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ABSTRACT 

The objective of this study was to describe ways in 

which properties of human cochlear travelling waves may be 

manifested in characteristics of distortion-product 

otoacoustic emissions (DPOAEs). Four young adults served as 

subjects. DPOAE magnitude was studied for various frequency-

ratio and intensity relationships of the primary stimuli. 

Results revealed complex relationships between stimulus level 

(L) and frequency ratios (f). The optimal f2/fl ratios were 

highly dependent upon differences between LI and L2. Maximum 

distortion product amplitudes were encountered when L2 was 

smaller than LI for several stimulus conditions and when 

f2/f1 ratios were approximately 1.20 (range = 1.05 to 1.25). 

These observations replicate and extend the findings of prior 

investigations regarding the optimal parameters associated 

with the production of DPOAEs, and also provide evidence of 

the complex, nonlinear events leading to the creation of 

DPOAEs. 
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INTRODUCTION 

Recent thinking concerning cochlear function has been 

modified by the recognition that the cochlea not only 

receives sound, but also produces acoustic energy in the form 

of otoacoustic emissions (OAEs). The presence of OAEs in the 

outer ear canal provides evidence of the existence of active 

mechanisms within the cochlea. More specifically, it has 

been proposed that the outer hair cells of the cochlea 

function as active mechanical elements that regulate the 

sensitivity and frequency selectivity of the inner ear 

(Johnstone, Patuzzi, & Yates, 1986; Kemp, 1979a; Mountain, 

1986; Wit, Langevoort & Ritsma, 1981). Davis (1983) proposed 

that there exists a "cochlear amplifier" involving active 

mechanical feedback from the outer hair cells to the basilar 

membrane. This feedback alters sensitivity of the ear and 

sharpness of tuning by enhancing the vibration of a narrow 

region of the basilar membrane. 

Although investigators still support some the 

traditional views of cochlear function, such as the theory of 

the travelling wave (Bekesy, 1960), recent findings focus on 

micromechanical events to explain how the cochlea operates. 

Bekesy's travelling wave can be described as a displacement 

of the cochlear partition that appears in the region near the 

oval window. It extends toward the helicotrema with an 
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amplitude that gradually increases to a local maximum and 

subsequently decreases rapidly toward zero. Gradients of 

increasing width and decreasing stiffness of the basilar 

membrane support a mapping of sound frequencies from high to 

low along the basal to apical dimension. The travelling wave 

is "macromechanical" because it incorporates the mechanical 

properties of many structures (e.g., basilar and tectorial 

membranes, hair cells, supporting structures) at a single 

place on the basilar membrane as a single manifestation of 

mass, stiffness, damping and coupling at that point (Clopton, 

1986). This place-dependent representation of frequency 

along the basilar membrane forms the basis for our 

understanding of the cochlear determinants of frequency 

selectivity. However, passive macromechanical events alone 

have been suggested to be inadequate to explain the exquisite 

sensitivity and frequency selectivity of the cochlear 

response (Davis, 1983). 

Several lines of investigation have contributed to the 

question of whether macromechanical events can completely 

describe cochlear mechanics. First, anatomical studies have 

demonstrated that more than 90% of the afferent neural supply 

from the cochlea arises from single inner hair cells (IHCs) 

(Spoendlin, 1972). Second, Evans and Wilson (1975), Geisler, 

Rhode and Kennedy (1974) and Kiang, Moxen and Levine (1970) 
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investigated response properties of single neurons of the 

auditory nerve and demonstrated that the neurons, hence the 

hair cells of the cochlea, are sharply tuned. Third, Evans 

(1975) and Evans & Klinke (1974) demonstrated that this sharp 

tuning is vulnerable to metabolic insult. And finally, 

sharply tuned active energy sources in the cochlea have been 

revealed through the production of otoacoustic emissions 

(Kemp, 1978). 

Micromechanical models have two special properties: 

Active biological processes and nonlinearities. Active 

processes overcome damping through feedback that amplifies, 

delays, and returns energy beyond that supplied by the 

incoming sound energy to create a sharply tuned mechanism. 

Nonlinear systems produce mechanical distortion. The active, 

nonlinear properties somehow contribute to the exquisite 

sharpness of tuning of the cochlear travelling wave at low 

levels of stimulation. 

One structure, the hair cell, is considered to be an 

active element in cochlear mechanics. When Davis (1983) 

introduced his "cochlear amplifier" concept, he suggested 

that the structures directly responsible for this 

amplification are the outer hair cells (OHCs). Several 

pieces of evidence point to this conclusion: First, both 

OHCs and active processes demonstrate vulnerability to a 
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variety of ototrauxnatic influences. For example, when OHCs 

are damaged or missing as a result of exposure to intense 

noise or ototoxic drugs, frequency selectivity and sharpness 

of tuning suffer (Engstrom, Flock, & Borg, 1983). OHCs 

demonstrate motile capabilities (Brownell, Bader, Bertrand, & 

Ribaupierre, 1985). Actin has been observed in hair cells, 

and myosin has been observed at the base of the stereocilia 

in and about the cuticular plate. Both actin and myosin 

occur in filaments in muscle, and if found in a cell, could 

support active mechanical properties (Flock, Cheung, Flock, & 

Utter, 1981). Brownell et al. (1985) observed isolated OHCs 

to respond to a variety of forms of stimulation by changes in 

length (electrical, pharmacologic, acoustic, etc.). In 

contrast to the IHCs, OHCs have a sparse afferent innervation 

and rich efferent neural supply that terminates directly on 

the cell bodies (Spoendlin, 1972). The motile behavior of 

the OHCs may be influenced by the efferent nervous system, 

either to activate or regulate mechanical change of the OHCs 

(Flock & Strelioff, 1984). Thus, if active mechanical 

contraction in hair cells is influenced by local events, 

tuning along the basilar membrane may be changeable and under 

dynamic control. 

Distortion-product otoacoustic emissions (DPOAEs) are 

byproducts of nonlinear cochlear responses. They consist of 
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energy that may be found at frequencies that are not present 

in the eliciting stimuli. In discussing DPOAEs, the 

frequencies of the two eliciting stimuli, called fl and f2, 

commonly are referred to as the primary tones. The primary 

tone fl is always located lower in frequency than f2 (fl<f2). 

The frequencies of the resulting DPOAEs are related to the 

primary tones by simple algebraic expressions. A so-called 

third-order intermodulation distortion product, sometimes 

referred to as the cubic difference tone, is located at the 

frequency of 2fl-f2, and is the most prominent and most 

thoroughly measured DPOAE. The prevalence of DPOAEs has been 

reported at 100% in normal listeners (Harris, 1990; Kemp, 

Bray, Alexander, & Brown, 1986; Lonsbury-Martin, Harris, 

Stagner, Hawkins, & Martin, 1990), and they are most commonly 

found in the frequency range of 1 to 8 kHz. 

The amplitude of the 2fl-f2 response is related to 

several factors including the frequency region and level of 

the primary tones as well as the amount of frequency 

separation of the primaries, which is commonly referred as 

the f2/f1 ratio. 

A few investigations of human subjects have examined 

distortion-product amplitude characteristics for various 

primary-tone frequency and intensity relationships. Some 

studies have explored optimal DPOAE amplitudes across certain 
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primary frequency ratio relationships. In addition, other 

studies have focused on the relative intensities of the 

primary stimuli required to generate the most robust DPOAEs. 

Harris, Lonsbury-Martin, Stagner, Coats and Martin (1989) 

reviewed changes in human distortion-product amplitude as a 

function of f2/fl ratio. Their general finding was that the 

primary tones should have greater separation and intensity 

levels to generate DPOAEs in the low-frequency region, and 

less separation, with low intensities, to generate optimal 

DPOAEs in the high-frequency region. Gaskill and Brown 

(1990) found evidence that distortion-product intensity 

levels are systematically related to the ratio of f2 to fl. 

They reported that the f2/fl ratio for generating the maximum 

level of distortion varies only slightly with frequency, and 

typically is 1.225:1. Gaskill and Brown observed distortion-

product amplitudes as a function of stimulus intensity level 

in two ways: (a) incrementing equilevel primaries from 30 to 

70 dB SPL revealed that the distortion product level 

saturates when the stimulus levels reach 60 to 65 dB SPL, and 

(b) maximal distortion amplitude is generated when the 

intensity level of LI exceeds the intensity level of L2 by 15 

dB SPL. 

Wilson (1980) found the largest distortion-product 

amplitudes with f2/fl ratios between 1.1 and 1.2. Kemp and 
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Brown (1983) reported maximal amplitudes in 6 ears at f2/fl 

ratios of 1.25. It should be noted, however, that some 

studies measured parametric features of DPOAEs in areas 

coinciding with a spontaneous otoacoustic emission (SOAE) or 

a dominant emission frequency of transiently-evoked 

otoacoustic emissions (TEOAE). SOAEs are defined as low-

level tone-like sounds that occur in the absence of any 

intentional stimulation of the ear (Glattke & Kujawa, 1991). 

TEOAEs have been defined by Kemp (1978) as "stimulated 

acoustic emissions" because they are elicited by brief 

acoustic stimuli. It has been demonstrated by Wilson (1980) 

that DPOAE levels can be relatively large when measured in 

frequency regions that coincide with TEOAEs or SOAEs. 

Similar findings regarding stimulus parameters needed to 

create robust DPOAEs are reported elsewhere in the 

literature. Whitehead, Lonsbury-Martin, and Martin (1990) 

investigated the effects of parametric variation on DPOAEs in 

rabbits. They concluded that for the DPOAE 2fl-f2, the 

optimal f2/fl ratio has a mean of 1.31, decreases with 

frequency and varies nonmonotonically with level. In 

addition, they concluded that the slopes of the lower-level, 

linear portions of L1=L2 input/output (I/O) functions are 

typically slightly greater than 1 dB/dB, and are relatively 

independent of both the frequency and the frequency 
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separation of the primaries. Whitehead, Lonsbury-Martin and 

Martin (1991) completed a comparative investigation of DPOAE 

in rabbit and human ears and found significant quantitative 

and qualitative differences in the parametric behavior of the 

2fl-f2 DPOAE in rabbits and humans, which suggests 

differences in the underlying emission generators. 

The presence of distortion products in the human 

auditory system has been studied for many years. One of the 

first investigators of distortion products, Helmoltz (1870) 

investigated harmonic distortion, and suggested that the 

generation of this phenomenon occurred in the middle ear 

system. This idea was supported by Bekesy (1934) from 

studies of overdriving the middle ear structures at high 

intensity levels and observing the resulting harmonic 

distortion. However, Kemp (1979b) investigated otoacoustic 

emissions resulting from the distortion of low-level stimuli 

and speculated that the site of generation of 2fl-f2 is 

located somewhere along the basilar membrane in the cochlear 

partition. Cochlear hardware models that replicate human 

basilar membrane motion suggested the existence of distortion 

products generated from the basilar membrane of the inner ear 

(Hall, 1974; Zwicker, 1986). 

Hall provided a model that represented the entire length 

of the basilar membrane. Hall found that in the model, there 
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is a vibration pattern with a frequency of 2fl-f2 located at 

the point normally associated with f2. Zwicker provided a 

cochlear hardware model that contained or produced activity, 

feedback and nonlinearity, the three qualities that 

characterize the modern concepts of basilar membrane 

mechanics, simultaneously. Zwicker concluded that DPOAEs are 

produced in the feedback loops of the model because these are 

the areas of nonlinearity. After production, the energy 

travels from the feedback loops to appropriate locations 

along the basilar membrane corresponding with the distortion 

product frequencies. 

Other investigators such as Martin, Lonsbury-Martin, 

Probst, Scheinin, and Coats (1987) and Schmeidt (1986) used 

suppression, interfering tones and temporary threshold shift 

procedures in laboratory animals to describe more 

definitively the precise contributions of the basilar 

membrane regions involved in generating DPOAEs. Martin's et 

al. demonstration in rabbits indicated that for the DPOAE 

2fl-f2, regions near the fl or f2 frequencies were the major 

contributors to the emitted response. However, for the 

higher frequency 2fl-f2, the basilar membrane region closer 

to the f2 site seemed to be the generator. Similarly, 

Schmeidt found that temporary threshold shifts of an acoustic 

emission in cats and gerbils occurred in a specific cochlear 
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region closer to f2 than to the region that is maximally 

responsive to fl. 

The present study was undertaken to expand observations 

obtained in prior investigations of stimulus conditions 

associated with the creation of DPOAEs. A question that 

arises is: can the characteristics of human cochlear 

travelling waves be illustrated by manipulating primary-tone 

frequency ratio and intensity parameters and observing the 

relative intensity level of the resulting DPOAE across these 

parameters? The objective of this study was to obtain 

records of human DPOAE intensity levels across various 

primary-tone frequency ratio and intensity relationships. 

The general purpose of this study was to measure acoustic 

distortion products in human ears to investigate more 

completely the mechanisms that may be responsible for this 

phenomenon. 
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Four young adults (3 females, 1 male) who met all 

selection criteria were recruited from the University of 

Arizona campus community to participate in the study. 

Compensation was provided for those individuals who were 

eligible for participation. Subjects were included based on 

the following selection criteria: (a) Age 18 or older; (b) 

otoscopic observation revealed a clear and unobstructed view 

of a healthy eardrum; (c) normal hearing sensitivity across 

conventional audiometric test frequencies (normal hearing 

sensitivity re: 15 dB HL or better across 250 to 8000 Hz 

(ANSI, 1969)); (d) normal eardrum mobility (with a static 

compliance range from 0.39 to 1.30cc) and normal middle ear 

pressure (within plus or minus 50 mmH20) from an immitance 

study; (e) Normal acoustic reflexes (70-100 dB HL) in 

response to 500, 1000, 2000 and 4000 Hz contralaterally and 

at 1000 and 2000 Hz ipsilaterally, and normal acoustic reflex 

response to white noise (65 dB HL). 

If the criteria of normal auditory sensitivity were met, 

the subject was then seated in a sound-treated booth and 

screened to rule out the presence of spontaneous otoacoustic 

emissions (SOAE). The instrumentation used in the core of 

the study, which will be described in greater detail, was 

used to sample the sound spectrum in subject's ear canal. 
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The spectral analyzer was adjusted to sample frequency 

windows of 500 Hz at a starting point from 1000 Hz and 

extending up through 6000 Hz. A SOAE was defined as a 

narrowband spectral maximum that exceeded the noise floor by 

3 dB. Subjects were disqualified from the study if a 

repeatable SOAE existed anywhere in the measured frequency 

range. 

Primary tones fl and f2 were then synthesized by 

programmable function generators. The two continuous tones 

were fed simultaneously to the ear canal via the two probe 

earphones. The sound spectrum could be measured while the 

primary tones could be adjusted manually with separate 

attenuators to be of equilevel intensities at 50 dB SPL. If 

a subject demonstrated a DPOAE that was at least 3 dB above 

the noise floor, then he or she qualified for the study. 

For the main part of the investigation, a computer 

program was used to synthesize the primaries at varying 

ratios. The primary fl was always fixed in frequency at 3500 

Hz. The program allowed the primary f2 to be changed in 

frequency to create f2/fl ratios from i.05 to 1.5 in .05 

increments for a total of 10 ratio conditions. 

The sound pressure levels of LI and L2 were controlled 

separately by manual attenuators. At each ratio condition, 

LI was fixed at one of three separate intensity conditions of 
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40, 50, and 60 dB SPL, while L2 was raised or lowered 

randomly in intensity in 5 dB steps until L2 = 0 dB SPL or 

L2=L1. Because distortion product levels saturate when 

primary tone levels reached approximately 60 dB SPL, and for 

the purpose of eliminating discomfort, subjects were not 

tested with stimulus levels above 60 dB SPL. 

Before measuring the DPOAE amplitude, the noise floor 

was recorded at the predicted DPOAE site in the absence of f2 

and fl. This was done to compare observations in the noise 

before and during presentation of the stimuli. The level of 

the 2fl-f2 distortion product, in each ratio/intensity 

condition was measured by using a cursor incorporated into 

the spectral analyzer display and recorded by hand onto a 

worksheet. Including observations of the noise floor before 

the onset of the primary stimuli, 100, 120, and 140 records 

were obtained in the 40, 50 and 60 dB SPL conditions of LI, 

respectively, for a total of 360 records per session. Eight 

samples of spectra were used to produce an average from which 

each SPL measure was obtained. The averaging procedure was 

conducted twice for each data point, and was performed across 

the 10 different ratios and repeated once for LI at 40, 50 

and 60 dB SPL. The entire repeated measure procedure 

consisted of 12 hours of time for each subject, broken into 

six 2 hour sessions. 



INSTRUMENTATION 

Because DPOAEs are very low-intensity sounds, they must 

be extracted from the background noise present in the 

external ear canal. In this study, the sound in the ear 

canal was detected by a sensitive microphone array (Etymotic 

Research ER-10). The array was coupled to the ear canal by 

fitting the housing with a soft foam tip and inserting the 

apparatus into the ear canal. An air tight seal was not 

required for DPOAE detection, however, the position of the 

microphone had to be constant during the recording session to 

insure that the sound levels recorded in the ear canal 

remained stable. Two miniature earphones (ER-2) were coupled 

to the probe so that sounds could be presented to elicit 

DPOAEs. The electric signals developed by the microphone 

were led through an amplifier/filter system before averaging. 

The filter used in this study was used to reduce the 

contribution of low frequency energy below 400 Hz to reduce 

the background noise. After the signals were filtered and 

amplified, they were led to an averager. Spectrum averaging 

was used in concert with 500 Hz and 1000 Hz windows selected 

to provide appropriate resolution of the frequency domain. 
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RESULTS 

Eight individuals were screened to select the subjects 

who participated in this study. Individuals who were not 

selected included 1 who had spontaneous otoacoustic 

emissions, 1 who had a previously undiscovered hearing loss, 

and 2 for whom satisfactory recordings could not be obtained. 

The four subjects who remained in the investigation completed 

all recording sessions. 

The basic data set consisted of the SPL of either the 

noise floor, located at a frequency that was at the 

anticipated distortion product site recorded in the absence 

of external stimuli, or the SPL of the distortion product, 

located at 2fl-f2, for each of 360 stimulus conditions. The 

stimuli were preselected values of fl, f2, LI, and L2. Data 

for all frequency ratios for a specific LI value (40, 50, or 

60 dB) were gathered in a single recording session for each 

subject. Each recording session was repeated once. The 

average noise floor, maximum DPOAE SPL values, and the 

maximum DPOAE signal-to-noise ratios (SNRs) are listed in 

Table 1. The lowest noise floor was -25.8 dB SPL and was 

encountered for subject 3. The highest noise floor was -

11.65 dB SPL and was recorded from subject 2. Maximum SPLs 



CONDITION 

TRIAL #1 TRIAL #2 

CONDITION NF DPOAE SPL SNR NF DPOAE SPL SNR 

LI = 40 dB -20.9 -0.25 20.65 -22.0 -0.70 21.30 
Subject 1 LI = 50 dB -20.9 5.75 26.60 -20.9 4.95 25.80 

LI = 60 dB -21.1 9.90 30.95 -21.3 8.70 30.00 

LI — 40 dB -22.5 -15.25 7.20 -20.7 -16.85 3.80 
Subject 2 LI 

= 
50 dB -21.3 -5.50 15.75 -22.7 -13.00 9.70 

LI = 60 dB -20.1 2.00 22.05 -21.5 2.35 23.85 

LI — 40 dB -20.9 -5.00 15.90 -21.2 -4.25 16.90 
Subject 3 LI 

= 
50 dB -21.0 2.50 23.45 -22.2 1.60 23.75 

LI ~ 60 dB -21.4 4.90 26.30 -23.0 5.10 28.10 

LI — 40 dB -19.0 -11.90 7.10 -20.0 -16.60 3.35 
Subject 4 LI 

= 
50 dB -21.7 -3.00 18.65 -21.0 0.50 21.50 

LI 
= 
60 dB -21.8 6.60 28.40 -20.3 6.50 26.80 

Table 1. Trial 1 and Trial 2 data showing individual subjects' noise floors 
(expressed in dBSPL) at the 2fl-f2 DPOAE site before the presentation of the 
primary stimuli, the 2fl-f2 DPOAE (expressed in dBSPL), and the resulting 

signal-to-noise ratio (SNR) of the 2fl-f2 DPOAE 
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of the DPOAEs ranged from +9.9 dB SPL for LI = 60 dB SPL to -

15.25 dB SPL for LI = 40 dB SPL. 

Inasmuch as the maximum DPOAE and noise floor values did 

not differ significantly between repeated trials for each 

subject (t = 0.71, p > .05), the data that are reported for 

each subject are based upon the average amplitude of the 

DPOAEs and noise floor estimates for the two sessions. To 

accomodate for the range of the absolute values, the data 

were transformed to signal to noise ratios by obtaining the 

difference between each DPOAE value and the associated noise 

floor value for each individual measure obtained on each 

subject. Finally, if the DPOAE-NF difference was less than 3 

dB, the DPOAE was considered to be spurious, and the value of 

that data point was reset to 0 dB. 

From the group data, 3-dimensional graphs were created 

for the three LI stimulus SPL conditions of 40 dB, 50 dB and 

60 dB. The three figures illustrate complex relationships 

among DPOAEs and stimulus conditions. The average DPOAE 

maximum amplitudes across subjects were 10 dB, 19 dB and 26 

dB above the noise floor for the conditions of LI of 40 dB, 

50 dB and 60 dB, respectively (figures 1-3). The average 

f2/fl ratio associated with the most robust DPOAE was 1.20:1, 

while the average L1-L2 difference was 10 dB across all three 

conditions. 
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FIGURE 1. DPOAE AMPLITUDE GROUP MEANS (signal-to-noise 
ratios) FOR THE Ll=40dB CONDITION AS A FUNCTION OF F2/F1 

RATIO AND L2. 
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FIGURE 2. DPOAE AMPLITUDE GROUP MEANS (signal-to-noise 
ratios) FOR THE Ll=50dB CONDITION AS A FUNCTION OF F2/F1 

RATIO AND L2. 



2« 
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FIGURE 3. DPOAE AMPLITUDE GROUP MEANS (signal-to-noise 
ratios) FOR THE Ll=60dB CONDITION AS A FUNCTION OF F2/F1 

RATIO AND L2. 
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To describe the growth pattern of the DPOAE, the f2/fl 

ratio that produced the most robust DPOAE in the Ll=60dB 

condition was identified. The magnitude of the DPOAE at that 

frequency was then determined for all L1/L2 combinations. 

The slope of the function relating DPOAE amplitude to L2 was 

then expressed as dB (DPOAE) / dB (L2) for each LI condition. 

Slopes of the three DPOAE growth functions were calculated as 

0.2, 0.4 and 0.6 dB/dB for the respective conditions of LI at 

40 dB, 50 dB, and 60 dB. Slopes of DPOAE growth functions 

never exceeded 1 dB/dB SPL when based on averages obtained 

across subjects. 

The range of f2/fl ratios that resulted in detection of 

DPOAEs increased as the level of LI increased. For example, 

in the 40 dB condition, f2/fl ratios that produced reliable 

DPOAE responses ranged from 1.05 to 1.25. As the LI stimulus 

level increased to 60 dB, the effective f2/fl ratio increased 

from 1.05 to 1.40. 

Although the group data suggest somewhat smooth growth 

functions and well-defined slopes, the inter-subject 

variability is clearly evident from an examination of the 

DPOAE growth functions of each subject. The following data 

will be described in order of the three LI stimulus level 

conditions of 40, 50, and 60 dB. Subject 1 demonstrated 

maximum DPOAE signal-to-noise ratios of 21, 26, and 30 dB. 
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The slopes of the growth functions of the most robust DPOAEs 

were calculated at 0.5, 0.7 and 0.9 dB/dB SPL. The f2/fl 

ratio condition that produced the most robust DPOAE growth 

function was at 1.15:1, while the L1-L2 difference at the 

maximum DPOAE level was observed at 5, 10, and 10 dB SPL for 

the 40, 50 and 60 dB conditions of LI. 

Subject 2 demonstrated maximum DPOAE signal-to-noise 

ratios of 4, 12, and 23 dB. The slopes of the growth 

patterns of the most robust DPOAEs were calculated at 0.0, 

0.4 and 0.7 dB/dB SPL. Note that a DPOAE signal-to-noise 

ratio greater than 3 dB was never detected in the Ll=40 dB 

condition. The f2/fl ratio condition that produced the 

steepest DPOAE growth function was at 1.20:1, while the L1-L2 

difference at the maximum DPOAE level was observed at 5, 5, 

and 10 dB SPL for the 40, 50 and 60 dB conditions of LI. 

Subject 3 demonstrated DPOAE signal-to-noise ratio 

maxima of 16, 23, and 27 dB. The slopes of the growth 

functions of the most robust DPOAEs were calculated at 0.1, 

0.4 and 0.7 dB/dB SPL. The optimal f2/fl ratio condition 

that produced the steepest DPOAE growth function was at 

1.15:1, while the L1-L2 difference at the maximum DPOAE level 

was observed at 0, 15, and 15 dB SPL for the 40, 50 and 60 dB 

conditions of LI. 
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Subject 4 demonstrated DPOAE signal-to-noise ratio 

maxima of 5, 20, and 27 dB. The slopes of the growth 

functions of the most robust DPOAEs were calculated at 0.2, 

0.3 and 0.5 dB/dB SPL. The optimal f2/fl ratio condition 

that produced the steepest DPOAE growth function was at 

1.20:1, while the L1-L2 difference at the maximum DPOAE level 

was observed at 10, 15, and 10 dB SPL for the 40, 50 and 60 

dB conditions of LI. 

At high levels of stimulation (for example, in the 

Ll=60dB condition), it was observed across all subjects that 

there exist several maxima and minima in the functions 

relating DPOAE amplitude to f2/fl ratio. These patterns were 

highly idiosyncratic, and there was no replication of the 

location of a maxima or minima across subjects. 
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DISCUSSION AND CONCLUSION 

The data revealed DPOAE patterns similar in general 

shape to those reported by other authors (Gaskill & Brown, 

1990; Harris et al., 1989; Whithead et al., 1990; Whitehead 

et al., 1991; Wilson, 1980). Maximum DPOAE amplitudes were 

found to be associated with f2/fl ratios between 1.15 and 

1.20, and L2-L1 differences of 0 to 15 dB. Optimal f2/fl 

ratios for creating the most robust DPOAE amplitudes were 

found to be similar to data from Harris et al. (1989). 

Similarly, Gaskill and Brown (1990) found the optimal ratio 

for generating the maximal level of distortion typically is 

1.225:1. Wilson (1980) found the largest DPOAE amplitudes 

with f2/fl ratios between 1.1 and 1.2. Whitehead et al. 

(1990) found similar results in rabbits, in which the optimal 

f2/fl ratio has a mean of 1.31:1 which decreases with 

frequency and nonmonotonically with level. However, their 

results on linear DPOAE growth patterns showed slopes 

slightly greater than 1 dB/dB, whereas in the present study, 

slopes of DPOAE growth function in humans never exceeded 1 

dB/dB. This might suggest that there exist differences in 

the underlying emission generators between the ears of humans 

and rabbits. 
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This study expanded information on patterns associated 

with the levels of the primary stimuli. Gaskill and Brown 

(1990) found that maximal distortion is generated when the 

intensity level of LI exceeds the intensity level of L2 by 15 

dB SPL, which is also in good agreement with the results from 

this study. In this study, however, LI and L2 interactions 

were found to be idiosyncratic for each subject. This 

variability suggests that complex factors not revealed by 

routine threshold audiometry and immittance measures may be 

influencing the response. 

This study demonstrated observations that were 

previously cited by only one other study. One observation 

was that, while each subject showed highly repeatable DPOAE 

generation across L2-L1 differences and f2/fl ratio 

conditions within repeated measures, each subject 

demonstrated highly irregular DPOAE patterns characterized by 

fluctuating maxima and minima across the parametric 

conditions. Whitehead et al. (1991) made observations by 

producing 3-dimensional charts of DPOAE generation in rabbits 

and found evidence that the saturation, "roll-over", and 

"notching" of the DPOAE growth patterns seen at the higher 

primary levels seem to vary with f2/fl ratio. Their results 

show a clear irregularity of the DPOAE "existence region" 

surface at the higher stimulus levels. Their observations 
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particularly showed that maxima and minima appear close to 

the optimal f2/fl ratio at primary stimulus levels of around 

60 dB SPL. 

The present study similarly revealed that the form of 

DPOAE growth patterns at higher levels, i.e., the occurrences 

of notches and saturation, is dependent on the frequency 

separation and the level differences of the primaries. This 

may mean that mechanical differences along the basilar 

membrane may contribute to the irregular DPOAE patterns as 

f2/fl relationships are altered. Middle ear effects should 

contribute very little to the patterns of these results 

because all stimuli were located at frequencies at or above 

3500 Hz (Kemp et al., 1986). 

The variability of DPOAE generation characteristics 

across subjects suggests the possibility of subtle influences 

on the mechanisms responsible for DPOAE generation. Many 

factors have been suggested to affect DPOAE generation, 

including aging (Lonsbury-Martin et al., 1990), ototoxic 

agents (Brown, McDowell, & Forge, 1989), noise exposure 

(Martin et al., 1987), and gender (Strickland, Burns & Tubis, 

1985). It should be noted that the single male subject in 

the this study demonstrated DPOAE patterns which differed 

from those associated with the female subects. The principle 

differences were in absolute magnitude of the DPOAEs. 
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From the group data, it can be concluded that the 

internal (intracochlear) representation of 2fl-f2 occurs over 

a relatively broad f2/fl range for low levels of stimulation. 

In contrast, at higher levels of stimulation, the maximum 

amplitude of 2fl-f2 appears at the intracochlear region where 

f2 is about 1.2 times greater than fl. Smaller f2/fl ratios 

result in attenuation of the response. This finding offers 

partial support to other investigators (Brown, 1988; Davis, 

1983; Johnstone et al., 1986) who suggested that DPOAEs are 

generated as a byproduct of the enhancements provided by the 

"cochlear amplifier" in a narrow region along the basilar 

membrane. This region is proposed to be located 1/2 octave 

apically from the point of the maximum displacement of a 

passive travelling wave. When the f2/fl ratio is 1.2:1, the 

position of f2 is approximately 1/2 octave above the 2fl-f2 

DPOAE. This finding is consistent with concepts regarding 

the differences in location of disturbances caused by passive 

and active responses within the cochlea. Brown and Gaskill 

(1990) found similar evidence using low levels of sound 

stimulation, where DPOAE maximas occurred when the distortion 

frequency, regardless of component or f2 frequency, fell just 

over half an octave below the high frequency stimulus. They 

also concluded that a high pass filter is in operation from 



the fact that DPOAE amplitudes decline as the stimuli 

diverge. 

Results from this study expand information provided by 

previous studies concerning the origin of 2fl-f2. Brown and 

Gaskill (1990) hypothesized that distortion produced by low 

level stimuli is due to activity at the f2 region on the 

cochlear partition, and that the sound measured in the ear 

canal has passed through an additional cochlear filter 

(possibly the tectorial membrane). However, at higher levels 

of stimulation, they found the response to be more difficult 

to interpret. They concluded that, at higher levels of 

stimulation, there may be distinct sources of 2fl-f2 caused 

by secondary modulation of fl by f2-fl. Similarly, the 

results of this study provides evidence that the origin of 

the 2f1-f2 response is highly dependent on the f2 place of 

stimulation. As f2 diverges basally from fl, there appears 

to be a gradual decline in amplitude of the 2fl-f2 DPOAE at 

low levels of stimulation. 

It is clear from the present study that the interaction 

of signals within the cochlea is complex. Further studies 

should explore tuning characteristics of the basilar membrane 

using methods of distortion-product generation to investigate 

more closely the complex active mechanisms and nonlinear 

events associated with low levels of stimulation. 
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Group Data 

LI CONDITION DPOAE MAXIMUM SNR F2/F1 RATIO L1-L2 Slope 

Ll=40dB 

Ll=50dB 

Ll=60dB 

10.044 

19.125 

26.312 

1.20 

1.20 

1.20 

10 

10 

10 

0.2 

0.4 

0.6 

Subject 1 

LI CONDITION DPOAE MAXIMUM SNR F2/F1 RATIO L1-L2 Slope 

Ll=40dB 

Ll=50dB 

L2=60dB 

20.975 

26.175 

29:575 

1.15 

1.15 

1.15 

05 

10 

10 

0.5 

0.7 

0.9 

Subject 2 

LI CONDITION DPOAE MAXIMUM SNR F2/F1 RATIO L1-L2 Slope 

Ll=40dB 

Ll=50dB 

L2=60dB 

04.075 

12.350 

22.850 

1.20 

1.20 

1.20 

05 

05 

10 

0.0 

0.4 

0.7 

Subject 3 

LI CONDITION DPOAE MAXIMUM SNR F2/F1 RATIO L1-L2 Slope 

Ll=40dB 

Ll=50dB 

L2=60dB 

16.400 

23.475 

27.200 

1.15 

1.15 

1.15 

00 

15 

15 

0.1 

0.4 

0.7 

Subject 4 

LI CONDITION DPOAE MAXIMUM SNR F2/F1 RATIO L1-L2 Slope 

Ll=40dB 

Ll=50dB 

L2=60dB 

05.225 

20.075 

27.075 

1.20 

1.20 

1.20 

10 

15 

10 

0.2 

0.3 

0.5 

Table 2. Group and individual subject data showing for 
each condition of LI: DPOAE maxima (expressed in 

signal-to-noise ratios (SNR)), the values of the two 
parametric conditions (F2/F1 RATIO and L1-L2) which 

produced the resulting DPOAE amplitudes, and the slopes 
of the DPOAE amplitude growth curves as a function of 

L2. 
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FIGURE 4. DPOAE AMPLITUDE FOR SUBJECT 1 {signal-to-noise 
ratios) FOR THE Ll=40dB CONDITION AS A FUNCTION OF F2/F1 

RATIO AND L2. 
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FIGURE 5. DPOAE AMPLITUDE FOR SUBJECT 1 (signal-to-noise 
ratios) FOR THE Ll=50dB CONDITION AS A FUNCTION OF F2/F1 

RATIO AND L2. 
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FIGURE 6. DPOAE AMPLITUDE FOR SUBJECT 1 (signal-to-noise 
ratios) FOR THE Ll=60dB CONDITION AS A FUNCTION OF F2/F1 

RATIO AND L2. 
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FIGURE 7. DPOAE AMPLITUDE FOR SUBJECT 2 (signal-to-noise 
ratios) FOR THE Ll=40dB CONDITION AS A FUNCTION OF F2/F1 

RATIO AND L2. 
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FIGURE 8. DPOAE AMPLITUDE FOR SUBJECT 2 (signal-to-noise 
ratios) FOR THE Ll=50dB CONDITION AS A FUNCTION OF F2/F1 

RATIO AND L2. 
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FIGURE 9. DPOAE AMPLITUDE FOR SUBJECT 2 (signal-to-noise 
ratios) FOR THE Ll=60dB CONDITION AS A FUNCTION OF F2/F1 

RATIO AND L2. 





54 

FIGURE 10. DPOAE AMPLITUDE FOR SUBJECT 3 (signal-to-noise 
ratios) FOR THE Ll=40dB CONDITION AS A FUNCTION OF F2/F1 

RATIO AND L2. 
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FIGURE 11. DPOAE AMPLITUDE FOR SUBJECT 3 (signal-to-noise 
ratios) FOR THE Ll=50dB CONDITION AS A FUNCTION OF F2/F1 

RATIO AND L2. 
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FIGURE 12. DPOAE AMPLITUDE FOR SUBJECT 3 (signal-to-noise 
ratios) FOR THE Ll=60dB CONDITION AS A FUNCTION OF F2/F1 

RATIO AND L2. 
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FIGURE 13. DPOAE AMPLITUDE FOR SUBJECT 4 (signal-to-noise 
ratios) FOR THE Ll=40dB CONDITION AS A FUNCTION OF F2/F1 

RATIO AND L2. 
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FIGURE 14. DPOAE AMPLITUDE FOR SUBJECT 4 (signal-to-noise 
ratios) FOR THE Ll=50dB CONDITION AS A FUNCTION OF F2/F1 

RATIO AND L2. 
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FIGURE 15. DPOAE AMPLITUDE FOR SUBJECT 4 (signal-to-noise 
ratios) FOR THE Ll=60dB CONDITION AS A FUNCTION OF F2/F1 

RATIO AND L2. 
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