciting 

OPEs in this study appear to be adequate. However, the effects of 

cochlear damage on OPE characteristics might be more appropriately 

investigated by observing the responses associated with varying 

stimulus parameters. In animal and human subjects, both the relative 

amplitude and the frequency separation of the primaries are known to· 

affect the absolute amplitude of distortion products when they are 

determined psychophysically or physiologically. For this study, both 

of these factors were constant across subjects and the amplitude of 

the primaries did not exceed 65 dB SPL. Although these stimulus 

conditions may be adequate for most individuals with normal hearing, 

there may be variations for subjects with threshold elevation. For 

example, stimulus levels based upon sensation level may result in OPEs 

that are similar to those observed for subjects with normal hearing. 

Presentation of stimuli based upon sensation level would compensate 

for the effect that threshold differences might have on the primaries. 
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That is, although f1 and f2 were at equal sound pressure levels in 

this study, the primaries were often at different sensation levels. 

Therefore the effective stimulus levels of the primaries would be 

reduced and would not always be equal. The effect of this relative 

amplitude difference on the amplitude of OPEs may approximate results 

that have been obtained by varying stimulus parameters and detecting 

responses using psychophysical techniques. These findings were 

discussed in Chapter 1. Also, it might be predicted that differences 

in the amplitude of 2f1-f2 could be accounted for on the basis of the 

magnitude of threshold elevation. This relation is difficult to 

evaluate from the results that were obtained in this study because the 

maximum amplitude of the primaries was limited to 65 dB SPL and 

because the amount of threshold elevation in Group HF varied across 

frequency and subject. Attenuation of the response by the amount of 

threshold shift has been considered using psychophysical procedures. 

Norton and Mott (1987) used a forward masking procedure to measure the 

effect of temporary threshold shift on the amplitude of 2fl-f2 in two 

listeners. Their results indicated that fl, f2 and 2fl-f2 were 

attenuated by the amount of the threshold shift. They concluded that 

this attenuation accounted for the differences in OPE amplitude pre

and postexposure, and that there was no change in the nonlinearity. 

Variability of OPE results associated with the mid threshold range in 

this study suggests that a simple attenuation hypothesis may not be 

sufficient to account for the effects of permanent threshold shift on 

OPE amplitude. 

Alteration of the frequency separation of the primaries may also 



have differential effects on the amplitude of OPEs in ears that have 

cochlear damage. For example, Brown and Kemp (1984) used 

isosuppression tuning curves to determine that OPEs are tuned around 

the f1,f2 place. It might be speculated that OPE tuning would be 

broader in ears with cochlear damage similar to the broader tuning 

that has been reported in psychophysical tuning curves for listeners 

with hearing impairment. 
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The influence of spontaneous otoacoustic emissions (SOAEs) on the 

generation and detection of OPEs also should be investigated more 

extensively. SOAEs occur in approximately 34 to 42% of subjects with 

normal hearing (Bright & G1attke, 1986). They may also be detected in 

subjects with hearing loss if the loss does not exceed 30 dB HL 

(Fritze, 1983) or if there are frequencies where there is no threshold 

elevation. Subjects who had SOAEs were not included in this study. 

However, if OPEs are to be used clinically, then the influence of 

SOAEs should be considered. SOAEs may influence the amplitude of the 

response either by altering the generation site, if the SOAE is within 

the frequency region of the primaries, or the detection response if 

the SOAE is near the OPE frequency. 

This study represents a first attempt to explore a clinical 

application for the detection of OPEs. An association between 

behavioral thresholds determined using a typical clinical procedure 

and OPE characteristics has been demonstrated for a group of subjects 

with threshold elevation in a restricted frequency range. This 

association could be further investigated in several ways. First, the 

variability in the association of the OPE and threshold measures in 



the midthresho1d range might be reduced by using psychophysical 

methods that would estimate threshold more precisely. Also, 

investigating subjects with only slight to mild losses within a 

restricted frequency range might demonstrate the association of 

threshold in the 25 to 45 dB HL range more clearly. That is, most 

subjects in this study had threshold elevations that were at least 
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40 dB at one frequency (S20 had a maximum threshold of 35 dB HL at 

6000 Hz). Even though DPEs are frequency related, it may be that the 

extent of cochlear damag~ associated with these losses would obscure 

more subtle changes that could be observed with only slight changes in 

cochlear status. 

This study included only individuals with hearing losses within 

restricted frequency boundaries and with similar etiologies. To 

generalize about the association of threshold to DPE characteristics, 

other configurations of hearing losses and etiological factors must be 

considered. 

Because DPEs are reliable and vary in amplitude with slight 

alterations in cochlear status, the detection of DPEs could be used to 

monitor the effects of ototoxic drug administration. Also, the 

technique could be used to monitor the temporary effects of noise on 

cochlear status. 

Thus, DPEs are reliable and can be detected readily in human 

subjects with normal hearing. Differences in the characteristics of 

DPEs between individuals with normal hearing and those with hearing 

loss imply that the technique for the detection of DPEs has clinical 

potential. 



APPENDIX A 

QUESTIONNAIRE USED TO 
OBTAIN INFORMATION ON SUBJECTS 

IDENTIFYING INFORMATION: 

Name: DOB: M F Date: 
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--------------------------- ----------------- -----------
Local Address: City Zip --------------------------- ----------
Phone: (w) (h) ----------------------------- ------------------------------
RACIAL/ETHNIC CLASSIFICATION: 

White (not Hispanic Origin): Descendent from any of the 
original peoples of Europe, North Africa, or the Middle East. 

Black (not Hispanic origin): Descendent from any of the black 
racial groups of Africa. 

Hispanic: Descendent from Mexican, Puerto Rican, Cuban, 
Central/South American or other Spanish culture or origin. 

American Indian/Alaskan Native: Must maintain cultural 
identification through tribal affiliation. 

Asian/Pacific Islander: Descendent from Far East, Southwest 
Asia, India Subcontinent or Pacific islands. 

Other: ----------------------------------------------------------
Eye Color: Skin Color: Hair Color: ------------- -----------~ -------------
Present Occupation: __________________________________________________ __ 

How Long? ____________________________________________________ ~ ____ __ 

PERSONAL HABITS: 

quit when: 
--~--------------~--~~~--------type How much? How Long? -------------- --------------~ ---~----~ 

Alcohol:---yes ___ no ~------------------------------------(type) 
How many drinks per week? 

--------------~~----------------------------Coffee:---yes ___ no How many cups per day? __________________________ __ 

Tobacco:---yes ___ no 

Regular Exercise: ___ yes ___ no How Often? 
Scuba Diving: ___ yes ___ no How Often?------------------------------
Weight Lifting: ---yes ___ no How Often? ____________________________ _ 
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Are you a regular user of sleeping pills, marijuana, tranquilizers, 
pain killers, etc? ___ yes ___ no 
Have you ever used heroin, cocaine, LSD, PCP, etc? yes no 

GENERAL HEALTH: 
Please check: 

___ high blood pressure 
___ sugar diabetes 

heart trouble 
stroke 
measles 
malaria 

serious dental problems 

___ meningitis 
___ mumps 

cancer 
___ thyroid trouble 

skull fracture 
epilepsy === encephalitis 

___ kidney trouble 
liver trouble 
anemia 

---arthritis 
___ head injury 

allergies 
---scarlet fever 

---sexually transmitted diseases (Specify): 
---Other (Please list): ---------------------------

Hospitalizations {Please describe): ______________________________ ___ 

Medications: List those that you take on a regular basis. 
Include aspirin. ----------------------------------------------------

Have you every taken any medication that you were told might affect 
your hearing or balance? ___ yes ___ no 
(List) -----------------------------------------------------------------
Are you allergic to any medications? ___ yes ___ no {List) ______________ __ 

ENT HISTORY: 
Please check: 

ear infections? 
ear surgery? (including 

tubes in ears) 
___ sudden hearing loss? 
___ feeling of pressure or 

fullness in ears? 
(Describe) 

Right ear Left ear When 

Dizziness? ___ yes ___ no How often? ________________________________ ___ 

Is your dizziness accompanied by: 
Nausea?---yes ___ no 
Vomiting?---yes ___ no 
Noises in your ear{s)? yes no 

Noises in your head or earsr- How often? Describe. 
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Is there any history of hearing loss in your family? yes no 
Who? Have you ever worn a hearing aid? ____ yes no 

NOISE EXPOSURE: 

Describe any noise exposure that you have had in your present or 
previous occupations. 

Type of noise Length of exposure/day Use ear protection?/kind 

Were you exposed to noise in the military? -----------------------------Use ear protection? Please describe: 

Nonoccupational/Recreational: 
Please check: How Often? 

___ shotgun, rifle, pistol airplanes (mechanics, pilot) 

___ motorcycles/dirt bikes 

automobiles (mechanics, racing) 

loud music other 

Have you had any other regular or traumatic exposures to noise? 
Describe: 
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APPENDIX B 

CALIBRATION PROCEDURES 

Teledyne TA-4D Acoustic Impedance Instrument 

To determine the SPL of the output of the Telex 1470A earphone 

used for stimulation of acoustic reflex thresholds, the attenuator of 

the instrument was adjusted to 80 dB HL. The output of the earphone 

at 500, 1000, 2000, and 4000 Hz was determined using a B & K 2204 

Precision Sound Level Meter. 

Prior to testing of each subject, the probe was inserted in the 

0.20cc calibration cavity, and the calibration control adjusted to 

obtain a reading of 0.20cc on the meter of the instrument. 

Grason-Stad1er 16 Audiometer 

The audiometer was calibrated according to American National 

Standard ANSI S3.6-1969 procedures. Additionally, a listening check 

of the audiometer was performed daily. 

Instrumentation for Otoacoustic Emissions 

Calibration of this instrumentation involved three phases, (a) 

Calibration of the Etymotic Research ER-10, ER-2 probe assembly (b) 

Spectral analysis of the primary tones (c) Daily calibration to 

determine the integrity of the system. Each procedure is described 

separately. 

The frequency response of ER-10 microphone was determined in a 

real-ear calibration procedure that was conducted at Baylor College of 

Medicine during July, 1987. With the probe inserted in the ear canal, 



responses were obtained from 27 ears of 14 human subjects using the 

following procedure: 
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1.. Pure-tone stimuli from 100 Hz to 10000 Hz in 100 Hz steps 

were presented at 65 dB SPL to a subject via the ER-2 earphone within 

the probe assembly sealed into the ear canal. 

2. The output from the ER-IO microphone for each discrete 

frequency was determined using a Hewlett-Packard 356l-A Dynamic-Signal 

Analyzer. 

3. Values obtained were stored (Digital Equipment Corporation 

11/23) and averaged across subjects thus yielding a mean and standard 

deviation for each frequency (see Figure 11) 

4. Correction factors were determined for each frequency by 

comparing each response to the 1000 Hz reference signal at 65 dB SPL. 

These correction values were used to convert the amplitude of the 

responses obtained during this investigation to dB SPL. 

Harmonic and intermodulation distortion of frequencies at fl and 

f2 were determined by a B & K 2033 Signal Analyzer after transduction 

by the ER-2 earphones and detection by the ER-IO microphone with the 

probe assembly placed either in a 2-cc plastic comparison coupler or 

in the ear canal of a human subject with no measurable hearing 

sensitivity in the audiometric range. With signals at 65 dB SPL, no 

intermodulation or cubic distortion was observed at levels that 

exceeded the noise floor of the instrumentation at any fl,f2 

combination. Harmonic distortion was 55 to 60 dB below the maximum 

sound pressure level of fl and f2. 

Prior to each test session, the probe assembly was inserted in a 
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B & K 4230 Calibrator that generated a 1k Hz signal at 94 dB SPL. The 

output of the microphone was monitored on the B & K 2033 Signal 

Analyzer and was determined to be within 1 dB of the expected value 

throughout the study. With the probe assembly inserted in a 2cc 

cavity, a 65-dB SPL signal at 1100 Hz was transduced by each ER-2 

earphone and the output of the ER-10 microphone was determined by the 

B & K 2033 Signal Analyzer. This procedure was used to monitor the 

stability of the system's signal generation and detection and to 

provide a calibration signal for evaluating the probe placement in the 

subject's ear canal. 
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APPENDIX C 

CHARACTERISTICS OF SUBJECTS - GROUP NH 

Subject Age Ear 
(years) 

N01 24 right 
N02 34 left 
N03 27 left 
N04 26 right 
N05 36 left 
N06 27 left 
N07 33 right 
NOB 35 left 
N09 31 left 
N10 39 right 
Nll 19 r:i,ght 
N12 18 right 
N13 20 right 
N14 26 left 
N15 29 left 
N16 20 right 
N17 18 left 
N18 24 left 
N19 23 left 
N20 21 left 
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APPENDIX D 

CHARACTERISTICS OF SUBJECTS - GROUP HF 

Subject Age Ear 
(years) 

SOl 39 left 
S02 28 left 
S03 37 right 
S04 32 left 
S05 21 left 
S06 34 right 
S07 24 left 
S08 36 left 
S09 36 right 
S10 37 right 
S11 34 right 
S12 38 right 
S13 36 left 
S14 26 right 
S15 27 left 
S16 21 left 
S17 25 right 
S18 27 left 
S19 34 left 
S20 21 right 
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APPENDIX E 

PURE-TONE BEHAVIORAL THRESHOLDS IN dB HL (re: ANSI, 1969) 
GROUP NH 

Subject Frequency 
(kHz) 

.25 .50 .75 1 1.5 2 3 4 6 B 

N01 0 0 -10 0 -10 -5 0 -5 -10 -10 
N02 0 10 5 -5 5 -5 0 0 5 10 
N03 5 5 -5 -5 -5 -10 0 -10 5 10 
N04 5 5 5 5 0 0 0 -5 5 10 
N05 5 5 0 0 5 0 0 5 0 0 
N06 -5 -10 -10 -5 0 0 5 -5 0 5 
N07 -5 -5 -5 -10 -5 -5 -10 -5 -10 -5 
NOB 0 5 -5 0 -5 0 10 5 10 5 
N09 10 10 5 0 -5 0 0 10 10 -5 
N10 0 5 5 5 0 0 5 0 -5 0 
NIl 0 0 -5 0 0 -5 0 -5 10 5 
N12 10 10 5 5 -5 0 -5 -5 -5 0 
N13 0 0 0 -5 0 -5 -5 5 -10 0 
N14 -5 0 0 0 0 5 0 0 5 10 
N15 5 10 5 0 -5 -5 -5 5 10 10 
N16 5 5 5 10 10 10 10 -10 -5 5 
N17 5 5 0 -5 -5 0 0 0 5 5 
NIB -5 -5 -5 -10 -10 -10 -10 0 -5 -10 
N19 0 -5 0 -5 0 -10 -5 0 -5 0 
N20 0 5 5 0 0 -10 -10 -5 -5 -10 

M 1.50 2.75 -0.25 -1.25 -1.75 -2.75 -1.00 -1.25 0.25 1. 75 
SD 4.62 5.73 5.25 5.10 4.94 5.25 5.76 5.35 7.16 6.93 
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APPENDIX F 

PURE-TONE BEHAVIORAL THRESHOLDS IN dB HL (re: ANSI, 1969) 
GROUP HF 

Subject Frequency 
(kHz) 

.25 .50 .75 1 1.5 2 3 4 6 8 

SOl 0 0 5 5 -10 5 20 45 10 0 
S02 10 10 0 0 0 0 45 25 40 20 
S03 -5 0 5 5 20 25 20 60 50 45 
S04 10 5 5 5 0 5 25 60 25 10 
S05 -5 0 -5 0 0 15 30 50 20 -10 
S06 0 -5 0 5 5 0 5 40 40 25 
S07 10 10 10 5 5 5 -5 -5 45 20 
S08 10 10 5 -5 10 5 50 55 40 20 
S09 5 0 0 10 5 -5 10 50 60 60 
S10 5 0 5 5 5 10 5 40 50 35 
Sl1 10 5 10 10 20 45 60 60 50 50 
S12 10 10 10 10 15 35 55 50 60 55 
S13 10 10 10 5 -5 5 15 60 55 40 
S14 0 -5 5 10 15 10 30 45 55 30 
SIS 10 10 0 0 5 10 45 50 40 15 
S16 5 0 5 10 10 5 30 60 50 20 
S17. 10 5 5 5 5 10 20 50 50 35 
S18 10 10 5 5 15 5 35 60 50 45 
S19 10 10 10 5 15 10 25 30 60 60 
S20 5 0 -10 0 -5 -5 5 30 35 -10 

M 6.00 4.25 4.00 4.75 6.50 9.75 26.25 45.75 44.25 28.25 
SD 5.28 5.45 5.28 4.13 8.44 12.40 18.06 16.16 13.50 21.17 
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APPENDIX G 

SOUND PRESSURE LEVEL OF DISTORTION-PRODUCT EMISSIONS 
GROUP NH 

Frequency of DPE 
(Frequency of GM) 

555 718 1078 1436 2154 2870 4310 5751 
(754 1000 1500 2000 3000 3999 6000 7998) 

SPLE Subject N01 
65 8.76 5.43 6.20 5.61 10.51 15.93 12.23 -1.36 
60 7.76 6.23 5.80 3.21 6.51 14.43 5.03 -11.36 
55 3.63 1.80 -2.69 2.31 10.53 -1.37 
50 -4.50 -5.39 -1.39 6.73 -5.97 -15.76 
45 -5.39 2.63 
40 -8.29 -0.07 
35 -4.17 
30 -3.79 -8.27 
25 -10.67 
20 

Subject N02 
65 7.06 7.13 5.20 -2.49 3.41 14.63 13.53 -9.66 
60 3.36 1.63 1.50 -2.89 -0.29 12.33 6.83 -12.76 
55 3.36 1.03 1. 70 -4.09 -6.29 7.73 1.13 
50 • -0.80 -7.29 0.83 -3.67 
45 -4.90 -8.49 -5.57 
40 -7.80 
35 
30 
25 
20 

Subject N03 
65 8.16 9.33 3.80 -0.99 6.81 7.43 1. 73 -15.06 
60 4.36 5.53 1.70 -5.79 6.11 9.23 0.63 
55 2.96 2.23 1.40 -6.39 2.91 7.03 -3.67 
50 1.06 -2.47 1.20 -5.99 -1.69 -0.17 
45 -0.54 -4.87 -4.10 -6.39 -3.89 -2.67 
40 -5.37 -7.39 -6.47 
35 -3.87 -10.67 
30 • 
25 
20 
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APPENDIX G, Continued 

Frequency of DPE 
(Frequency of GM) 

555 718 1078 1436 2154 2870 4310 5751 
(754 1000 1500 2000 3000 3999 6000 7998) 

Subject N04 
65 9.06 4.63 -6.30 0.91 -0.39 2.83 13.23 -14.16 
60 7.36 0.83 -7.20 -4.49 -3.99 -4.77 5.13 -17.66 
55 6.06 0.03 -8.69 -8.79 -6.87 -2.77 
50 3.06 -1.47 -8.97 -5.47 
45 -0.14 -2.67 
40 
35 
30 
25 
20 

Subject N05 
65 -1.04 -1.17 -3.60 -4,09 0.11 6.03 19.13 -5.56 
60 -0.44 -1.07 -4.00 -9.79 -4.99 1.43 15.23 -14.26 
55 -4.67 -3.20 -8.99 -3.57 8.93 
50 -6.90 -8.57 4.63 
45 • -8.77 -0.47 
40 -4.67 
35 -6.27 
30 • 
25 
20 

Subject N06 
65 9.16 11.93 6.90 7.01 -0.99 10.23 16.83 -11.96 
60 7.26 8.23 3.60 3.41 -5.29 3.93 17.23 -15.96 
55 0.43 -1.80 -1.19 -7.29 0.23 13.33 
50 '-7.70 -7.19 -10.99 -3.67 5.43 
45 -4.40 -8.29 -8.77 0.03 
40 -4.90 -10.27 -5.17 
35 -8.80 
30 
25 
20 
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APPENDIX G, Continued 

Frequency of DPE 
(Frequency of GM) 

555 718 1078 1436 2154 2870 4310 5751 
<754 1000 1500 2000 3000 3999 6000 7998) 

Subject N07 
65 9.06 1.63 0.40 4.31 6.71 12.83 15.93 2.54 
60 8.86 1.03 -0.10 0.71 2.31 9.63 11.53 -0.46 
55 7.56 0.03 0.40 -3.19 -3.09 4.93 7.23 -3.86 
50 3.46 1.03 -1.30 -6.59 -5.69 2.13 4.93 -5.66 
45 3.56 -4.17 -2.80 -9.49 -1.67 2.23 -8.06 
40 -1.34 -4.90 -8.89 -4.67 -0.17 -11.66 
35 -6.90 -9.67 -1.57 -14.26 
30 -9.70 -10.47 -5.97 
25 -9.40 -11.47 
20 

Subject N08 
65 3.03 13.30 -2.99 0.71 11.13 14.23 -7.26 
60 1.93 10.70 -8.19 -3.09 7.43 9.03 -12.26 
55 -0.07 -6.50 -8.09 2.83 2.93 -16.16 
50 -0.30 -1.37 -2.27 
45 -6.60 -6.67 -6.67 
40 -8.57 • 
35 
30 
25 
20 

Subject N09 
65 8.36 8.93 7.90 3.81 9.41 6.33 2.73 -14.06 
60 5.96 7.23 7.20 0.01 6.21 7.43 -2.27 -16.46 
55 5.46 5.43 5.00 -2.39 4.31 6.63 -5.27 
50 4.26 1.63 2.00 -6.49 1.81 4.33 
45 3.36 -1.50 -1.39 -1.07 
40 -5.50 -5.69 -9.07 
35 -8.59 
30 
25 • 
20 • 
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APPENDIX G, Continued 

Frequency of DPE 
(Frequency of GM) 

555 718 1078 1436 2154 2870 4310 5751 
(754 1000 1500 2000 3000 3999 6000 7998) 

Subject N10 
65 4.16 -0.07 0.70 3.71 0.11 5.43 18.33 -11.26 
60 4.96 -2.57 -0.70 -2.09 -5.19 0.93 18.53 -18.46 
55 2.66 -2.40 -7.79 -6.67 17.23 -18.26 
50 0.26 -4.60 -9.87 12.83 
45 0.96 • 7.53 
40 • 3.43 
35 -1.87 
30 -5.47 
25 • -6.17 
20 

Subject N11 
65 7.16 8.23 7.90 5.01 14.31 14.03 10.33 -9.26 
60 6.26 6.63 8.00 1.21 9.71 13.33 7.43 -12.06 
55 5.16 5.63 7.10 -1.89 5.91 10.03 2.53 -15.36 
50 2.86 4.23 4.30 -6.89 5.81 8.13 -0.87 -17.16 
45 4.33 1.10 -7.79 5.11 7.43 -4.77 
40 0.23 -1.10 3.41 5.33 
35 -3.70 1.31 2.33 
30 -8.10 -2.09 -1.07 
25 -8.49 -4.37 
20 • • -8.47 

Subject N12 
65 7.56 6.83 7.70 6.51 8.31 5.73 20.33 3.34 
60 4.86 4.53 6.70 4.31 4.81 2.73 17.33 -0.36 
55 4.06 4.53 1.90 1.11 0.71 -2.77 12.73 -7.56 
50 2.63 -1.50 -1.29 -4.79 -4.87 8.83 -13.26 
45 -0.27 -3.20 -4.09 -8.89 -7.27 4.13 -16.36 
40 -5.60 -6.99 -8.77 0.23 
35 -5.80 -4.47 
30 -8.40 
25 
20 
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APPENDIX G, Continued 

Frequency of DPE 
(Frequency of GM) 

555 718 1078 1436 2154 2870 4310 5751 
(754 1000 1500 2000 3000 3999 6000 7998) 

Subject N13 
65 16.36 17.13 8.30 6.41 7.41 6.23 21.53 -5.36 
60 12.06 15.63 6.30 0.51 7.71 4.73 22.93 -9.56 
55 10.46 11.63 3.70 5.41 7.91 4.33 20.43 -15.66 
50 5.66 9.03 -2.10 5.11 6.31 3.53 15.13 -15.26 
45 5.16 7.33 -3.30 4.41 5.81 2.43 9.63 -16.36 
40 2.73 3.81 3.81 2.73 6.53 
35 1.43 2.21 0.91 0.93 3.43 
30 1. 71 -4.79 -1.97 0.83 
25 -0.89 -4.07 -2.17 
20 -1.79 -9.39 -5.67 -5.77 

Subject N14 
65 9.36 6.63 11.20 -3.29 5.01 4.73 3.53 0.84 
60 5.86 6.13 8.10 -7.29 0.91 0.73 -0.37 -3.96 
55 4.26 5.73 5.50 -1.49 -4.67 -4.27 -10.06 
50 3.26 4.43 2.60 -3.09 -8.17 -15.76 
45 1.93 0.30 -4.79 
40 0.13 -3.20 
35 
30 
25 
20 

Subject N15 
65 -2.87 10.30 5.61 9.21 12.33 4.23 -12.36 
60 2.66 7.70 1.51 6.71 10.23 -3.07 -15.26 
55 4.60 -2.19 2.21 4.73 -5.77 
50 1.80 -7.39 -1.19 0.43 
45 -2.40 -5.99 -3.07 
'+0 -6.80 -7.69 -6.57 
35 
30 • 
25 
20 
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APPENDIX G, Continued 

Frequency of DPE 
(Frequency of GM) 

555 718 1078 1436 2154 2870 4310 5751 
(754 1000 1500 2000 3000 3999 6000 7998) 

Subject N16 
65 6.96 6.23 5.90 0.11 7.61 17.53 11.33 -7.06 
60 6.26 1.13 3.30 -3.79 3.11 11.63 5.73 -12.06 
55 0.20 -6.09 -1.99 6.93 3.63 -16.46 
50 -3.20 -9.39 -5.39 1.83 -1.47 -17.56 
45 -5.60 -8.89 -1.47 -4.37 
40 -8.00 -5.57 -6.57 
35 -8.27 
30 -10.87 
25 
20 

Subject N17 
65 4.36 11.83 13.20 5.51 -1.59 3.23 16.03 -14.96 
60 3.06 9.73 10.90 3.71 -7.39 -2.27 12.93 
55 -2.44 8.53 8.90 3.51 -8.59 -6.37 7.33 
50 5.63 5.80 1.31 -8.79 2.73 
45 0.83 0.90 -1.69 -3.07 
40 -3.20 -3.79 
35 -10.40 
30 
25 • 
20 

Subject N18 
65 6.66 4.63 10.10 9.31 10.01 17.03 13.53 -12.16 
60 7.26 -4.27 5.20 6.81 6.61 16.33 5.73 -18.46 
55 5.16 1.63 -0.20 3.51 3.81 13.43 2.73 
50 4.66 3.53 1.11 0.01 11.33 0.33 
45 2.26 4.03 -9.80 -2.79 -2.09 8.03 -4.47 
40 -0.14 2.83 -7.90 -5.79 -5.49 5.33 
35 2.03 -6.90 -6.59 -9.49 1.43 
30 0.43 -7.00 -8.69 -1.67 
25 -3.07 -5.90 -10.79 -5.77 
20 -3.37 -8.27 



APPENDIX G, Continued 

Frequency of DPE 
(Frequency of GM) 

555 718 1078 1436 2154 
054 1000 1500 2000 3000 

Subject N19 
65 8.36 6.13 2.80 1.61 8.31 
60 9.06 4.53 0.90 -0.99 6.31 
55 7.16 1.63 -2.00 -3.19 2.51 
50 6.36 -1.37 -7.60 -6.59 -2.29 
45 3.76 -2.77 -5.99 
40 -4.99 
35 
30 
25 
20 

Subject N20 
65 8.16 4.53 -1.20 -0.89 5.01 
60 3.53 -1.50 -2.59 -0.69 
55 0.76 2.33 -1.80 -3.19 -4.09 
50 0.53 -2.80 -6.69 -6.09 
45 -0.67 -6.20 -9.49 -8.19 
40 -9.49 
35 
30 
25 
20 

Note: DPE = distortion-product emission. 
GM = geometric mean of f1,f2 (~f1f2 ) 
SPLp = sound pressure level of f1,f2 
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2870 4310 5751 
3999 6000 7998) 

11.03 9.53 -8.16 
7.43 5.33 -11.46 
5.93 0.43 -17.06 
3.23 -3.17 

-0.97 -7.57 
-6.47 
-9.37 

15.13 15.73 -7.36 
13.73 8.53 
8.93 -0.57 
3.53 -5.07 

-1.27 
-5.07 
-6.77 
-8.77 
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APPENDIX H 

SOUND PRESSURE LEVEL OF DISTORTION-PRODUCT EMISSIONS 
GROUP HF 

Frequency of OPE 
(Frequency of GM) 

555 718 1078 1436 2154 2870 4310 5751 
(754 1000 1500 2000 3000 3999 6000 7998) 

SPLE Subject SOl 
65 9.86 8.63 9.70 -2.39 -4.29 14.53 -10.56 
60 10.86 5.63 7.80 -3.29 13.13 -16.76 
55 9.96 3.73 5.70 -0.79 8.43 
50 4.06 0.53 4.30 -1.69 1.53 
45 2.76 -1.37 1.50 -2.59 -3.07 
40 3.56 -0.30 -4.99 • -6.17 
35 -3.40 
30 -7.40 

. 25 
20 

Subject S02 
65 11.06 8.53 11.20 5.91 11. 73 12.33 ·-11. 96 
60 8.56 7.73 9.00 0.31 8.83 5.23 
55 7.06 4.63 5.50 -1.49 3.93 -0.47 
50 3.46 2.03 0.90 -4.99 -2.07 
45 0.16 -0.97 -3.70 -7.49 -8.37 
40 -4.47 -7.90 
35 -9.00 
30 • • 
25 • 
20 

Subject S03 
65 13.56 12.73 4.30 -2.99 -0.39 -15.96 
60 9.86 8.13 2.80 -5.09 -3.89 -15.66 
55 6.06 7.53 -1.50 -8.09 
50 5.16 2.93 -0.60 
45 0.46 2.53 -5.10 
40 -7.90 
35 
30 • 
25 • 
20 
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APPENDIX H, Continued 

Frequency of DPE 
(Frequency of GM) 

555 718 1078 1436 2154 2870 4310 5751 
(754 1000 1500 2000 3000 3999 6000 7998) 

Subject S04 
6.5 10.16 14.63 6.60 -3.59 -4.49 -7.07 6.53 -14.06 
60 14.63 4.50 -7.09 -6.49 0.63 
55 8.63 2.10 -9.29 1.43 
50 6.53 0.00 -9.29 
45 1.83 -2.40 
40 
35 
30 • 
25 • 
20 

Subject S05 
65 5.76 10.33 8.90 0.61 -6.47 21.33 -3.36 
60 6.96 3.83 5.50 -1.49 18.13 -12.76 
55 5.76 0.53 2.20 -10.49 -0.37 
50 4.46 0.00 -1.47 
45 3.26 -2.10 -3.77 -16.56 
40 1.96 -5.40 -4.77 
35 -0.34 -9.50 
30 
25 
20 • 

Subject S06 
65 6.46 1.03 -3.00 -6.49 -6.79 -2.47 -13.56 
60 6.26 -0.87 -3.30 -7.79 
55 -2.27 -6.30 
50 -7.40 
45 -7.10 
40 
35 
30 
25 • 
20 
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APPENDIX H, Continued 

Frequency of DPE 
(Frequency of GM) 

555 718 1078 1436 2154 2870 4310 5751 
(754 1000 1500 2000 3000 3999 6000 7998) 

Subject 507 
65 0.16 3.13 -7.10 -6.39 4.63 -15.06 
60 -1.84 1.43 -9.90 -5.49 1.63 -15.66 
55 -2.67 -12.20 -6.89 -4.87 
50 -8.79 -9.07 
45 • -10.47 
40 • 
35 
30 
25 
20 

Subject 508 
65 6.66 3.03 3.80 -3.89 • -0.37 -16.06 
60 5.76 0.23 -5.80 -2.29 -4.27 
55 4.16 0.01 
50 2.66 • 0.91 
45 • 0.81 
40 -4.69 
35 -6.09 
30 • 
25 
20 • 

Subject 509 
65 3.06 . 5.73 -1.30 2.01 5.21 -6.77 
60 1.46 4.73 -3.80 -2.29 -0.29 
55 3.83 -7.20 -4.59 -5.49 
50 3.23 -8.40 -7.49 -7.39 
45 0.93 -10.19 -6.89 
40 -1.17 
35 • • 
30 
25 • • 
20 
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APPENDIX H, Continued 

Frequency of DPE 
(Frequency of GM) 

555 718 1078 1436 2154 2870 4310 5751 
(754 1000 1500 2000 3000 3999 6000 7998) 

Subject S10 
65 10.56 11.13 -0.90 2.01 -4.39 -6.87 -8.76 
60 9.46 10.43 -2.00 -0.79 -6.29 -15.26 
55 7.96 7.63 -0.80 -3.19 -7.39 
50 4.13 -1.10 -4.09 -8.39 
45 1.13 -3.20 -7.79 
40 -3.10 
35 
30 
25 
20 

Subject Sl1 
65 4.66 0.83 -0.10 -2.37 -15.76 
60 2.46 -3.97 -1.80 -15.76 
55 1. 76 -6.70 
50 • 
45 
40 
35 
30 • 
25 
20 • • 

Subject S12 
65 6.16 7.23 1.90 -7.87 -3.97 
60 4.26 7.33 -1.20 
55 5.96 3.93 -4.20 
50 0.56 2.13 -5.00 
45 
40 -3.17 
35 
30 
25 
20 
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APPENDIX H, Continued 

Frequency of DPE 
(Frequency of GM) 

555 718 1078 1436 2154 2870 4310 5751 
(754 1000 1500 2000 3000 3999 6000 7998) 

Subject S13 
65 6.26 5.03 1.90 1.51 4.61 0.53 -1.37 -14.36 
60 2.56 -1.17 -0.80 0.01 -1.69 
55 -2.00 -2.89 -4.79 -17.06 
50 -7.30 -4.89 -7.99 
45 -9.00 -8.29 
40 • -9.09 
35 
30 
25 • 
20 

Subject S14 
65 3.06 5.53 1.90 -4.99 0.81 
60 3.46 1.03 -0.90 -7.69 -0.59 
55 1.56 -0.27 -2.70 -1.19 
50 -2.27 -6.90 -7.49 -8.19 
45 -2.34 
40 • 
35 
30 
25 
20 

Subject S15 
65 9.46 10.93 4.30 0.61 5.13 -4.07 -11.86 
60 8.26 8.23 2.00 -2.89 -1.47 
55 6.06 4.53 -0.80 -5.89 -7.27 
50 2.13 -2.40 
45 -5.20 
40 
35 • 
30 
25 
20 • 
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APPENDIX H, Continued 

Frequency of DPE 
(Frequency of GM) 

555 718 1078 1436 2154 2870 4310 5751 
<754 1000 1500 2000 3000 3999 6000 7998) 

Subject S16 
65 5.46 -1.17 -2.00 0.81 -2.49 3.23 7.33 -6.96 
60 3.96 -1.07 -5.30 -2.39 • -4.57 4.03 -13.76 
55 1.66 -2.57 -8.00 -7.99 -7.97 -1.67 
50 -7.57 
45 
40 
35 
30 
25 
20 

Subject S17 
65 16.96 17.23 16.00 6.21 -9.17 -3.07 -13.66 
60 17.66 15.03 12.10 6.91 
55 15.46 11.13 6.90 4.01 
50 13.16 6.43 0.40 0.11 
45 11.76 3.53 -2.10 -2.79 
40 8.56 2.63 -4.70 -5.29 
35 8.26 1.93 -4.80 
30 7.36 1.63 -7.60 
25 -0.07 • 
20 • -3.87 

Subject S18 
65 12.36 14.23 7.60 8.11 -10.17 3.23 -11.46 
60 6.56 10.73 5.60 4.11 • -5.17 -14.46 
55 5.43 3.00 0.01 
50 3.73 0.80 -3.89 
45 -2.50 -4.89 
40 
35 
30 
25 • • 
20 • • 



APPENDIX H, Continued 

Frequency of DPE 
(Frequency of GM) 

555 718 1078 1436 2154 
(754 1000 1500 2000 3000 

Subject S19 
65 6.96 3.33 -1.00 -8.49 
60 2.53 -2.10 -6.09 
55 -0.77 
50 
45 • 
40 
35 • 
30 
25 
20 

Subject S20 
65 14.36 14.33 11.70 7.51 0.41 
60 9.86 10.33 9.80 6.01 -1.59 
55 8.56 8.23 6.70 4.61 -2.79 
50 7.36 4.23 2.70 3.61 -6.79 
45 1.83 0.60 0.21 
40 -2.47 -1.60 -2.69 
35 -3.77 -2.60 -5.59 
30 -7.49 
25 • -7.89 
20 

Note: DPE = distortion-product emission 
GM = geometric mean of f1,f2 (Vf1f2 ) 
SPLp = sound pressure level of f1,f2 
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2870 4310 5751 
3999 6000 7998) 

-2.37 
-6.07 

l 

-10.37 5.73 -4.36 
0.93 -8.46 

-8.67 -13.36 
-16.86 
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