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Objectives: In natural hearing, cochlear mechanical compression is 
dynamically adjusted via the efferent medial olivocochlear reflex (MOCR). 
These adjustments probably help understanding speech in noisy envi-
ronments and are not available to the users of current cochlear implants 
(CIs). The aims of the present study are to: (1) present a  binaural CI 
sound processing strategy inspired by the control of cochlear com-
pression provided by the contralateral MOCR in natural hearing; and  
(2) assess the benefits of the new strategy for understanding speech 
presented in competition with steady noise with a speech-like spectrum 
in various spatial configurations of the speech and noise sources.

Design: Pairs of CI sound processors (one per ear) were constructed to 
mimic or not mimic the effects of the contralateral MOCR on compres-
sion. For the nonmimicking condition (standard strategy or STD), the two 
processors in a pair functioned similarly to standard clinical processors 
(i.e., with fixed back-end compression and independently of each other). 
When configured to mimic the effects of the MOCR (MOC strategy), the 
two processors communicated with each other and the amount of back-
end compression in a given frequency channel of each processor in the 
pair decreased/increased dynamically (so that output levels dropped/
increased) with increases/decreases in the output energy from the corre-
sponding frequency channel in the contralateral processor. Speech recep-
tion thresholds in speech-shaped noise were measured for 3 bilateral CI 
users and 2 single-sided deaf unilateral CI users. Thresholds were com-
pared for the STD and MOC strategies in unilateral and bilateral listening 
conditions and for three spatial configurations of the speech and noise 
sources in simulated free-field conditions: speech and noise sources colo-
cated in front of the listener, speech on the left ear with noise in front of 
the listener, and speech on the left ear with noise on the right ear. In both 
bilateral and unilateral listening, the electrical stimulus delivered to the 
test ear(s) was always calculated as if the listeners were wearing bilateral 
processors.

Results: In both unilateral and bilateral listening conditions, mean 
speech reception thresholds were comparable with the two strategies for 
colocated speech and noise sources, but were at least 2 dB lower (better) 
with the MOC than with the STD strategy for spatially separated speech 
and noise sources. In unilateral listening conditions, mean thresholds 
improved with increasing the spatial separation between the speech and 
noise sources regardless of the strategy but the improvement was sig-
nificantly greater with the MOC strategy. In bilateral listening conditions, 

thresholds improved significantly with increasing the speech-noise spa-
tial separation only with the MOC strategy.

Conclusions: The MOC strategy (1) significantly improved the intelligi-
bility of speech presented in competition with a spatially separated noise 
source, both in unilateral and bilateral listening conditions; (2) produced 
significant spatial release from masking in bilateral listening conditions, 
something that did not occur with fixed compression; and (3) enhanced 
spatial release from masking in unilateral listening conditions. The MOC 
strategy as implemented here, or a modified version of it, may be use-
fully applied in CIs and in hearing aids.

Key words: Bilateral implant, Bilateral processing, Cochlear efferents, 
Hearing aid, Interaural level differences, Sound processor, Spatial 
release from masking, Speech intelligibility, Speech reception threshold.
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INTRODUCTION

Listenerswith normal hearing have a remarkable ability to
processsoundsoveraverywiderangeofacousticpressures.This
isachieved,at least inpart, thanks to themechanical response
propertiesof thebasilarmembrane (BM).ThevelocityofBM
vibrationgrowswithincreasingsoundlevelatacompressiverate
of~0.2dB/dB(Robles&Ruggero2001),aneffect thatserves
tocompressawiderangeofacousticpressuresintoanarrower
range ofBM (and eventually neural) responses (Bacon 2004).
The compressive growth rate of BM velocity, however, is not
fixedintimeanddependsonthestateofactivationofthemedial
olivocochlear (MOC) efferents. Activation of MOC efferents
inhibitsBMresponsesfor low-andmoderate-levelsoundsand
muchlessso(ornotatall)forhigh-levelsounds(e.g.,seeFig.
2inCooper&Guinan2006).MOCefferentsthuslinearizeBM
input/outputcurves.MOCefferentsmaybeactivatedinareflex-
ivemannerbyipsilateralandcontralateralsounds(Guinanetal.
2003;Guinan2006).Therefore,inacousticbinauralhearing,BM
compression in our two ears is probably coupled anddynami-
callyadjustedviatheipsilateralandthecontralateralMOCreflex
(MOCR;Guinanetal.2003;Guinan2006).Here,wepresentand
assessthemeritsofabinauralcochlearimplant(CI)soundcod-
ingstrategyinspiredbythedynamiccontrolofBMmechanical
compressionprovidedbythecontralateralMOCR.
CIscanenableusefulhearing forprofoundlydeafpersons

viadirectelectricalstimulationoftheauditorynerve.Similarly
to the functioningof thenormalear,whereBMcompression
contributestoaccommodateawiderangeofacousticpressure
into a narrower range of neural responses (Bacon 2004), the
soundprocessorinaCI(Fig.1)includesaninstantaneousback-
endcompressorineachfrequencychannelofprocessingtomap
thewidedynamicrangeofsoundsintheenvironmentintothe
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relativelynarrowdynamicrangeofelectricallyevokedhearing
(Wilsonetal.1991).InthefittingofmodernCIs,theamount
andendpointsof the compression*are adjusted for each fre-
quency channel and its associated intracochlear electrode(s).
Unlikewhathappensinthenormalear,whereBMcompression
isalmostcertainlydynamicbyactionoftheMOCR,compres-
sionintheCIoncesetisfixedforallsoundinputs.Furthermore,
becausetheelectricalstimulationdeliveredwiththeCIisinde-
pendent from cochlear mechanical processes, the adjustment
ofcompressionprovidedbythecontralateralMOCRinnatural
hearingisunavailabletoCIusers(Wilsonetal.2005).
TheMOCRlikelyfacilitatestheintelligibilityofspeechin

noisyenvironments.Inquietbackgrounds,theinhibitionofBM

responsescausedbytheMOCRimpairsthedetectabilityoflow-
intensitypuretones(Aguilaretal.2014).Innoisybackgrounds,
bycontrast,theMOCRrestorestheeffectivedynamicrangeof
auditory nerve fibers to values observed in quiet (see Fig. 5 
inGuinan2006).Furthermore,byinhibitingBMresponses,and
hencetheeffectivedrivingforceofneuralresponses,theMOCR
probably increases the number of auditory nerve fibers that
workwithintheirresponsedynamicrangeandbelowsaturation.
Altogether,thisalmostcertainlyimprovestheneuralcodingof
speech embedded in noise (Brown et al. 2010; Chintanpalli 
etal.2012;Clarketal.2012),thusfacilitatingtheintelligibil-
ityofspeech innoisyenvironments (Kimetal.2006;Brown 
et al. 2010;Clarket al. 2012).Furthermore,Kimet al.mea-
sured the intelligibility improvement in speech-shaped noise
whenthespeechandnoisesourceswerespatiallyseparatedby
90degrees relative to a conditionwhere theywere colocated
at 0degrees azimuth and found it to be significantly corre-
latedwith the strength of the contralateralMOCR.This sug-
geststhatasecondpossiblebenefitoftheMOCRistoincrease

Fig. 1. Signal processing block diagram. The diagram illustrates how the target speech and noise signals were HRTF filtered to simulate free-field stimuli at the 

left and right ears, and how the stimulus at each ear was processed through corresponding STD and MOC processors (processing is only shown for the kth 

channel). Note that STD and MOC processors were identical except that MOC processors included contralateral control of back-end compression. See text 

for further details. MOC indicates medial olivocochlear reflex; STD, standard strategy.

*The value of c, the parameter that controls the back-end compression
function(Eq.1),istypicallyequalforallprocessingchannels.Theamount
ofcompression,however,canbedifferentacrosselectrodesbecausefora
fixedacousticinputrangeandafixedvalueofc,thelowest(threshold)and
highest (maximum comfortable level) electrical current delivered by the
implantcandifferacrosselectrodes.
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spatial release frommasking. In otherwords, the unmasking
effects of theMOCRcouldbegreater for spatially separated
than for colocated speech and noise sound sources, although
themechanismunderlyingthispotentialbenefitisyetunknown.
Asexplainedabove,MOCReffectsareunavailabletoCIusers,
andthismightcontributetothegreaterdifficultyexperienced
byCI users understanding speech in noisy environments and
theirdiminished spatial release frommaskingcomparedwith
normal-hearinglisteners(Ihlefeld&Litovsky2012).
Here, we present a binaural CI sound coding strategy (the

MOCstrategy) inspiredby thedynamiccontralateralcontrolof
BMcompressionprovidedinnaturalhearingbythecontralateral
MOCR.SpeechinnoiseintelligibilitywiththeMOCstrategyis
comparedwith intelligibilitymeasuredwith a pair of function-
allyindependentCIsoundprocessors(oneperear),acondition
veryclosetothecurrentclinicalstandard(theSTDstrategy).The
comparisonsaremadeforunilateralandbilateral listeningcon-
ditionsand forvarious spatial configurationsof the speechand
noisesources.ItwillbeshownthattheMOCstrategysignificantly
improvesintelligibilityinspeech-shapednoiseforspatiallysepa-
ratedspeechandnoisesources,bothinunilateralandbilaterallis-
teningconditions.ItwillbefurthershownthattheMOCstrategy
alsoproducedsignificantspatialreleasefrommaskinginthebilat-
erallisteningconditionswheretheSTDstrategydidnot.

MATERIALS AND METHODS

The MOC and STD Strategies
TheSTDandMOCsoundprocessingstrategieswereidentical

withtheexceptionoftheback-endcompressionstage(Fig.1).The
processorsinthetwostrategiesincludedahigh-passpre-emphasis
filter(first-orderButterworthfilterwitha3-dBcutofffrequencyof
1.2kHz);abankofsixth-orderButterworthband-passfilterswhose
3-dBcutofffrequenciesfollowedamodifiedlogarithmicdistribu-
tionbetween100and8500Hz;envelopeextractionviafull-wave
rectificationandlow-passfiltering(fourth-orderButterworthlow-
passfilterwitha3-dBcutofffrequencyequaltoafourthoftheear-
specificpulserategiveninTable1or400Hz,whicheverwaslower);
a logarithmiccompression function (fixed forSTDanddynamic
forMOCprocessors);andcontinuousinterleavedsamplingofcom-

pressedenvelopes(Wilsonetal.1991).Thenumberoffiltersinthe
bankwasidenticaltothenumberofactiveelectrodesintheimplant
(Table1),andequalbetweentheleft-andright-earprocessors.
Theback-endcompressionfunctioninallprocessorswasas

follows(Boyd2006):
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c x

c
=

+ ⋅( )
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ln
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1
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wherexandyaretheinputandoutputamplitudesto/fromthe
compressor,respectively,bothofthemassumedtobewithinthe
interval[0,1];andcisaparameterthatdeterminestheamount
ofcompression.FortheSTDprocessors,cwasfixedat1000,
thevalueintheclinicalprocessorsoftheparticipantsusedinthe
presentstudy,andwasidenticalatthetwoears.FortheMOC
processors, however, c varied dynamically in time depending
uponthetime-weightedoutputenergyfromthecorresponding
frequencychannelinthecontralateralprocessor(on-frequency
inhibition),asdepictedinFigure1andexplainedasfollows.
For the naturalMOCR, themore intense the contralateral

stimulus, the greater the inhibition of cochlear mechanical
responses (Hood et al. 1996;Maison et al. 1997; Backus&
Guinan2006).Ontheotherhand,itseemsreasonablethatthe
amount ofMOCR inhibitiondependson theoutput from the
cochlearatherthanontheacousticstimulus(Froudetal.2015).
Inspired by this,we assumed that the instantaneous value of
c(t)foranygivenfrequencychannelinanMOCprocessorwas
inverselyrelated to the time-weightedoutputenergyfromthe
correspondingchannelinthecontralateralMOCprocessor,E(t)
(Fig.1).Inotherwords,weassumedarelationshipbetweenc(t)
andE(t) such that thegreater thecontralateraloutputenergy,
E(t),thesmallerthevalueofc(t),themorelinearEquation(1),
and the greater the inhibition of processor output amplitude.
Notably,therelationshipbetweenc(t)andE(t)wassuchthatin
theabsenceofcontralateralenergy,MOCprocessorsbehaved
asSTDones.Inotherwords,forE(t)=0,c(t)becameequalto
1000(thevalueusedintheSTDprocessors)andtherewasno
contralateralinhibition.
Figure2Aillustratestheshapesofthecompressionfunc-

tion (Eq. 1) for different valuesof the contralateral energy,
E,andcorrespondingvaluesofthecparameter.Theamount
ofinhibitionintheMOCstrategywasselectedadhocfrom
arangeofvaluestestedinpilotmeasures(see“Discussion”)
and is shown inFigure2B,C. Inhibitionhere is defined as
theratio(indB)betweentheprocessor’soutputamplitudein
theabsenceofacontralateralstimulus(i.e.,forE(t)=0)and
thecorrespondingoutputamplitudeinthepresenceofacon-
tralateralstimulus(verticalarrowinFig.2A).Notethat the
amountofcontralateralinhibitionintheMOCprocessors(1)
wasgreaterforlowerthanforhigherinputlevels(Fig.2C),
as in thenaturalMOCR(e.g.,Fig.2AinCooper&Guinan
2006);(2)wasgreaterthehighertheoutputenergy(Fig.2B);
and (3) was negligible for low contralateral energy values
(Fig.2B),asintended.
Inspired by the exponential time-course of activation and

deactivation of theMOC effect (Backus&Guinan 2006), in
theMOC strategy, the instantaneous output energy from the

TABLE 1. Demographic information for the five cochlear implant users tested with the STD and MOC strategies

Participant ID Bilateral/SSD Etiology

Age in  

Years

Duration of  

Implant Use in 

Months

No. of Channels/ 

Electrodes Used  

for Testing

Pulse Rate  

(pps)

ME115 Bilateral Unknown/hereditary 81 47 (L, R) 9 1587.3 (L, R)

ME131 Bilateral Unknown/hereditary 54 30 (L), 23 (R) 11 1578.9 (L)

1823.7 (R)

ME132 Bilateral Unknown 43 62 (L, R) 9 1587.3 (L, R)

ME140 SSD Unknown 59 2 (L) 12 1165.0 (L)

SSD100 SSD Meningitis 29 61 (R) 12 1307.2 (R)

L, left ear; R, right ear; SSD, single-sided deaf.
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contralateral processor,E(t),was calculated as the rootmean
squareoutputamplitudeintegratedoveraprecedingexponen-
tially decaying time window (temporal integrator in Fig. 1).
The timeconstantsof activationof thenaturalMOCRareof
theorderof60 to300msec (Backus&Guinan2006).Here,
however,weusedanintegrationtimeconstantof2msecinan
attempttoproduceaneffectfortransientspeechfeatures.The
implicationsofusingashorter-than-naturaltimeconstantwill
bediscussedbelow.
FurtherdetailsontheMOCstrategycanbefoundelsewhere

(Lopez-Poveda2015).

Participants

Fiveusers (2 females)ofMED-ELCIsparticipated in the
experimental testingof theMOCstrategy (Table1).Threeof
them(1female)werebilateralCIusers;theother2participants

were single-sided deaf (SSD) unilateral CI users, and they
bothhadaudiometric thresholdswithin20dBHL(American
NationalStandardsInstitute1996)inthenonimplantedear.The
mediandurationofimplantuseforalleightearstestedwas47
months.Participantshadbetween9and12activeelectrodesin
theirimplants.Informedconsentwasobtainedfromallpartici-
pantsbeforetesting.Testingprocedureswereapprovedbythe
WesternInstitutionalReviewBoard(Puyallup,WA).

Procedures

To compare intelligibility in speech-shaped noise with
MOCandSTDstrategies,weaskedparticipantstorecognize
sentences insimulatedfree-fieldconditions in thepresence
of a steady noise with a speech-like spectrum. Perfor-
mancewasmeasured using the speech reception threshold
(SRT), defined as the signal-to-noise ratio (SNR) atwhich
50percentof the sentences are recognized.Theconditions
includedlisteningwithoneorbothears,inmultiplespatial
configurations.
Unilaterallisteninginvolvedlisteningwiththeself-reported

betterear (bilateralCIusers)orwith the implantedearalone
(SSDCIusers). Inunilateral listening, theelectrical stimulus
deliveredtothetestearwasalwayscalculatedasifthelisteners
werewearingapairofMOCorSTDprocessors,asappropri-
ate.Furthermore,inunilaterallistening,thesignalwasalways
presentedinfrontoforipsilateraltothetestear,asnobenefitof
MOCprocessingwasexpectedforsignalspresentedcontralat-
eraltothetestear(seebelow).
Bilateral listening involved listening with the two

implants(bilateralCIusers)orcombiningacousticstimula-
tionforthenormal-hearingearwithelectricalstimulationfor
theimplantedear(SSDCIusers).ForSSDCIusers,acous-
tic thresholdsareelevated in thenormal-hearingearwhen
the implantedear isstimulatedelectrically,aneffectprob-
ablyduetoaninhibitionofcochlearmechanicalresponses
inthenormal-hearingearbyactivationofthecontralateral
MOCRwiththeelectricalstimulusdeliveredintheimplant
(Jameset al. 2001;Lin et al. 2013).Weassumed that this
wasindeedthecase.Consequently,inbilaterallistening,the
electrical stimulus delivered in the implanted ear of SSD
CI userswas calculated as if these listenerswerewearing
apairofprocessors(oneperear)andtheacousticstimulus
delivered in the normal-hearing earwas unprocessed (i.e.,
identicaltothestimulusthatanormal-hearingpersonwould
havehadatthatearforthecorrespondingspeech-noisespa-
tialconfiguration).
Before any testing, electrical current levels at maximum

comfortableloudness(MCL)weremeasuredusingthemethod
of adjustment. Minimum stimulation levels (i.e., thresholds)
weresetto0,5,or10percentofMCLvalues,accordingtoeach
participant’s clinical fitting (Boyd 2006). Processor volumes
weresetusingtheSTDstrategytoensurethatsoundsatthetwo
earswereperceivedascomfortableandequallyloud.Threshold
andMCLlevels,aswellasprocessorvolumes,remainedidenti-
calfortheMOCstrategytoensurethatcontralateralinhibition
produced the corresponding reductions in stimulation ampli-
tudes(i.e.,reducedloudnessoraudibility)relativetotheSTD
condition(Fig.2A).
SRTsweremeasuredusingthehearing-in-noisetest(HINT;

Nilssonetal.1994).Speechwaspresentedatafixedlevelof−20

A

B

C

Fig. 2. The characteristics of the dynamic back-end compression in the 

MOC strategy. A, Range of instantaneous compression functions (Eq. 1) for 

six different values of the contralateral energy (E) linearly distributed from 

−20 to 0 dB FS and corresponding values of the parameter c, as shown in 

the inset. The double-headed vertical arrow illustrates the amount of inhibi-

tion for an input level of −45 dB FS. B, Inhibition (in dB) a function of con-

tralateral output energy, for four fixed input amplitudes (in dB FS) indicated 

in the inset. C, Inhibition (in dB) as a function of input amplitude for the 

same six values of E (in dB FS) shown in (A). dB FS means dB re unity. FS 

indicates full scale; MOC, medial olivocochlear reflex.
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dBfull-scale(FS;where0dBFScorrespondstoasinusoidwith
peakamplitudeatunity†)incompetitionwithadaptivesteady,
speech-shapedHINTnoise.Thirtysentenceswerepresentedfor
eachtestcondition.Thefirst10sentenceswerealwaysthesame
andwere included to give listeners an opportunity to become
familiarwiththeprocessingstrategytestedduringthatrun.The
SNR changed in 4-dB steps between sentences 1 and 14 and
2-dBstepsbetweensentences14and30.TheSRTwascalcu-
latedasthemeanofthefinal17SNRs(the31stSNRwascalcu-
latedandusedintheSRTestimatebutnotactuallypresented).
SRTsweremeasuredforthreespatialconfigurationsoftar-

get speech and noise masker.As outlined in Figure 1, these
were achieved by convolving monophonic recordings with
generic diffuse-field equalized head-related transfer functions
(HRTFs) for a Knowles Electronics Manikin for Acoustic
Research(KEMAR;Gardner&Martin1995).Spatialconfigu-
rations includeda condition referred to as speech front, noise
front (SFNF)with the speech and noise sources colocated in
frontof the listenerat0degreesazimuth; acondition referred
toasspeechleft,noisefront(SLNF)withthespeechandnoise
sourcesat270and0degreesazimuth,respectively;andacon-
dition referred to as speech left, noise right (SLNR)with the
speechandnoisesourcesat270and90degreesazimuth,respec-
tively.Speechwasactuallypresentedtotheself-reportedbetter
earforthebilateralCIusersandtotheimplantedearfortheSSD
CIusers;however, the“speech-left”nomenclaturewaschosen
byconvention.Asexplainedabove,participantsweretestedwith
both ears together (bilateral/SSD)andwithone implant alone
(unilateral).OneSRTwasobtainedforeachstrategyandspatial
configuration,amounting12SRTmeasurementspersubjectin
total: 2 strategies (MOC and STD) × 3 spatial configurations
(SLNR, SLNF, and SFNF) × 2 listening conditions (unilat-
eralandbilateral).Unilateral listening testswereadministered
separatelyfrombilaterallisteningtests.Allparticipantsexcept
ME132performedunilaterallisteningtestsfirst.Thetestorder
wasotherwisedifferentacrossparticipants,asshowninTable2.

TheMATLAB software environment (R2013a,TheMath-
works, Inc.) was used to perform all signal processing and
implement all test procedures, including the presentation of
electric and acoustic stimuli. Stimuliwere generated digitally 
(at20kHzsamplingrate,16-bitquantization),processedthrough
the corresponding coding strategy, and the resulting electrical
stimulationpatternsdeliveredusingtheResearchInterfaceBox
2(RIB2;DepartmentofIonPhysicsandAppliedPhysicsatthe
UniversityofInnsbruck,Innsbruck,Austria)andeachpatient’s
implanted receiver/stimulator(s). Acoustic signals were pre-
sentedtoSSDCIusersviaSonyMDR-V600circumauralhead-
phonesusingananalogoutputportfromaNationalInstruments
PCIe-6351 data acquisition card, a Mackie 1402-VLZ audio
mixerandaheadphonebuffer(HB6)andprogrammableattenu-
ator(PA4)madebyTucker-DavisTechnologies.Theamountof
acousticattenuationwasadjustedtoproduceequallyloudspeech
comparedwithaSTDprocessorintheimplantedear.

RESULTS

Example Electrical Stimulation Patterns
Figure3A–Dpresentsexamplechanneloutputsignals(plots

of processor output amplitude as a functionof time for indi-
vidual frequency channels) for the STD (top panels) and the
MOC(middlepanels)strategies,andfortwospatialconfigura-
tionsofsignalandnoisesources:SFNF(leftpanels)andSLNR
(rightpanels).Thestimuluswasa−20dBFS,2-kHzpuretone
incontinuouswhitenoiseat0dBSNR.Boththenoiseandthe
tonewerefiltered through appropriateHRTFs tomimic free-
fieldconditions,asshowninFigure1.Tofacilitatetheanaly-
sis,Figure3E,Fillustratescorrespondingelectricalstimulation
patterns(plotsofpeakelectricalcurrentamplitudeversusfre-
quencychannelnumber)attime~29msecindicatedbythever-
ticaldottedlinesinFigure3A–D;thatis,wellaftertheeffectsof
dynamiccompressionbecamestable.Anidenticalnoisetoken
(i.e., frozen noise) was used to facilitate visual comparison
acrossstrategiesandconditions.
Whenthesignaland thenoiseareboth infrontof the lis-

tener and identical at the input of the two processors (SFNF
condition,leftpanelsinFig.3),electricalstimulationpatterns

TABLE 2. Test order per participant

Order ME115 ME131 ME132 ME140 SSD100

Unilateral listening

1 STD SFNF MOC SFNF STD SLNR MOC SFNF STD SLNF

2 MOC SLNR STD SFNF MOC SLNR STD SFNF STD SFNF

3 MOC SFNF STD SLNF STD SFNF MOC SLNF MOC SFNF

4 STD SLNR MOC SLNR MOC SLNF STD SLNR MOC SLNR

5 STD SLNF MOC SLNF STD SLNF MOC SLNR STD SLNR

6 MOC SLNF STD SLNR MOC SFNF STD SLNF MOC SLNF

Bilateral listening

1 STD SLNF STD SLNF STD SLNR MOC SLNR STD SFNF

2 STD SLNR STD SLNR STD SLNF MOC SFNF MOC SFNF

3 MOC SFNF MOC SFNF STD SFNF STD SFNF MOC SLNR

4 MOC SLNF MOC SLNR MOC SLNF STD SLNR STD SLNF

5 MOC SLNR MOC SLNF MOC SFNF STD SLNF STD SLNR

6 STD SFNF STD SFNF MOC SLNR MOC SLNF MOC SLNF

All participants except ME132 performed unilateral listening tests first.

MOC, medial olivocochlear reflex; SFNF, speech and noise in front; SLNF, speech to the left ear with noise in front; SLNR, speech to the left ear with noise to the right ear; SSD, single-sided 

deaf; STD, standard strategy.

†Thedigitalsignalsattheinputoftheprocessorsalwayshadinstantaneous
peakamplitudeswithintherange(−1,+1)toavoidclippingandassociated
distortion.
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areidenticalatthetwoears,hencetheoverlapbetweenthepat-
ternsattheleft(bluetrace)andrightears(redtrace).Whilethe
overlapoccursforbothstrategies,peakoutputamplitudesare
higherfortheSTDthanfortheMOCstrategy(i.e.,thedashed
tracesareabovethecontinuoustracesinFig.3E).Thisresultis
obtainedbecause,withidenticalstimuliatthetwoears,thetwo
MOCprocessorsinhibiteachotherbythesameamount,linear-
izingthecompressionfunctionsineachoftheprocessorsand
therebyreducingthecurrentamplitudecomparedwiththeSTD
strategy.Perceptually,thislinearizationmightreduceaudibility

slightly(downwardpointingarrowinFig.3E)butindoingso,
itmayincreasethenumberofauditorynervefibersthatfunc-
tion within their dynamic range (Guinan 2006; Chintanpalli 
etal.2012).
Figure3Fshowscorrespondingpeakelectricalstimulation

patternsforaconditionwherethesignalandthenoisearepre-
sentedtotheleftandrightears,respectively(SLNRcondition).
Inthiscase,theacoustichead-shadoweffectincreasestheSNR
attheleftearcomparedwiththeSFNFcondition.Thisexplains
that,fortheSTDstrategy(dashedtraces),theoutputfromthe
channelcontainingthegreatestsignalenergy(#8)ishigherfor
theleftthanfortherightear,whereastheoutputfromthechan-
nelscontainingthegreatestnoiseenergy(#9to#12)ishigher
ontherightear.ThestimulationpatternsfortheMOCstrategy
are notably different. Because ofmutual contralateral inhibi-
tion,theinterauralcurrentdifferenceforthesignalchannel(#8)
isgreaterthanfortheSTDstrategy(doublearrowinFig.3F).
In addition, the processor for the left ear conveys less noise,
asseen in the reductionofamplitudes inchannelscontaining
thehighestlevelsofenergyfromthenoise(downwardpointing
arrow in Fig. 3F).As a result, the left-ear processor conveys
mostlythesignalwhiletheright-earprocessorconveysmostly
thenoise.Inperceptualterms,thesechangesmight(1)increase
theSNRfortheearonthesamesideasthesignal;(2)increase
theapparentspatialseparationbetweenthesignalandthenoise,
comparedwiththeSTDstrategy.Althoughnotshown,similar
observationsareobtainedwithotherlateralpositionsofthesig-
nalandnoisesources.
Figure 4 shows example bilateral “electrodograms” (i.e.,

graphical representations of processors’ output amplitudes
as a function of time and frequency-channel number) for a
speechsignal incompetitionwithnoiseandfor theSTDand
MOCstrategies. In thisexample, thedisyllabicSpanishword
digawasutteredinsimulatedfree-fieldconditionsbyafemale
speakerlocatedontheleftsideofthehead(at270degreesazi-
muth)whileanoisesourcelocatedontherightsideofthehead
(at90degreesazimuth)generatedspeech-shapednoise(SLNR
condition).Thespeechandnoisetokenswerepresentedatthe
same level (−20dBFS),hence theSNRwas0dB.Approxi-
matespectrogramsforthewordandthenoiseareshowninFig-
ure4AandB,respectively,astheoutputfromtheprocessors’
filterbanks(BPFinFig.1).AsshowninFigure1,uptothefilter
bankstage, signalprocessingwas identical and linear for the
STDandMOCstrategies.
FortheSTDstrategy(middlerow),thefixedcompressionin

the left ear amplifies thenoiseand reduces theeffectiveSNR
in thatearcomparedwith theacoustic (unprocessed)stimulus
(compareFig.4CwithFig.4A).Similarly, thefixedcompres-
sionintherightearamplifiesthewordintherightear;whilethis
mightimprovetheSNRintherightear,theSNRremainsnega-
tiveinthisear(Fig.4D).Bycontrast,theMOCstrategydelivers
a lower-amplitudebutclearword to the leftear (Fig.4E), the
earnearesttothespeechsource.Thisisbecauseat0dBSNR,
thespectro-temporaldistributionof theword’senergy ismore
sparsethanthatofthenoiseandsothewordfeaturesintheleft
eararecomparativelyhigherinamplitudethanthenoiseinthe
rightearandinhibitthenoiseintherightearmorethantheother
wayround.Thisalsoenhancestheinterauralcurrentdifference
atthetimesandinthechannelswherethewordfeaturesoccur.
Furthermore,inthisparticularspatialconfiguration,wherethe
noiseisat90degreesazimuth,thenoiseenergyishigheronthe
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Fig. 3. Bilateral electrical stimulation patterns generated with the STD and 

MOC strategies. The stimulus was a −20 dB FS, 2-kHz pure tone signal in 

continuous white noise at 0 dB SNR. The tone had 10-msec onset and offset 

ramps and was on over the time period from 10 to 60 msec, as indicated 

by the thick gray bar between the top two panels. Panels on the left and 

on the right illustrate results for the SFNF and SLNR spatial configurations, 

respectively. A–D, Electrical current amplitude as a function of time for 

each frequency channel for the STD (A, B) and the MOC (C, D) strategy. 

E–F, Electrical current amplitude at time 29 msec (vertical dotted lines in 

A–D) as a function of frequency channel number. Channels 1 and 12 are 

the lowest and highest in frequency, respectively. Blue and red traces illus-

trate results for the left and the right ears, respectively. Note the overlap 

between the red and blue traces in (A), (C), and (E). MOC indicates medial 

olivocochlear reflex; SFNF, speech front, noise front; SLNR, speech left, 

noise right; SNR, signal-to-noise ratio; STD, standard strategy.
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rightearandthusinhibitsthenoiseintheleftearatthetimes
andinthefrequencychannelswherethestrongerspeechfeatures
donotoccur.Asaresult, theMOCstrategydeliversaslightly
lower-amplitudebutclearwordintheleftear(Fig.4E),spectro-
temporalword-modulatednoise in the rightear (Fig.4F),and
lessoverallnoise.Someof thesebenefitsareadmittedlymost
obviousforthisparticularspatialconfiguration(SLNR)butstill
holdforotherspatialconfigurations(notshown).Furthermore,
wehaveshownelsewherethatsimilareffectsoccurforaspeech
source presented in competition with another speech source
(Lopez-Poveda2015;Lopez-Povedaetal.2016).
Altogether,theelectrodogramssuggestthattheMOCstrat-

egy could facilitate the perception of speech in noisy back-
groundsbothinbilaterallisteningiftheCIuserwereabletopay
attentiontothebetterear,andalsoinunilaterallisteningsolong
asthetargetsignalisonthesamesideoftheheadastheCI.The
MOCstrategycouldalsoenhancethelateralizationofspeech,
andpossiblyspatialsegregation,insituationswithmultiplespa-
tiallynonoverlapping sound sources. In thenext section, it is
experimentallyshownthatthiswasactuallythecase.

Speech-in-Noise Intelligibility Tests

Figure5showsindividual(leftpanels)andmeanSRTs(right
panels)measuredwiththeSTDandMOCstrategiesinunilat-
eral (top)andbilateral (bottom) listeningfor the threespatial
configurationsofspeechandnoisesources.
The mutual MOCR-inspired inhibition between the MOC

processorssignificantlyimprovedmeanSRTsforspatiallysepa-
ratedspeechandnoisesources.Inunilaterallistening(Fig.5B),
a two-wayrepeatedmeasuresanalysisof thevariance indicated
significantmaineffectsofprocessingstrategy[F(1,4)=11.41, 
p=0.028]andspatialconfiguration[F(2,8)=159.80,p<0.001].

Theinteractionbetweenthetwovariableswasnotsignificant[F(2,
8)=3.62,p=0.08].Incontrast,whenusingtwoears(Fig.5D),a
significantinteractionwasobserved[F(2,8)=18.84,p<0.001].
Posthocpairwisecomparisons (using theHolm-Sidakmethod)
indicatedthatthemutualinhibitionbetweentheMOCprocessors
significantlyaidedspeechrecognitioninbilaterallistening(SRTs
improvedcomparedwiththeSTDstrategy)whenthesignaland
themaskerwereatdifferentspatiallocations,forboththesignal
leftandnoisefront(SLNF;p=0.015)andsignalleftandnoise
right(SLNR;p=0.007)spatialconfigurations.Themutualinhibi-
tionalsoproducedsignificantspatialreleasefrommaskinginthe
bilateral listeningconditions,somethingthatdidnotoccurwith
fixedcompression(STDstrategy)(SRTcomparisonsforthefac-
tor“spatialconfiguration”withintheMOCstrategyproducedthe
followingpvalues:SFNFversusSLNR,p<0.001;SFNFversus
SLNF,p=0.015;SLNFversusSLNR,p=0.061).Thefacilitat-
ingeffectofcontralateralinhibitionforspatiallyseparatespeech
andnoisesourcesalsocanbeseenintheresultsfortheindividual
subjects(Fig.5A,C).
Asacontrol, thebilateralCIusersalsowereaskedtorec-

ognize monosyllabic words in quiet using the same spatial
arrangements as in the SRTmeasures (signal left and signal
front).Inthiscase,nodifferenceswereobservedbetweenpro-
cessingstrategiesforeitherbilateral[F(1,2)=0.03,p=0.873]
orunilaterallistening[F(1,2)=1.00,p=0.423].Altogether,the
resultsshowthatthetwoprocessingstrategiesproducedcom-

parable results in quiet and that theMOC strategy improved
speechrecognitioninspeech-shapednoise.

DISCUSSION

AbinauralCIsoundcodingstrategyhasbeenproposedto
mimicsomeoftheeffectsofthecontralateralMOCRwithCIs.

Fig. 4. Bilateral electrodograms for the SLNR spatial configuration generated with the STD and MOC strategies. The stimulus is the Spanish word diga at  

−20 dB FS in speech-shaped noise at 0 dB SNR. Each panel illustrates output amplitude (color scale, in dB FS) as a function of time (abscissa) and channel 

number (ordinate). In all panels, output amplitudes are shown for 12 channels (with channel #1 being the lowest in frequency) but the color shading has been 

interpolated across channels to make the plot look like a spectrogram. A, Magnitudes at the output of the left-ear linear filter bank (Fig. 1) for the speech alone. 

B, Magnitudes at the output of the right-ear linear filter bank for the noise alone. Note that the plots in (A) and (B) can be thought of as acoustic spectrograms 

of the word and noise tokens alone at the left and right ears, respectively. C, D, Electrodograms for the left- and right-ear STD processors, respectively. E, F, 

Corresponding electrodograms for the left- and right-ear MOC processors, respectively. Note the different decibel range illustrated by the two color bars: the 

narrower range (bottom) illustrates the compressed range of output amplitudes while the broader range (top) illustrates the range of input amplitudes. FS indi-

cates full scale; MOC, medial olivocochlear reflex; SLNR, speech left, noise right; SNR, signal-to-noise ratio; STD, standard strategy.
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Theapproachinvolvesafrequency-specific,contralateralcon-
trolofdynamiccompressioninspiredbythenaturalcontrolof
BMcompressionprovidedbytheMOCR.Thepresentresults
showthat,onaverage,thisstrategycan(1)improvetherecogni-
tionof speechpresented in competitionwith steadynoiseby
bilateralCIusersorSSDCIusersinbilaterallisteningcondi-
tions,(2)improvetherecognitionofspeechpresentedincom-

petitionwithnoiseinunilateralCIuserswhenthetargetspeech
isontheCIsideoftheuser,and(3)producesignificantspatial
releasefrommaskingforthestudiedconditions.
Formostindividualparticipants,intelligibilitywasbetteror

comparablewiththeMOCthanwiththeSTDstrategyforcon-
ditionswherethespeechandnoisesourceswerespatiallysepa-
rated(SLNRandSLNFinFig.5A,C);forcolocatedsources,
bycontrast,someparticipantsbenefitedfromtheMOCstrategy
whileothersdidnot(SFNFconditioninFig.5A,C).Therea-
sonforthelatterresultisuncertainandwecanonlyconjecture.
ComparedwiththeSTDstrategy,theMOCstrategyenhances
theSNRinthebetterear(Fig.4)andalsothedepthofamplitude
modulations within individual frequency channels (the latter
effectemergesfromhavingamorelinearsystemandalthough
ithasnotbeenexplicitlyshownhere,ithasbeenreportedinFig.
15ofLopez-Poveda2015).Inaddition,theMOCstrategydeliv-
erslessoverallelectricalcurrentthantheSTDstrategy,some-
thingthatmayincreasetheproportionofauditorynervefibers
functioningwithintheirdynamicrange.Theseeffectsmaybe
regardedaspositiveforimprovingintelligibility.Deliveringless

current,however,reducesloudnessperception.Indeed,partici-
pantsvoluntarilyreportedstimulitosoundsofterwiththeMOC
thanwiththeSTDstrategy.Thismighthavecompromisedaudi-
bilityandhenceintelligibilityinsomeconditions.Noattempt
wasmadetocompensateforthereductioninloudnessusinga
highervolumeintheMOCthanintheSTDstrategybecauseone
implicitaimofthepresentstudywastotestthenotionthatthe
naturalMOCRimproves intelligibilityeven thoughit reduces
auditorysensitivity(Chintanpallietal.2012).Asaresult,intelli-
gibilitywiththeMOCstrategyprobablydependedonatradeoff
betweenthepositiveeffectsjustmentionedandthepotentially
negativeeffectsofloudnessreduction.ThatSRTswerecompa-
rableorbetterwiththeMOCthanwiththeSTDstrategyforall
participantsfortheSLNRandSLNFspatialconfigurationssug-
geststhatthepositiveeffectsofMOCprocessing,particularly
theSNRenhancement,outdidanynegativeeffectofloudness
reductioninthespatialconfigurationswheretherewasabetter
ear.FortheSFNFcondition,therewasnobetterearbecausethe
inputsignalswereidenticalattheleft-andright-earprocessors
inthatcase.Furthermore,loudnesswasprobablyreducedmore
in this condition than in the other spatial configurations also
because the input signalswere identical at the twoears (e.g.,
noticethelowerpeakamplitudeinthesignalchannel#8forthe
MOCstrategy inFig.3EcomparedwithFig.3F).Therefore,
theidiosyncraticresultsobservedfortheSFNFconditionsmay
beduetodifferentparticipantsbeingmoreorlesssensitiveto
thenegativeeffectsof loudnessreduction.Itshouldbenoted,

A B

C D

Fig. 5. Speech reception thresholds measured with the STD and MOC strategies. A, C, Individual scores for bilateral and unilateral listening, respectively. Each 

symbol is for a different participant: ME115 (multiplication), ME131 (asterisk), ME132 (diamond), ME140 (square), and SSD100 (triangle). Each panel is for 

a different spatial speech-noise configuration, as indicated at the top. B, D, Mean scores (N = 5) for unilateral and bilateral listening, respectively. Error bars 

depict one standard error of the mean. Asterisks indicate statistically significant pairwise differences at 95% (*) and 99% (**) confidence levels. MOC indicates 

medial olivocochlear reflex; SFNF, speech and noise in front; SLNF, speech to the left ear with noise in front; SLNR, speech to the left ear with noise to the right 

ear; SSD, single-sided deaf; STD, standard strategy.
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however, that having identical input signals at the two ears
wouldbeunlikely(nottosayimpossible)inreal-worldlistening
withtheMOCstrategy,asanyasymmetryinthepositioningof
thepairofMOCprocessorsmaysufficetocreatea“betterear”
effectthatmightcompensateforanyreductioninloudness.Fur-
thermore, normal-hearing listeners andCI users benefit from
listening at an angle of their interlocutor and naturallymove
ororient theirheads in search forabetterSNR thuscreating
a better-ear effect (Grange 2015). In otherwords, the results
obtainedinthepresentSFNFconditionmaynotberepresenta-
tiveof real-world listeningwithorwithoutCIs. Itmightalso
bepossibletocompensateforthenegativeeffectsofloudness
reductionintheMOCstrategyusingahighervolume.
For bilateral CI users, listening with enhanced interaural

level differences improves the intelligibility of a talker pre-
sentedtoonesideoftheheadinthepresenceofamaskertalker
ontheotherside(Brown2014).Wehaveshownthatfordiffer-
ent input signalsat the twoears, theMOCstrategyenhances
the interaural current difference in a frequency specificman-
ner(Fig.3F;seealsoLopez-Povedaetal.2016).Therefore,one
mightwonderwhether thebetter intelligibilitywith theMOC
strategyistheresultofenhancedinterauralcurrentdifferences
rather thanor in combinationwith theotherpreviouslymen-
tionedpositiveeffects,particularlywiththeenhancedSNRin
thebetterear.Disentanglingtherelativecontributionsofeach
effectfortheimprovedintelligibilityisnotpossiblebecausein
theMOCstrategyalloftheeffectsinquestionareconcomitant
andoccurasaresultofcontralateralinhibition(forexample,in
Fig.4,theMOCstrategysimultaneouslyprovidesabetterSNR
intheleftearandalargerinterauralcurrentdifferenceatany
timeinstantandforeveryfrequencychannel).
IntheMOCstrategy,thestrengthoftheeffectsjustdescribed

maybeincreasedordecreaseddependingontheamountofcon-
tralateralinhibition.Asexplainedinthe“MaterialsandMeth-
ods,”heretheamountofcontralateralinhibitionwasselectedad
hocfromarangeofvaluestestedinpilotmeasuresseekingto
improveintelligibility.Acomparisonwiththeamountofinhi-
bitioncausedbythenaturalcontralateralMOCisnotstraight
forward.AsshowninFigure2,theactualinhibitionintheMOC
strategyvariednonlinearlydependingontheinputandoutput
levels to/from the back-end compressor for each frequency
channel,andthesedependedonthelevelofthestimulusandthe
distributionofitsenergyacrossfrequencychannels.Figure2B
showsthatforapure-tonestimuluswithalevelof−20dBFS,
theinhibitionwasatmost5dBandtypicallyless(graylinein
Fig.2B).Inchinchillas,fora60-dB-SPLtoneatthecharacter-
isticfrequency,electricalstimulationoftheMOCbundleinhib-
itsBMresponsesby~5dB(e.g.,Fig.2BinCooper&Guinan
2006).Itishardtosaywhether−20dBFSforaCIusercor-
respondsto60dBSPLforahealthychinchilla,but(1)humans
andchinchillashavesimilarhearingranges,and(2)thesetwo
levelsaretypicallyusedfortestingspeechperceptioninnormal
hearingandCIuserpopulationsbecausetheysoundcomfort-
ablyloud.Therefore,insofarasacomparisonwiththenatural
contralateralMOCRispossible,theinhibitionusedinourMOC
strategywasinlinewiththeinhibitionofBMresponsescaused
bythenaturalMOCR.
We note that themimicking of theMOCR actions in this

studywaslimitedtomodulatingcompressiononthecontralat-
eralsidesinlike-channelsofprocessing.Forexample,achange
in energy in aband-pass channel onone sidewouldproduce

achange in thecompressionfunctionfor thesameband-pass
channelonthecontralateralside.Thus,effectsofthedynamic
changesincompressionproducedbythecontrolsignalsfrom
thecontralateral sidewereevaluated,butotheraspectsof the
MOCRinnormalhearingwerenotevaluated,including(1)the
slowtimecoursesforactivationanddeactivationofthereflex
(Backus&Guinan2006),(2)thehalf-octavefrequencyshiftin
thesiteofactionoftheMOCR(Lilaonitkul&Guinan2009b),
and(3)thegreaterinhibitionbytheMOCRintheapicalregion
of the cochlea compared with other regions (Lilaonitkul &
Guinan2009a;Aguilaretal.2013).InourMOCstrategy,we
used on-frequency contralateral inhibition, a fast time course
of activation, and all cochlear regionswereweighted equally
(see“MaterialsandMethods”).Preliminarytestingusinglon-
gertime-constantsofactivationforthecontralateralinhibition
suggestedthepossibilityforgreaterbenefitsthanthosereported
here.Furtherresearchisnecessarytotesttheperceptualeffects
of closer mimicking of the contralateralMOCR function on
compressionwithCIs.
ThenaturalMOCRmaybeactivatedbyipsilateralandcon-

tralateralstimuli(Guinanetal.2003;Guinan2006).Thefocus
herewasonmimickingsomecontralateralMOCReffectsbut
the ipsilateral MOCR may by itself improve understanding
speech in competition with noise (Brown et al. 2010; Clark
etal.2012;Chintanpallietal.2012).Incidentally, thepresent
conditionforidenticalstimuliatthetwoears(SFNFinFigs.3
and5)wouldbeaveryroughapproximationtomimickingthe
effectsoftheipsilateralMOCRoncompressionwithCIs.No
significant benefit from dynamic compression was observed
in this condition on average (Fig. 5B, D), but some partici-
pantsbenefitedfromitinunilaterallistening(SFNFcondition
in Fig. 5A).This suggests that frequency-specific, ipsilateral
control of dynamic compressionmight also be advantageous
by itselfor incombinationwithcontralateralcontrol.Further
researchisnecessarytotestthesepossibilities.
Hearing aids restore audibility, but their users still have

greatdifficultiesunderstandingspeechinnoisyacousticenvi-
ronments, such as restaurants orworkplaces (Kochkin2002).
Hearingaiduserswhosufferfromouterhaircelldysfunction
also show reduced or absent cochlear mechanical compres-
sion(Ruggeroetal.1990;Lopez-Poveda&Johannesen2012;
Johannesen et al. 2014) and thus possibly reduced MOCR
effects.Forthesehearingaidusers,compressionisafundamen-
talaspectofhearingaidprocessing.Thepresentresultsshow
thatrecognitionofspeechpresentedincompetitionwithnoise
canbeimprovedwithfrequency-specific,contralateralcontrol
ofcompression.TheMOCstrategyasimplemented,oramodi-
fiedversionofit,maybeusefullyappliedalsoinhearingaids.
There exist other binaural sound processing strategies

for auditory prostheses. Someof themuse binaural interac-
tion to detect and maximize desired sound features or sig-
nals. For example, there are binaural strategies that detect
and enhance interaural sound localization cues (Francart 
et al. 2013), the SNR (Blamey 2012), or a signal of inter-
est (Patricio Mejia et al. 2009). Other strategies, typically
referred to as “binaural beamformers,” consist of process-
ing the acoustic stimulus for improving theSNRbefore the
actual sound coding takes place (reviewed by Baumgärtel 
et al. 2015a, 2015b). For bilateral CI users, binaural beam-

formers can improveSRTs by about 5 to 7 dBs in spatially
realistic multi-talker or cafeteria-type scenarios, and about
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10 dB in conditions involving a spatially separated single
competing talker (e.g., Fig. 2 in Baumgärtel et al. 2015a).
Although test conditions were different, this benefit seems
higher than thatprovidedby theMOCstrategy (3and4dB
for theSLNRcondition in bilateral and unilateral listening,
respectively). Existing binaural strategies and beamformers,
however, require the use of multiple adaptivemicrophones,
speechdetectionandenhancementalgorithms,and/ormaking
assumptionsaboutthecharacteristicsofthetargetand/orthe
interferersounds,or theirspatial location(Baumgärteletal.
2015b).Likesomeof thosestrategiesandbeamformers, the
MOCstrategycanenhancetheSNR(Fig.4)andtheinteraural
leveldifferences (Fig.3).Unlike those strategiesandbeam-

formers, however, the enhancements in the MOC strategy
emerge naturally from its physiologically inspired function-
ingratherthanfromdetectionandenhancement(orsuppres-
sion)ofparticularsoundfeaturesorsignals.Furthermore,the
implementationoftheMOCstrategyinadevicewouldrequire
asinglemicrophoneperprocessor,nocomplexpreprocessing
orassumptionsaboutthesignalofinterestoritslocation,and
probablylessinterauraldataexchange.
Binauralstrategies that involve the linkingofcompression

acrosstheearshavebeenproposedforuseinhearingaids(Koll-
meieret al.1993;Kates2008).Onesuchstrategy is inspired
bythecontralateralMOCR(Kates2009).Oneimplementation
of that strategy involvesusing theweighted sumof the input
amplitudesatthetwoearstocontrolthecompressionseparately
ineachear(Fig.13.3inKates2008).Analternativeimplemen-
tationconsistsoflinkingtheleft-andright-earcompressorsso
that thegainappliedat the twoears is thesameateach time
instantandequaltotheminimumofthegainsthatwouldhave
been applied at each earwhen compressionwas independent
(Fig. 13.4 in Kates 2008).An analysis of the output signals
fromthesestrategiesrevealedthattheycanreducethenoise,at
leastforpositiveSNRsinaSLNRspatialconfiguration(Kates
2008).Comparedwithhavingindependentcompressionatthe
twoears,atwo-channelversionofthesecondstrategyimproved
speech innoise intelligibility fornormal-hearing listeners for
binaurallisteningandformonaurallisteningtotheearwiththe
betterSNR(Wiggins&Seeber2013),andamultichannelver-
sionofthesamestrategydecreasedthetarget-to-maskerspatial
separationrequiredfornormal-hearinglisteners toperformat
thethresholdofintelligibility(Schwartz&Shinn-Cunningham
2013).To our knowledge, it remains to be shown that these
strategies provide a benefit for hearing aid users or that they
maybeadaptedforuseinCIs.TheMOCstrategydiffersfrom
thestrategiesofKates(2009)atleastin(1)thatcompressionis
controlledusingthecontralateraloutputratherthantheinput,
and(2)itisdesignedtocontroltheback-endcompressionina
CIrather thanthecompression inahearingaid.Nonetheless,
theresultsforKates’strategiesarebroadlyconsistentwiththe
present results and thus support the idea thatMOC-inspired
contralateral control of dynamic compression can improve
speechinnoiseintelligibilityandspatialreleasefrommasking.
Admittedly,theMOCstrategyisonlyaroughexperimental

CImodelofthecontralateralMOCR.Nevertheless,thepresent
resultssupporttheidea,reviewedinthe“Introduction,”thatthe
contralateralMOCRplaysanimportantroleforunderstanding
speech in competitionwith noise despite its causing a small
reductioninaudibility.Theyfurthersuggestthatthecontralat-
eralMOCRmightbepartlyresponsibleforspatialreleasefrom

masking and provide a hypotheticalmechanism for how this
mighthappen(Fig.4).TheeffectsoftheMOCRareabsentfor
electrically stimulated ears and thiswouldbe consistentwith
thediminishedspatialreleasefrommaskingexperiencedbyCI
users(Ihlefeld&Litovsky2012).Therolesofthecontralateral
MOCRpossibly go beyond those explored here.TheMOCR
may for example be essential for normal development of
cochlearactivemechanicalprocesses(Walshetal.1998)orfor
minimizing deleterious effects of noise exposure on cochlear
function(Maisonetal.2013).
The present results were made possible with the unique

stimuluscontrolsprovidedby theCI.Additional theoriesand
putativemechanismsofhearingcouldbeevaluatedwiththose
controls.
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