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Abstract

The goal of this presentation is multi-fold: The primary goal is to discuss my present understanding of cochlear function. Secondary goals
are to review my earlier (1970-1995) cochlear modeling work, along with the roles of four close friends: Egbert De Boer, Steve Neely, Paul
Fahey and George Zweig.
To understanding of how the cochlea works, one needs an understanding of the experimental data on: 1) cochlear function (both basilar
(BM) and tectorial membranes (TM), 2) tympanic membrane, 3) middle ear (ME), 4) inner and outer hair cells (IHC, OHC), 5) auditory
nerve (AN), and 6) cochlear amplifier (CA). My views on these topics in the last 50 years have been sharpened, unifying this complex
puzzle. A great deal of progress has been made over this time
Conclusions: My recent review of neural tuning curve data from 1985, using nonlinear (NL) distortion product generation, has revealed a
deeper understanding of cochlear function. The most surprising result is that the cochlea is more linear than previously assumed. NL
behaviour:“Low-side” suppression is when the suppressor frequency fs is at least 1/2 octave lower than the characteristic (“best”) frequency
(fcf ). There is no “low-side” suppression for suppressors below 65 [dB-SPL]Fahey and Allen [1985]. Namely the system acts as if its linear.
For suppressors above 65 [dB], the suppression dominates, with a slope of ≈2 [dB/dB]. The “obvious” explanation is that the neural
threshold of excitation to both the inner and outer hair cells have approximately the same threshold. Namely, the suppression threshold of
the OHC, which control the NL suppression, are close to, or even equal to, the IHC threshold.
If the IHC and OHC thresholds are the same in the tail of the tuning curves, then how can the CA function at threshold levels? This is a
highly unexpected result, because low-side suppression, as measured on the basilar membrane, has a 20-30 [dB] higher threshold [Cooper,
1996, Geisler and Nuttall, 1997]. Is the OHC action restricted to the neighborhood of the neuron’s best frequency (BF)?
This would require that the neural low-side suppression and loudness recruitment (the reduced loudness of low-intensity sounds in the
hearing-impaired ear) are closely related (i.e., must be the same phenomena). The ramifications of this observation seem important as they
will impact the diagnosis of cochlear hearing loss, thus the fitting of hearing aids [Allen, 1991, 1990; See comment by Lyon, page 332],
In summary: Low-side suppression acts like an automatic gain control, elevating the loudness threshold with no audible distortion.
The PDFs cited here is: https://auditorymodels.org/index.php?n=Main.Publications.
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Goals

Theprimarygoalistodiscussmypresentunderstandingofcochlearfunction.

Secondarygoalsaretoreviewmyearlier(1970-1995)cochlearmodelingwork,alongwiththeroles
offourclosefriends:EgbertDeBoer,SteveNeely,PaulFaheyandGeorgeZweig

Tounderstandthecochlea,oneneedsexperimentaldataonthefollowing:

Pec(f):soundintheearcanalatfrequencyf
ME:middleear
BM:basilarmembranes
TM:tympanicmembrane,
IHC,OHC:innerandouterhaircells
DP:Distortionproduct
DPOAE:Low-side2-tonesuppressiondistortionproductfdp
AN:auditorynerve
BF:bestfrequncyofneuraltuningcurvefbf
CA:cochlearamplifier

Myviewsonthesetopicshavebeensharpenedbylookingbackandunifyingthiscomplexpuzzle.
Agreatdealofprogresshasbeenmadeinthelast50years.
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My50yearsofConclusions

Presentviewofcochleartuning(BMvsNeuralareverydifferent→Secondfilter)

TheuseofDPOAEsiskeytoourunderstandingofthecochlea

Thecochleaismuchmorelinearinitsfilteringpropertiesthanwepreviouslyassumed

Low-sidesuppressionopensthedoortoanimprovedunderstandingofCochlearfunction

ThereisNO(i.e.,zero)Suppressionbelow65dB-SPL

Above65dB-SPL,thesuppression≈2[dB/dB]

IHC(Linear)&OHC(NL)havenearlyidentical(equal)thresholds

NeuralandBMlow-sidesuppressiondifferby20[dB]
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The cochlea

The cochlea is a complex organ, the source of hearing

Figure: Great picture showing the two cochlear ducts, the Basilar membrane (BM), and the organ of Corti (OoC). The OHC and
IHC are buried between the tectorial and basilar membranes.

Using the distorion product method we can discover how it works
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Cartoon of Low-side suppression Allen [2001]
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Figure: Cartoon shown a cartoon-model showing low-side suppression. Excitation is equal to suppression threshold.
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Fourexperiments

Fourdifferentkeyexperimentsaresummarized:
1The“Allen-Faheyexperiment”:MeasurethegainoftheCA[AllenandFahey,1992,AF-92]
2The“Second-Filterexperiment”[FaheyandAllen,1985,FA-85]
3The“2dcochlear-mapexperiment”:TuningofDPoaeresponses[AllenandFahey,1993,AF-93]

Thereisastrangecorrelation≈1/2oct<BF(wherethetailandtipjoin)
Thisledsupporttotheresonant-TM2dfilterhypothesis[AllenandSen,1999]

4Kim,Siegel,Molnar(1979):“Kim-Phasepopulationexperiment”:
Phaseofasingletoneismeasuredforalargenumberoftuningcurves[Kimetal.,1979,KSM-79]
Thephasehasaπphaseshiftatthe2d-cochlearmapfrequency(AF-93)

Myviewsonthesefourtopicshavebeensharpenedbyreflectionontheirrelationship
Agreatdealofprogresshasbeenmadeinthelast50years.
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ModeloutputSenandAllen[2006]

Inputsignalisapuretonefrom14-124[dB-SPL]

00.10.20.30.40.50.60.70.8

10
−17

10
−16

Neural Tuning for 5 kHz tonal stimulus (14 − 124 dB SPL)

Distance from Stapes (cm)

14 dB

124 dB

Figure:ResultsoftheSen-Allentime-domainmodelforasingleinputtonewithvaryinglevel.
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Low-side suppression: Definition of DPOAEs [Allen and Fahey, 1992]

Two primary frequencies @ f2 > f1 � fd create NL DPOAE @ fd = f1 − (f2 − f1) = 2f1 − f2

The two tones “mix” in the region between X2 < X1, but mostly near X2

The regions of the CA is assumed to be the three shaded region (Xz < X2(f2) < X1(f1)� Xd(fd))
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Nonlinear BM “migration” model

Big picture of NL cochlear model

Figure: Migration figure.
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Exp-I(AF-92):MeasurethegainoftheCochlearAmplifier(CA)

Basicidea:movetheacousticsourcefromtheearcanalontotheBM,byusingDPOAEs

RecordfromaneuronhavingBFfrequencyfbf

FixedtheDPfrequencyfd=f1−(f2−f1)equaltofbf

FixedtheDPpressure@neuronsthreshold

VarythesourcelocationatX2(f2)alongtheBM@X2(f2)<Xd(fd).

Movesourcethroughtheregionofnegativeresistance(regionofCAgain)

MeasuretheECpressurePec(f2)asafunctionofX2(f2)

ThegainoftheCAisquantifiedasPec(X2)
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NonlinearBM“migration”model

BMImpedanceasafunctionofinputlevel:Notebasaldropinstiffnesswithlevel
ThemodelsassumestheOHCchangetheBMstiffness2xwithincreasinginputlevel
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Figure:OHCstiffnessdecreaseswithincreasingSPL[Dallosetal]
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Measureing the gain of the CA via a BM DPOAE–SOURCE

Use a DPOAE source on BM @ “place” X2(f2), determined by f2, and a neuron as the detector

Please Google: “Allen-Fahey experiment” (open discussion 5 mins?)
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Nonlinear BM “migration” model

Model tuning curves as a function of input level: 0, 20, 60, 80 [dB-SPL]
LEFT: BM response with TM 2d-filter model.
RIGHT: NL model as a function of level
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Figure: “Second filter” on TM at 2d cochlear map frequency.

Jont B Allen UIUC Urbana IL, USA My 50 years of Cochlear Modeling July 26, 2022 17 / 23



Exp-II(FA-85):Neurallow-sidesuppressionmeasured(2d-filter)

Experimentaldata:

FA-85measuredLow-sideneuralsuppressionthresholdandshowedthat:
theneuraldetectionthreshold≈low-sidesuppresisonthresholds

Cooper(1996)andGeisler-Nuttal(1997)measuredthelow-sidesuppressionontheBMandfound
athresholddifferencebetween20and30dB

Itisanunequivaqualconclusionthattheremustbea“second-filter”actionbetweenBMneural
response
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Exp-IV(KSM-79):Single-toneneuralpopulationstudy[Kimetal.,1979]

Notetheπphaseshiftjustbelow2[kHz].Thearrowrepresentsthetonefrequency.

Figure:Populationstudy:phaseresults[Allen,1980]
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Example of Low-side suppression (FA-85)

BF = 1.8 kHz, f2 = 500 [Hz], f1 = (1800+500)/2 = 650 [Hz]
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There is no low-side suppression below 65 [dB-SPL]

Suppression Slope = 2.2 [dB/dB] above 65 dB-SPL [Delgutte, 1990]
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Exp-III (AF-93): Slopes of cat neural tuning curves [dB/oct]

Above CF f > fCF and below CF f < fCF the BF, as a function of the BF Allen [1983]
The 2d cochlear map function is defined where tail and tip meet below BF [Allen and Fahey, 1993]

Figure: Neural tuning curve slopes above and below BF (Cat)
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Low-sidesuppressionontheBM[Cooper,1996]
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Figure:LEFT:BMSuppressionofa26[kHz]probebyLow-sidesuppressors@0.5,1,20[kHz]RIGHT:BMSuppressionasafunctionof
frequencyTheBMlow-sidesuppressionisverydifferentfromtheneuraldataofAF-93:1)Thedetectionandsuppressionthresholdare18
[dB]apart,and2)itdependsonfrequency[Cooper,1996]
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BlockmodelofCochlearfunction
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Figure:Soundentersviathemiddleear,travelsdowntheBMandTM,excitestheciliaoftheOHC,IHC→AN

Ifthetwothresholdsdiffer,thatdifferencemustbeduetotheTM
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Low-side suppression on the BM [Geisler and Nuttall, 1997]
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Figure: LEFT: Data similar to that of [Cooper, 1996] showing low-side suppression on the BM. The suppressed tone frequency is
17[kHz]. There is no suppression at 69 dB and 6 [dB] for the 4 [kHz] tone is increased from by 10 dB from 69 to 79 [dB-SPL] compared to
0 [dB/dB] as seen neurally in AF-85. Inthis case the low-side suppression threshold difference at 0.1 [nm] is 32 [dB]. RIGHT: The BM
low-side suppression is very different from the neural data of AF-93: 1) The detection and suppression threshold are 18 [dB] apart, and 2) it
depends on frequency [Geisler and Nuttall, 1997].
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There is no low-side suppression below 65 [dB-SPL]
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The bold-red dashed line is the locus of Low-side suppression thresholds (@65 [dB-SPL])

65 [dB-SPL] is also the excitation threhold in the low-frequency Tuning curve “tail”

Excitation and suppression thresholds are similar (or identical?) (Amazing, or obvious?)
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