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Tonal signalscontinuouslyswept in frequencywere usedin someof the earliestinvestigationsof distortion productotoacoustic

emissions(DPOAEs)(e.g., Brown andKemp,1984). This techniquehasrecentlycomeinto useagain(e.g., Long,Talmadge,& Lee,

2008) andcertainlyprovidestheopportunityto rapidly recordDPOAEdataat very high frequencydensity. However,stimulustones

at discretefrequencieshavebeenthe usedin the vastmajority of reportson DPOAEsto date. DPOAEsrecordedusing thesetwo

techniquesneedto be thoroughlyandcarefully compared. Long et. al., (2008) showedthe equivalencebetweenDPOAEsrecorded

usingtonesat discretefrequenciesandtonessweptin frequencyat 8 or 16 s/octaveandin six humanearsfor f2 frequenciesup to 4

kHz. In this reportwe compareDPOAEsrecordedusingswept- anddiscrete-frequencystimuli in a populationof approximately100

humanears. DPOAEswererecordedon the sameday usingtwo different hardwareandsoftwaresetupsfrom eachearbetweenf2

frequenciesof 0.5 and16 kHz usinga stimulusfrequencyratio of 1.22 andthreestimuluslevel combinations(L1/L2 = 55/40, 65/55,

75/75). DPOAElevelsrecordedusingthetwo different techniqueswill becomparedstatisticallyacrossthewholepopulationaswell

asin specificagegroups.

Stimulus tonescontinuouslyswept in frequencywere used to record DPOAEs in someof the earliest

publications(e.g., Brown and Kemp, 1984). Measurementssystemsand practiceshave sinceevolved to

predominantlyusetonespairsat discretefrequenciesto recordDPOAEs. Sophisticatedstrategieshavebeen

developedand deployed to achieve criterion noise levels and/or signal-to-noise ratios (SNR) before

recordingis terminatedfor any given stimulus-frequencypair. Such strategiesare particularly useful in

clinical systemswhereautomaticdecisionmakingis of greatadvantage.

When recordedat closely spacedfrequencies,DPOAEsdemonstratea pseudo-periodic patternof

peaksandvalleys,typically referredto asfine structureor microstructure. Finestructuredepthis sensitiveto

minor insultsto the cochlea(EngdahlandKemp,1996). Increasinginterestin evaluatingthe clinical utility

of DPOAEfine structurehasbeenstymiedby the time consumingprocessof recordingDPOAEsat closely

spacedfrequencies. This practicaldifficulty canpotentiallybe overcomeby usingstimulustonessweptin

frequency.

TheequivalencebetweenDPOAEsrecordedusingsweptfrequencystimuli andthoserecordedusing

traditionaldiscretefrequencystimuli hasto be carefully evaluatedbeforethis new recordingparadigmcan

be adoptedfor clinical use. Without suchequivalenceDPOAEsrecordedusing sweptfrequencystimulus

tonescould not be evaluatedagainstexistingnormativedatasetswhich wereall establishedusingdiscrete

frequencystimulus tones. Long et al., (2008) have demonstratedvirtual equivalencebetweenDPOAE

recordedusingsweptanddiscretefrequencystimuli on six humanearsfor f2 frequenciesup to 4 kHz. Here

we extendtheseresultsto f2 frequenciesof 17 kHz andmultiple stimulus-level combinationson a cohortof

109humansubjects.

Introduction

The presenteddatawere recordedfrom 109 subjectsbetween10 and65 yearsof age. Averagepure-tone

thresholdsfor 0.5, 1, 2, and 4 kHz rangedbetween0 and 60 dB HL. Stimuli were presentedto the

participantsusing MB Quart 13.01 HX speakers. The output of the transducerswas coupled to the

participantôsear canal via an Etymotic ResearchER-10B+ microphoneprobe assembly. The ear-canal

signal was then passedthrough its preamplifier (20 dB gain). Analog-to-digital and digital-to-analog

conversionswere performedusing a 24 bit input/output device, set at a sampling rate of 44,100 Hz.

Stimulus levels were specified as SPL measuredin an IEC-711 ear-simulator with insertion depth

compensation(Siegel, 2009 ARO poster #34). Stimulus frequency ratio of 1.22 and stimulus-level

combinationsof 55/40, 65/55, and75/75 dB SPLwereused. Two independentcomputersystemswereused

to recordsweptanddiscretefrequencyDPOAEs.

SweptFrequency: Customsoftwaredevelopedby Dr. Carrick Talmadgerunning on an Apple Macintosh

computerwas usedto generateand recordsignals. Stimulus toneswere sweptat 8 and 24 s/octavefor

frequenciesbelow andabove6 kHz. DPOAE phaseandmagnitudewasestimatedusinga leastsquaresfit

algorithm(Long andTalmadge,1997). Six sweepsweretypically averagedfor eachsubject. Experimenters

used their discretion to record additional sweepswhen an acceptableSNR was not achievedafter six

sweeps.

Discrete Frequency: Discrete Frequency: Measurementswere made using Emav (Neely & Liu, 1994)

running on an IBM personalcomputerrunning Windows XP. Signalswere generatedby a Card Deluxe

audio interfaceat a samplerate of 44.1 kHz, responseswere averagedinto an 8192 point buffer and

analyzedusingan 8192point FFT. Stimuli werepresentedfor a minimum of 1.5 secondswith averaging

time extendeduntil oneof thestoppingconditionswasreached: maximumtime of 4 seconds,SNR> 12 dB

or anoisefloor of < -20dB SPL.

Post Processing: DPOAE level and noise floor were averagedby 1/3 octave bandscenteredaround

audiometrictestfrequenciesbetween0.75and17kHz. All datapointswith anoisefloor estimatelessthan0

dB SPL were includedin the average. MeanDPOAE andnoiselevelsand95% confidenceintervals(CI)

were computedfor eachfrequencyand eachstimulus level combination. DPOAE levels and noise floor

measuredat each frequencyusing the swept and discretefrequencystimuli were comparedusing the

Kendall taub correlationcoefficient. This non-parametricstatisticis a measureof associationbetweenpairs

of observations.

Methods
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Abstract

Figure4. Comparisonof noisefloor estimatesobtainedusingdiscreteandsweptfrequencystimuli. The

constructionof thefigure is similar to thatof Figure3.

HIGH [75/75 dB SPL] MID [65/55 dB SPL] LOW [55/40 dB SPL]

Table 1. Age distribution of subjects 

[n=109]

Group
Range 

(yrs)
# %

A 10 -- 21 6 5.41

B 22 -- 35 14 12.61

C 36 -- 45 28 25.23

D 46 -- 55 27 24.32

E 56 -- 65 34 30.63

Figure 1. Distribution of

hearing statusof subjects

in different age groups.

The HFPTA (average of

clinically obtained

thresholdsat 0.5, 1, 2, & 4

kHz) was used to

categorize subjects into

three groupswith HFPTA

below 20 dB HL, between

20 and 40 dB HL, and

greaterthan40dB HL.

Figure2. MeanDPOAE andnoiselevelsasa function of frequency. Openandclosedsymbolsrepresentdatarecordedusingdiscreteandsweptfrequencystimulustones,respectively. The

error barsrepresent95% confidenceintervals. Measurements madeusingdifferent stimuluslevel combinationsarerepresentedin the threepanels. BestagreementbetweenDPOAE levels

recordedusingthetwo stimulustypesis observedbetween1 and4 kHz. In generalDPOAElevelsrecordedusingswepttoneswerehigherfor frequenciesgreaterthan4 kHz. Thehorizontal

bar in eachpanelmarksthe rangeof frequenciesover which the meanDPOAE levelsrecordedusingthe two stimulustypeswerestatisticallysignificantly different (p < 0.05). The noise

floors estimatedusingthetwo stimulustypesaredisplayedin eachpanelin gray. Thenoisefloor washigherfor thesweptfrequencymethodacrossmostof therecordedfrequencyrange. Note

thatautomaticartifactrejectionandnoisefloor or SNRbasedstoppingruleswerenotavailablefor thesweptfrequencymethod.

Figure3. Comparisonof DPOAElevelsobtainedusingthediscreteandsweptfrequencystimuli. Eachpoint representsdataobtainedfrom onesubjectat a particularfrequency. DPOAElevel

estimatedusing the sweptfrequencystimuli is representedon the x-axis while DPOAE level estimatedusing the discretefrequencystimuli is representedon the y-axis. The threepanels

representDPOAEsrecordedusingthreestimuluslevel combinations(highï75/75; mid ï65/55; low ï55/40). Datapointson thediagonalof eachsub-panelwould representthecasewhere

exactlythesameDPOAElevelwasrecordedusingthetwo methods. Theconcordancebetweendataobtainedusingthetwo methodsis quantifiedin Table2.

Table 2. Kendall tau b correlation coefficient between DPOAE levels 

recorded using discrete and swept frequency stimulus tones for different 

frequencies and stimulus level combinations. p < 0.001 in all cases except 

cells shaded in gray. Coefficients greater than 0.7 (green) are considered 

high, those between 0.3 and 0.7 (yellow) are considered moderate, and 

those below 0.3 (orange) are considered low.

Frequency
Stimulus Level Combinations

High [75,75] Mid [65,55] Low [55,40]

750 0.57 0.62 0.47

1000 0.52 0.61 0.58

1500 0.74 0.71 0.68

2000 0.76 0.71 0.71

3000 0.76 0.71 0.71

4000 0.74 0.73 0.73

6000 0.75 0.79 0.70

8000 0.70 0.71 0.53

10000 0.72 0.58 0.34

11200 0.73 0.62 0.34

12500 0.74 0.54 0.29

14000 0.75 0.44 0.25

15000 0.67 0.33 0.13

16000 0.66 0.29 0.10

17000 0.55 0.25 0.12

Figure6. Comparisonof distributionof DPOAE levelsrecordedusingthe two

methodsundercomparisonat 16 (left) and17 (right) kHz usingstimuluslevels

of 55 and 40 dB SPL. Thesetwo comparisonsyielded the lowest degreesof

concordancein our dataset. The shapeof the two distributionsaresimilar but

the datarecordedusingthe sweptfrequencystimuli areshiftedtowardshigher

levels.

1. DPOAErecordedusingthesweptanddiscretefrequencystimuli werestatistically

indistinguishablebetween1 and4 kHz.

2. ReliablenormativeDPOAEdatamaybeobtainedusingeithercontinuoustoneor

sweptfrequencystimuli.

3. AverageDPOAE levels recordedusing swept frequencystimuli were higher at

frequenciesabove4 kHz. While suboptimalselectionof frequencysweepratesor

differences in analysis algorithms cannot be ruled out as sources of this

difference, a physiological source appears to be more likely. Differences in

activationof the efferentsystemby the two stimulationmethodsis a candidate

mechanism.

4. The differences observedin the noise floors between the two methods is

explainedby the lack of SNR- or noise-floor-basedstoppingrules in the swept

tone method. The two methodscan be expectedto yield similar noise floors

providedthesamestoppingrulesareemployed.

5. Evenin frequencyrangeswherethemeanDPOAElevelsobtainedusingthe two

stimulus types were different, the two sets of data demonstratedstatistically

significantconcordance.

Conclusions

147

Figure 5. Comparisonof stimulus levels producedby the

two methodsshowsno differences. Iso-voltagestimuli (0-

dB attenuation)were generatedthrough each channelof

eachhardwareset up and recordedusinga B&K 4134İò

microphone in an IEC 711 ear simulator. Both sets of

recordingswere obtained for the same insertion of the

emissionprobewith ahalf-waveresonantfrequencyat 8100

Hz. Resultsweresimilaratotherinsertiondepths.
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