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a b s t r a c t 

For speech in competition with a noise source in the free field, normal-hearing (NH) listeners recognize 

speech better when listening binaurally than when listening monaurally with the ear that has the better 

acoustic signal-to-noise ratio (SNR). This benefit from listening binaurally is known as binaural unmasking 

and indicates that the brain combines information from the two ears to improve intelligibility. Here, we 

address three questions pertaining to binaural unmasking for NH listeners. First, we investigate if binaural 

unmasking results from combining the speech and/or the noise from the two ears. In a simulated acous- 

tic free field with speech and noise sources at 0 ° and 270 °azimuth, respectively, we found comparable 

unmasking regardless of whether the speech was present or absent in the ear with the worse SNR. This 

indicates that binaural unmasking probably involves combining only the noise at the two ears. Second, 

we investigate if having binaurally coherent location cues for the noise signal is sufficient for binaural 

unmasking to occur. We found no unmasking when location cues were coherent but noise signals were 

generated incoherent or were processed unilaterally through a hearing aid with linear, minimal amplifi- 

cation. This indicates that binaural unmasking requires interaurally coherent noise signals, source location 

cues, and processing. Third, we investigate if the hypothesized antimasking benefits of the medial olivo- 

cochlear reflex (MOCR) contribute to binaural unmasking. We found comparable unmasking regardless of 

whether speech tokens (words) were sufficiently delayed from the noise onset to fully activate the MOCR 

or not. Moreover, unmasking was absent when the noise was binaurally incoherent whereas the physi- 

ological antimasking effects of the MOCR are similar for coherent and incoherent noises. This indicates 

that the MOCR is unlikely involved in binaural unmasking. 

© 2021 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Understanding someone’s speech while someone else is talk- 

ng or a machine is buzzing at the same time is a hard task. 

ortunately, we have two ears and the head produces an acous- 

ic shadow that causes the signal-to-noise ratio (SNR) to be better 

n one of the two ears ( Kuhn, 1987 ), be it the ear closer to the

arget sound source or the ear further away from the interfering 

ound source. Our brain almost certainly performs the task by fo- 

using on the ear with the better SNR. The advantage of having 

wo ears, however, goes beyond granting an acoustically better ear. 
∗ Corresponding author. 

E-mail address: ealopezpoveda@usal.es (E.A. Lopez-Poveda). 
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he SNR at which listeners understand 50% of the speech uttered 

y the target speaker (referred to as the speech reception thresh- 

ld —SRT— in noise) is 2 to 6 dB better (lower) when listening 

ith two ears than when listening with the acoustically better ear 

lone ( Bronkhorst and Plomp, 1988 ; Dieudonné and Francart, 2018 ; 

aradat et al., 2009 ; Litovsky et al., 2017 ). This benefit from listen- 

ng binaurally versus listening with the acoustically better ear is 

nown as binaural unmasking (or binaural ‘squelch’) and, although 

t has been known for decades ( Koenig, 1950 ), the phenomenon is 

till poorly understood. 

One specific aspect that remains unclear is how the acoustically 

orse ear contributes to binaural unmasking. There are two possi- 

ilities: (1) that it captures some speech, however little it may be, 

hich adds somehow to the speech captured by the better ear; 
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1 Note that the ipsilateral MOCR in the better acoustic ear is not expected to 

contribute to binaural unmasking. This is because binaural unmasking is the dif- 

ference between listening with the better acoustic ear alone and listening with the 

two ears, and the ipsilateral MOCR would be already active when listening with the 

better ear alone. 
nd/or (2) that the noise captured by the acoustically worse ear 

erves somehow to improve the neural SNR. For example, the brain 

ould use the noise captured by the worse ear as a kind of tem- 

late to cancel out the noise captured by the acoustically better 

ar ( Durlach, 1963 ) (alternative mechanisms are discussed later). 

imply put, the ear with the worse acoustic SNR could serve to 

nhance the speech and/or to attenuate or cancel the noise. The 

rst mechanism would require having the speech in the acousti- 

ally worse ear while the second mechanism would require having 

nly the noise. To our knowledge, previous studies have not in- 

estigated whether binaural unmasking in free-field listening re- 

uires only the speech, only the noise, or both the speech and 

he noise to be present in the ear with worse acoustic SNR and 

tudies that presented stimuli over headphones are insufficient to 

ddress this question. For instance, intelligibility is worse for uni- 

ateral speech in unilateral noise than for unilateral speech in bi- 

ateral diotic noise ( Licklider, 1948 ), suggesting that the brain re- 

uires the noise to be present at two ears to produce a binaural 

dvantage. For bilateral speech and noise, intelligibility is worse 

hen the two stimuli are in phase than when the speech is out 

f phase and the noise is in phase ( Johansson and Arlinger, 2002 ;

icklider, 1948 ), suggesting that the brain combines the speech in- 

ormation at the two ears to produce a binaural advantage. Speech 

ntelligibility tests with headphones, however, did not include nat- 

ral head-related interaural cues, and thus listeners did not have 

n acoustically better and worse ear. Therefore, it is uncertain if 

he findings from headphone experiments are representative of the 

esults in free-field listening conditions. The present Experiment 1 

s aimed at elucidating if binaural unmasking in simulated free- 

eld listening conditions requires having the speech and/or the 

oise in the acoustically worse ear. 

If binaural unmasking in free-field listening occurred because 

he brain cancels out the background noise, altering the interaural 

oherence of the noise should reduce binaural unmasking because 

he auditory brain would be less efficient at cancelling incoherent 

han coherent noise ( Durlach, 1963 ). In the most general case, for a

oise source in the free field, the noise waveform at the left, L (t) ,

nd the right, R (t) , eardrum is each determined by three factors: 

 ( t ) = N L ( t ) ∗HRI R L ( t ) ∗D L ( t ) (1a) 

 ( t ) = N R ( t ) ∗HRI R R ( t ) ∗D R ( t ) (1b) 

here HRI R L (t) and HRI R R (t) are the head-related impulse re- 

ponses (HRIRs) for the left and the right ear, respectively; D L (t) 

nd D R (t) denote the effect of processing the noise through a hear- 

ng device in the left and right ear, respectively; and N L (t) and 

 R (t) denote the waveforms generated by the noise source for the 

eft and the right ear, respectively. Of course, in natural listening 

ituations the noise source generates a common waveform for the 

wo ears [i.e., N L (t) = N R (t ) ], and HRI R L (t ) and HRI R R (t) encom-

ass the head-related interaural time and level differences. Exist- 

ng experimental evidence shows that binaural unmasking is re- 

uced when head-related interaural time differences (ITDs) but not 

hen interaural level differences (ILDs) in the noise are eliminated 

 Bronkhorst and Plomp, 1988 ; Dieudonné and Francart, 2018 ). In 

ther words, binaurally coherent ITDs cues (pertaining to noise 

ource location) are necessary for binaural unmasking to occur. It 

emains uncertain, however, if binaurally coherent location cues 

re sufficient or if the interaural coherence is also required for the 

oise signals themselves [i.e., coherence between N L (t) and N R (t) ] 

nd/or for their processing through a hearing device [i.e., coher- 

nce between D L (t) and D R (t) ]. The present Experiments 2 to 4 

ddress these questions. 

The auditory system uses information from both ears to pro- 

uce a binaural advantage, but it does not always integrate bin- 
2 
ural information quickly. Binaural unmasking builds up over time 

ith a time constant of a few tens of milliseconds when the noise 

s identical in both ears (diotic), but of ~200 ms when the in- 

eraural parameters of the masker (ITDs or interaural phase dif- 

erences) are changing rapidly ( Grantham and Whightman, 1979 ; 

ulling and Summerfield, 1998 ; Hauth and Brand, 2018 ). In princi- 

le, peripheral mechanisms mediated by the medial olivocochlear 

eflex could contribute to a slow build-up of binaural unmask- 

ng over time. In the mammalian auditory system, efferent fibers 

roject from the medial region of the superior olivary complex 

o outer hair cells ( Warr and Guinan, 1979 ) and their activation 

nhibits basilar membrane responses to low and moderate sound 

evels ( Cooper and Guinan, 2006 ; Murugasu and Russell, 1996 ). 

his inhibition increases the dynamic range of auditory nerve 

bers for tones in noise ( Winslow and Sachs, 1988 ) and presum- 

bly facilitates speech-in-noise recognition ( Guinan, 2006 ; Lopez- 

oveda, 2018 ). Medial olivocochlear (MOC) fibers can be activated 

eflexively by ipsilateral and contralateral sounds, and the time 

ourse of activation of the MOC reflex (MOCR) is around 300 ms 

 Backus and Guinan, 2006 ). Therefore, MOCR activation could en- 

ance or contribute to the ‘sluggish’ component of binaural un- 

asking in three ways: (1) the stimuli presented in the acousti- 

ally worse ear could activate the contralateral MOCR and improve 

he auditory nerve representation of speech in noise, thus the neu- 

al SNR, in the better ear; (2) the stimuli presented in the acousti- 

ally better ear could activate the contralateral MOCR and increase 

he neural SNR in the worse ear; and (3) the stimuli presented in 

he acoustically worse ear could activate the ipsilateral MOCR and 

ncrease the neural SNR in the worse ear. 1 In other words, MOCR 

ctivation could result in a better representation of the masked 

peech in both auditory nerves, which could increase binaural un- 

asking compared to when the MOCR is not active. In addition, 

ecause activation of the contralateral MOCR can enhance audi- 

ory nerve responses to tones in noise both when the contralateral 

oise is correlated or uncorrelated with the masking noise (e.g., 

ig. 4 in Kawase and Liberman, 1993 ), the MOCR should contribute 

o binaural unmasking both for binaurally coherent and incoher- 

nt noises. The present Experiment 5 is aimed at elucidating the 

otential contribution of the MOCR to binaural unmasking. 

. Experiment 1: mechanisms of binaural unmasking 

.1. Rationale 

The aim of this experiment was to elucidate if binaural unmask- 

ng in free-field listening requires only the speech, only the noise, 

r both the speech and the noise to be present at the two ears. 

.2. Methods 

Participants. Sixteen normal-hearing listeners (3 men; mean ±
D age = 24.6 ± 3.1 years) participated in the experiment. Fif- 

een of them had audiometric thresholds ≤ 20 dB hearing level 

HL) in both ears at octave frequencies between 250 Hz and 8 kHz 

 ANSI, 1996 ). One participant had audiometric thresholds equal to 

5 dB HL at 8 kHz in the right ear, and ≤ 20 dB HL at other fre-

uencies. All of them were native speakers of Spanish. All partici- 

ants were volunteers and signed an informed consent before they 

ere admitted to the study. The study was approved by the Ethics 

ommittee of the University of Salamanca (Spain). 
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Fig. 1. Results of Experiment 1. A. SRTs for words in noise for 16 NH listeners in 

three listening conditions: listening binaurally (S Bi N Bi ), listening monaurally with 

the acoustically better ear alone (S m N m ), and listening with the two ears but re- 

moving the speech from the acoustically worse ear (S m N Bi ). The bottom, middle 

and top lines in each box plot denote the 25, 50 (median), and 75 percentiles, re- 

spectively. Crosses illustrate the mean values. Circles show individual scores (mean 

of three SRT estimates). B. Binaural unmasking calculated as the difference between 

SRTs in the monaural condition (S m N m ) and in the other conditions. Positive values 

indicate worse SRTs in the monaural than in the other condition. Filled circles de- 

pict individual results and open circles depict mean values. Statistically significant 

pairwise comparisons are indicated by asterisks: ∗∗∗p ≤ 0.001. n.s.: not significant. 
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Experimental conditions. SRTs were measured in simulated free- 

eld listening conditions for a target (female) speaker at 0 ° az- 

muth and a noise source at 270 ° azimuth. Free-field listening was 

imulated by convolving monophonic stimuli with HRIRs for an 

coustic manikin ( Gardner and Martin, 1995 ). SRTs were measured 

n three listening conditions: listening binaurally (S Bi N Bi ), listening 

onaurally with the acoustically better ear alone (S m 

N m 

), and lis- 

ening with the two ears but removing the speech from the acous- 

ically worse ear (the left ear in this case) before the stimulus was 

resented to the listener (S m 

N Bi ). If the noise but not the speech

aptured by the acoustically worse ear is sufficient for binaural un- 

asking to occur, then SRTs should be equal for S Bi N Bi and S m 

N Bi . 

Stimuli. Thirty-five disyllabic words ( Cárdenas and Mar- 

ero, 1994 ) were used to measure each SRT. The first 10 words 

ere always the same and were used to familiarize participants 

ith the test condition. The last 25 words corresponded to one of 

he nine phonetically balanced lists from the test. All words were 

resented in random order. A steady-state noise with a speech- 

haped long-term spectrum was used as a masker. The noise 

tarted 50 ms before the word onset and finished 50 ms after the 

ord offset. 

Procedure. The speech level was fixed at 65 dB SPL and the 

oise level increased or decreased adaptively after a correct or 

n incorrect response, respectively, to obtain the SNR at which 

isteners recognized 50% of the words uttered by the speaker 

 Levitt, 1971 ). The level change was 4 dB between words 1 and 14,

nd 2 dB between words 14 and 35. The SRT was calculated as the 

ean SNR for the final 17 words. A sound cue (1 kHz pure tone 

ith 500 ms duration) was presented 500 ms before the stimu- 

us onset to warn the listener about the stimulus presentation and 

o focus his/her attention on the speech recognition task. Feedback 

as not given to the participants on the correctness of their re- 

ponses. Three SRTs were always obtained for each test condition, 

nd their mean was regarded as the SRT. A fourth SRT was mea- 

ured and included in the mean when the experimenter deemed 

hat the first three SRT measurements were too variable (typically 

hen the across-measures SD ≥ 1.3 dB). 

Apparatus. Stimuli were generated digitally using custom-made 

oftware and played via an RME Fireface UCX soundcard at a sam- 

ling rate of 44.1 kHz and with 24-bit resolution. Listeners were 

eated in a double wall sound attenuating booth during all mea- 

urements. Stimuli were presented via Etymotic ER-2 insert ear- 

hones, which are designed to have a flat frequency response at 

he eardrum (0.1-16 kHz) and thus to preserve head-related cues. 

PLs were calibrated by placing the earphones in a Zwislocki DB- 

00 coupler connected to the sound level meter (Brüel & Kjaer 

238). Calibration was performed at 1 kHz and the obtained sen- 

itivity was used at all other frequencies. 

Statistical analyses. Kolmogorov-Smirnov tests revealed that SRTs 

onformed to a normal distribution. Repeated-measured analysis of 

he variance (RMANOVA) tests were used to compare mean SRTs 

nd the amount of binaural unmasking across conditions. Post hoc 

airwise comparisons were conducted using Bonferroni corrections 

or multiple comparisons. Two-tailed significance levels were ap- 

lied for all tests. An effect was regarded as statistically significant 

hen the null hypotheses could be rejected with 95% confidence 

 p ≤ 0.05). 

.3. Results 

Fig. 1 A shows SRTs when participants listened binaurally 

S Bi N Bi ), monaurally with the acoustically better ear alone (S m 

N m 

), 

nd with their two ears but the speech was removed from the 

coustically worse ear (S m 

N Bi ). The RMANOVA revealed a statis- 

ically significant effect of listening condition on SRT [ N = 16, 

 (2,30) = 55.3, p < 0.001]. Post hoc pairwise comparisons revealed 
3 
hat SRTs were significantly better (lower) when participants lis- 

ened binaurally than when they listened with their acoustically 

etter ear alone, demonstrating binaural unmasking (S Bi N Bi vs 

 m 

N m 

in Fig. 1 A ; p < 0.001). Interestingly, when the speech but not

he noise was removed from the acoustically worse ear (S m 

N Bi ), 

RTs were not significantly different from those in the binaural lis- 

ening condition (S m 

N Bi vs S Bi N Bi in Fig. 1 A ; p = 0.626) but were

till significantly better than SRTs in the better-ear listening condi- 
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Fig. 2. Comparison of the present results with those from Licklider (1948) . A. Mean SRTs for Experiment 1 of the present study. Note the inverted scale on the y-axis to 

facilitate the comparison with the results from Licklider (1948) . B and C. Percentage of recognized words in white noise masker for a fixed SNR of −10 dB. Results are for NH 

listeners (Table II of Licklider, 1948 ). Stimuli were not convolved with HRIRs. S Bi N Bi : bilateral speech and noise. S m N m : unilateral speech and noise. S m N Bi: unilateral speech 

and bilateral noise. In panel B, the speech and the noise had the same phase across the ears (i.e., they were in phase) when they were bilateral. In panel C, the speech was 

in phase when it was bilateral, and the noise was out of phase. Note that we chose the conditions where the speech was always in phase because we deemed it the closest 

condition to our study (our speech source was always in front and in phase across the ears). When the speech and/or noise were unilateral, results were for the right ear 

(as in our study). D, E, and F. Unmasking calculated as the difference between SRTs in the monaural condition (S m N m ) and in the other conditions of panels A, B, and C, 

respectively. 
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ion (S m 

N Bi vs S m 

N m 

in Fig. 1 A ; p < 0.001). Mean binaural unmask-

ng, calculated as the difference relative to the monaural condition, 

as 2.6 dB for the S Bi N Bi condition and 2.3 dB for the S m 

N Bi con-

ition ( Fig. 1 B ) and was not statistically different for the two con-

itions [ t (15) = 1.3; p = 0.224]. 

.4. Discussion 

To our knowledge, this is the first study to show that when the 

peech and noise sources are spatially separated in the horizon- 

al plane, binaural unmasking is similar when participants are pre- 

ented with binaural noise and speech as when they are presented 

ith binaural noise and monaural speech in the acoustically better 

ar. This demonstrates that the speech captured by the acoustically 

orse ear is dispensable for binaural unmasking to occur. 

Previous studies have measured binaural unmasking for condi- 

ions that resemble those tested here but without simulating free- 

eld listening (e.g., Licklider, 1948 ). A comparison of the results 

cross studies suggests that it would not be possible to infer the 

resent findings from existing data ( Fig. 2 ). Fig. 2 A shows mean

RTs for words in noise when stimuli were presented over head- 

hones but convolved with HRIRs to simulate free-field listening 

replotted from Experiment 1), and Fig. 2 B-C show word-in-noise 

ecognition scores for stimuli presented over headphones without 

eing convolved with HRIRs (i.e., free-field listening was not sim- 

lated; data from Licklider, 1948 ). Conditions were the closest as 

ossible: bilateral speech and noise (S Bi N Bi ), unilateral speech and 

oise (S m 

N m 

), or unilateral speech in bilateral noise (S m 

N Bi ). Our

arget speech was always in front (at 0 ° azimuth) and thus in 

hase across the ears. For this reason, we chose the results from 

icklider (1948) where speech was in phase (panels B and C), and 

he noise was also in phase (panel B) or out of phase (panel C). 

ig. 2 D-F depict the amount of binaural unmasking calculated as 

he difference between the unilateral noise (S m 

N m 

) and bilateral 
4 
oise (S Bi N Bi or S m 

N Bi ) conditions. In free-field listening (present 

esults), binaural unmasking is similar in magnitude when listen- 

ng to binaural speech in binaural noise (S Bi N Bi ) as when listening 

o monaural speech in binaural noise (S m 

N Bi ), i.e., with the speech 

mitted in the acoustically worse ear ( Fig. 2 D ). Binaural unmask- 

ng for stimuli not convolved with HRIRs is similar for unilateral 

peech in bilateral noise (S m 

N Bi ) as for bilateral speech in bilateral 

oise (S Bi N Bi ) but only when the noise is in phase in the former

ondition and out of phase in the later condition ( Fig. 2 E and 2 F ).

n other words, in simulated free-field listening, binaural unmask- 

ng is similar for the S m 

N Bi and S Bi N Bi conditions when the inter- 

ural phase of the noise is identical in both conditions [the noise 

ource location did not change from one condition to another] 

 Fig. 2 D ). However, when stimuli are not convolved with HRIRs, 

inaural unmasking is different for the S m 

N Bi and S Bi N Bi conditions 

f the noise phase is identical in both conditions ( Fig. 2 E or 2F ).

ltogether, the present results suggest that the benefit on speech 

ntelligibility of adding a second ear needs not be analogous when 

t is measured without or with the simulation of free-field listen- 

ng. 

The reasons for the discrepancy across studies are uncertain. 

here are at least three possibilities. First, it is possible that be- 

ause in the present experiment listeners had enough cues to per- 

eive the spatial location of the noise source, they could focus on 

he speech presented in the better ear, thus resulting in similar 

RTs in the S m 

N Bi and S Bi N Bi conditions (but see the General Dis- 

ussion). In the study of Licklider (1948) , by contrast, there was 

o better or worse acoustic ear, and listeners probably attended to 

he speech presented in the two ears, which could have been detri- 

ental when the speech and noise were both in phase ( Fig. 2 B ).

econd, whereas the locations of the speech and noise sources did 

ot change across conditions in our study, the subjective impres- 

ion concerning the locations of the speech and noise changed in 

he study of Licklider (1948) depending on the phase of the speech 
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nd the noise (his Fig. 6). This can make it difficult to integrate 

he results of the two studies. Third, it is also possible that in our 

tudy, the SNR in the acoustically worse ear was so low that lis- 

eners could not detect or recognize any speech with that ear, thus 

esulting in similar SRTs in the S m 

N Bi and S Bi N Bi conditions. 

. Experiments 2–4: the importance of binaural noise 

oherence for binaural unmasking 

.1. Rationale 

The results from Experiment 1 suggest that binaural unmasking 

n free-field listening requires only the noise but not the speech 

o be present in the two ears. In this section, we address a com- 

lementary question: how similar (coherent) must the noise in the 

wo ears be for binaural unmasking to occur? We report three ex- 

eriments, each intended to alter the interaural coherence of the 

oise in a different way: (1) altering noise source location cues 

ITDs and ILDs); (2) altering the interaural coherence of the noise 

ignal itself, i.e., generating different noise signals for the left and 

he right ears but from the same location; (3) wearing a hearing 

id in one of the ears. The aim is to investigate if the interaural

ues that determine the spatial location of the noise source are 

ecessary and sufficient for binaural unmasking to occur. 

.2. Methods 

Experimental conditions. Three experiments were conducted, 

ach with a different number of participants, as described below. 

- Experiment 2. The aim was to investigate if binaurally coher- 

ent noise source location cues (ITDs and ILDs) are necessary for 

binaural unmasking to occur. SRTs were measured for the three 

conditions tested in Experiment 1 (S Bi N Bi , S m 

N m 

, S m 

N Bi ) plus

two other conditions (S m 

N φ , and S m 

N Lrov ). Condition S m 

N φ was

as S m 

N Bi except that the noise waveform was inverted (180 °
phase shift) in the ear with the worse acoustic SNR before it 

was presented to the listener (i.e., after applying the HRIRs). 

This phase shift is expected to distort the instantaneous ITDs 

and ILDs of the noise but not the onset ITDs or the long term 

ILDs. Condition S m 

N Lrov was as S m 

N Bi except that the noise level 

was randomly roved (by up ±5 dB) in the ear with the worse 

acoustic SNR before it was presented to the listener. This would 

distort the noise ILDs but not ITDs. The presence of normal bin- 

aural unmasking in the S m 

N Lrov condition with reduced binaural 

unmasking in the S m 

N φ condition would suggest that instanta- 

neous ITDs are important for binaural unmasking. According to 

previous studies, this is expected to occur ( Garadat et al., 2009 ). 

Participants and free-field listening simulation procedures were 

as in Experiment 1. The results for S Bi N Bi , S m 

N m 

, and S m 

N Bi 

conditions have already been presented in Experiment 1, but 

they will be presented here again for comparison purposes. 

- Experiment 3. The aim was to investigate if the noise wave- 

forms generated for the two ears need to be binaurally coherent 

[i.e., if N L (t) must be equal to N R (t) , Eq. 1] for binaural unmask-

ing to occur. As in Experiment 1, SRTs in simulated free-field 

listening were measured for the S Bi N Bi , S m 

N m 

and S m 

N Bi condi-

tions and a new condition was added (S m 

N Inc ) where the noise 

signals at the two ears were HRIR-convolved to provide coher- 

ent location cues but were different (incoherent), as if they had 

been generated by different sound sources [i.e., N L (t) � = N R (t) 

in Eq. (1)]. If binaural unmasking were small or absent in this 

new condition (S m 

N Inc ), this would suggest that coherent noise 

source location cues are insufficient for unmasking to occur and 

that unmasking also requires interaurally coherent noise source 

signals. Seventeen NH listeners participated in this experiment 
5 
(5 men; mean ± SD age = 24.0 ± 3.7 years), of whom 11 were 

common to Experiments 1 and 2. Sixteen participants had au- 

diometric thresholds ≤ 20 dB HL in both ears at octave frequen- 

cies between 250 Hz and 8 kHz. One participant had audiomet- 

ric thresholds equal to 25 dB HL at 8 kHz in the right ear. All

participants were native speakers of Spanish. For seven partic- 

ipants, SRTs for the S Bi N Bi , S m 

N m 

and S m 

N Bi conditions were

carried forward from Experiment 1. 

- Experiment 4. The aim was to investigate if binaural unmask- 

ing decreases or disappears when the binaural coherence of the 

noise is altered by processing the noise through a hearing aid 

in one of the ears. SRTs were measured for unilateral speech 

in unilateral noise (S m 

N m 

), unilateral speech in bilateral noise 

(S m 

N Bi ), unilateral speech in bilateral incoherent noise (S m 

N Inc ), 

and unilateral speech in bilateral coherent noise but the lis- 

tener wore a hearing aid in the ear opposite to the speech 

(S m 

N HA ). We used a Starkey series iQ11 experimental hearing 

aid fitted with a linear gain ≤5 dB across the frequency range 

125–80 0 0 Hz. Except for multiband processing and feedback 

cancellation, all other signal processing features in the hear- 

ing aid were inactivated for the trial. In this experiment, stim- 

uli were not convolved with HRIRs and so participants did not 

have an acoustically better or worse ear. Instead, the speech 

was always presented in the right ear and the noise was pre- 

sented in the right ear (S m 

N m 

) or in both ears (S m 

N Bi , S m 

N Inc ,

S m 

N HA ). Twelve NH listeners participated in the experiment (5 

men; mean ± SD age = 29.9 ± 7.5 years). Ten of them had 

audiometric thresholds ≤ 20 dB HL at both ears at octave fre- 

quencies between 250 Hz and 8 kHz. Two participants had au- 

diometric thresholds equal to 25 dB HL at one frequency in one 

ear, and ≤ 20 dB HL at other frequencies. All but one partici- 

pant were native speakers of Spanish. The non-native Spanish 

speaker participant had a high level of proficiency in Spanish. 

Stimuli and procedures were as for Experiment 1. Experiments 

 and 3 were carried out with the same equipment as Experiment 

. For Experiment 4, stimuli were presented via circumaural, open, 

ennheiser HD580 headphones. In the S m 

N HA condition, the hear- 

ng aid was located behind the participant’s left ear and under 

he headphone and care was exercised that the headphone earpad 

id not occlude the hearing aid microphones in the behind-the-ear 

iece. SPLs were calibrated by placing the headphones on a KEMAR 

ead (Knowles Electronics) equipped with a Zwislocki (Knowles 

lectronics DB-100) artificial ear connected to a sound level me- 

re (Brüel & Kjaer 2238). Calibration was performed at 1 kHz and 

he obtained sensitivity was used at all other frequencies. 

Statistical analyses. Kolmogorov-Smirnov tests revealed that SRTs 

onformed to a normal distribution for Experiments 2 and 3 but 

ot for Experiment 4. RMANOVA tests were used to compare SRTs 

nd the amount of binaural unmasking across conditions for Ex- 

eriments 2 and 3, and a Friedman test was used for Experiment 

. Post hoc pairwise comparisons were conducted using Bonferroni 

orrections for multiple comparisons. Two-tailed significance lev- 

ls were applied for all tests. Greenhouse-Geisser corrections were 

pplied when the sphericity assumption was not satisfied. 

.3. Results 

Experiment 2 was aimed at investigating the effect of alter- 

ng the noise ILDs and ITDs on binaural unmasking ( Fig. 3 A and

 D ). A RMANOVA revealed a statistically significant effect of lis- 

ening condition on SRT [ N = 16, F (4,60) = 26.8, p < 0.001]. SRTs

ere significantly higher in the monaural condition than when the 

oise was presented to the two ears but the waveform was in- 

erted in the acoustically worse ear (S m 

N m 

vs S m 

N φ in Fig. 3 A ,

 = 0.001). SRTs were also significantly higher in the monaural 
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Fig. 3. Results of Experiments 2–4. A. SRTs for Experiment 2. S m N φ refers to monaural speech and binaural noise with the noise phase inverted in the worse ear. S m N Lrov 

refers to monaural speech and binaural noise but with the noise level roved by up ±5 dB in the worse ear. B. SRTs for Experiment 3. S m N Inc refers to monaural speech and 

binaural incoherent noise. C. SRTs for Experiment 4. Stimuli were not convolved with HRIRs. S m N HA refers to unilateral speech and bilateral coherent (diotic) noise but the 

listener wore a hearing aid in the ear opposite from the speech. D, E, F. Binaural unmasking for Experiments 2, 3, and 4, respectively. It was calculated as the difference 

between SRTs in the monaural condition (S m N m ) relative to the other test conditions. The layout is as for Fig. 1 . Statistically significant pairwise comparisons are indicated 

by asterisks: ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ondition than when the noise was presented to the two ears and 

he noise level was roved in the worse ear (S m 

N m 

vs S m 

N Lrov in

ig. 3 A, p < 0.001). In other words, binaural unmasking occurred in 

ll conditions where the noise was presented to the two ears. Bin- 

ural unmasking was not significantly different across the S Bi N Bi , 

 m 

N Bi , S m 

N φ and S m 

N Lrov conditions [ F (3,45) = 2.3, p = 0.088], but

t tended to be smaller when inverting the noise waveform than 

hen roving the noise level (1.9 vs 2.4 dB, respectively; Fig. 3 D ). 

Experiment 3 was aimed at investigating the effect of interaural 

oise signal coherence on binaural unmasking ( Fig. 3 B and 3 E ). We

ound a statistically significant effect of listening condition on SRT 

 N = 17, F (1.9,30.1) = 60.7, p < 0.001]. SRTs were better in the S Bi N Bi 

r S m 

N Bi conditions than in the S m 

N m 

condition, consistent with 

he results of Experiment 1. The new finding is that binaural un- 

asking disappeared when the noise signals were HRIR-convolved 

o provide binaurally coherent location cues but were generated 

ncoherent (S m 

N m 

vs S m 

N Inc in Fig. 3 B ; p = 0.642). Binaural un-

asking for incoherent noise signals was 0.3 dB and was not sta- 

istically different from zero ( Fig. 3 E ). 

Experiment 4 was aimed at investigating the effect of hearing 

evice processing on binaural unmasking when the auditory sys- 

em is not damaged ( Fig. 3 C and 3 F ). We found a statistically sig-

ificant effect of listening condition on SRT [ N = 12, χ2 (3) = 27.5,

 < 0.001]. Post-hoc comparisons revealed that SRTs were signifi- 

antly better when the speech was unilateral and the noise was 

ilateral and coherent (diotic) than when the speech and noise 

ere unilateral (S m 

N m 

vs S m 

N Bi in Fig. 3 C ; χ2 = 2.6, p < 0.001).

his binaural advantage did not reach statistical significance when 

he noise was binaurally incoherent (dichotic) (S m 

N m 

vs S m 

N Inc in 

ig. 3 C ; χ2 = 0.6, p = 1.0 0 0) or was binaurally coherent but the

istener wore a hearing aid in the ear opposite from the speech 
p

6 
S m 

N m 

vs S m 

N HA in Fig. 3 C ; χ2 = 1.3, p = 0.106). SRTs in the (uni-

ateral) hearing-aid condition were close to SRTs in the condition 

here the noise was binaurally incoherent (S m 

N HA vs S m 

N Inc in 

ig. 3 C ; χ2 = −0.6, p = 1.0 0 0). Binaural unmasking was 3.2, 0.5,

nd 1.5 dB for the S m 

N Bi , S m 

N Inc , and S m 

N HA conditions, respec-

ively ( Fig. 3 F ). A Friedman test revealed differences in the amount 

f binaural unmasking across listening conditions [ χ2 (2) = 19.5, 

 < 0.001]. Binaural unmasking was greater when the noise was co- 

erent (S m 

N Bi ) than when it was incoherent (S m 

N Inc ) ( p < 0.001)

r than when listeners wore a hearing aid (S m 

N HA ) ( p < 0.007)

 Fig. 3 F ). 

.4. Discussion 

In Experiment 2 we investigated the importance of binaurally 

oherent location cues on binaural unmasking. For simulated free- 

eld listening conditions, binaural unmasking occurred when the 

oise waveform in the acoustically worse ear was inverted (180 °
hase shift) before it was presented to the listener, although the 

agnitude of unmasking in this condition tended to be smaller 

han when the noise level was roved in the worse ear. This re- 

ult is consistent with previous studies that reported a reduction 

n binaural unmasking after removing ITDs in the masker enve- 

ope and/or temporal fine structure (TFS) without changing the 

oherence of the masker source ( Bronkhorst and Plomp, 1988 ; 

ieudonné and Francart, 2018 ; Garadat et al., 2009 ). On the other 

and, we observed that roving the level of the noise in the worse 

ar up to ±5 dB did not affect binaural unmasking, thus suggest- 

ng that binaurally coherent ILDs in the masker are not necessary 

or binaural unmasking to occur. This result is also consistent with 

revious studies. Arsenault and Punch (1999) and Bronkhorst and 
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lomp (1988) attenuated 20 dB the noise and speech in the acous- 

ically worse ear and did not observe an effect on the magnitude of 

nmasking. Dieudonné and Francart (2018) demonstrated greater 

inaural unmasking for a speech-shaped noise when only ITDs 

ere present in the noise than when ITDs and ILDs were present 

4.2 vs 2.5 dB, respectively), suggesting that ILDs are dispensable 

o observe binaural squelch. 

We found that binaural unmasking disappeared when the noise 

aintained location-related ITDs and ILDs (i.e., when it was HRIR- 

onvolved) but the noise source generated different signals for the 

wo ears (Experiment 3). Altogether, our results demonstrate that 

inaurally coherent noise source location cues are necessary (Ex- 

eriment 2; Bronkhorst and Plomp, 1988 ; Dieudonné and Fran- 

art, 2018 ; Garadat et al., 2009 ) but not sufficient (Experiment 3) 

or binaural unmasking to occur and that binaural noise source 

oherence is also a requisite for binaural unmasking to occur. To 

ur knowledge, this has not been previously demonstrated exper- 

mentally, but our results could be probably predicted by binaural 

odels that include noise (source) coherence as a factor that de- 

ermines binaural unmasking (e.g., Culling et al., 2004 , 2005 ). In 

ddition, our results are consistent with studies that demonstrated 

he importance of noise source coherence for other binaural ben- 

fits. Noise source coherence is important to observe spatial re- 

ease from masking ( Culling et al., 2004 ; Swaminathan et al., 2016 ),

o reduce the detrimental effects of reverberation on speech in- 

elligibility ( Lavandier and Culling, 2008 ), or to produce binaural 

enefits on speech intelligibility with headphones ( Bernstein et al., 

015 ). For instance, Bernstein et al. (2015) presented unprocessed 

arget and masker speech in the left ear together with unprocessed 

r vocoded (without TFS cues) speech masker in the right ear. 

elative to the monaural condition, NH listeners showed greater 

ncrease in speech intelligibility when unprocessed rather than 

ocoded masker was added to the right ear. This result appears 

o be consistent with ours insofar as presenting a vocoded masker 

n only one ear would reduce the masker coherence in the TFS 

nd thus the binaural advantage. A difference between the present 

tudy and that from Bernstein et al. (2015) is that they did not 

imulate listening in the free field and thus did not explore the 

elative importance of location and source coherence on binaural 

nmasking. 

Users of bilateral cochlear implants (CIs) or a hearing aid and 

 CI (bimodal users) usually show small or absent binaural un- 

asking ( Gantz et al., 2002 ; Kraaijenga et al., 2018 ; Schafer et al.,

011 ; Schleich et al., 2004 ; Van Hoesel and Tyler, 2003 ; Van Hoe-

el et al., 2002 ). This may occur because CI processing strategies 

emove TFS cues or because CI stimulation is not synchronized be- 

ween the ears, something that hinders the encoding of ITDs (see 

itovsky et al., 2017 for a more extensive review). It may also oc- 

ur, however, because the use of two independent devices distorts 

he interaural noise coherence. Here, the results of Experiment 4 

emonstrate that the use of a unilateral hearing aid reduces bin- 

ural unmasking in listeners who have normal binaural unmask- 

ng without the hearing aid. Because our hearing aid had a lin- 

ar gain of 5 dB and a change in the masker level of 5 dB has

o consequences on binaural unmasking (Experiment 2), and be- 

ause ITDs were not present in the masker because stimuli were 

ot HRIR convolved, our results demonstrate that binaural unmask- 

ng was reduced because the hearing-aid signal processing reduced 

he noise coherence between both ears. Therefore, binaural coher- 

nce should be better preserved with the use of two rather than 

ne hearing device (hearing aids or CIs), especially if they are de- 

igned with the same number of frequency channels and process- 

ng. Preserving the interaural coherence, however, is not so simple 

nd not always possible even when the pair of devices work in the 

ame manner (e.g., Brown et al., 2016 ). 
5

7 
In summary, we have shown that binaural unmasking tended to 

ecrease when altering binaural noise source location cues (ITDs), 

nd that the decrease was even greater when providing incoher- 

nt noise source signals to the two ears [by making N L (t) � = N R (t)

n Eq. 1] or when processing the noise alone through a unilateral 

earing device [by making D L (t) � = D R (t) in Eq. 1]. Altogether, our 

esults show that source location cues (ITDs) are necessary but not 

ufficient for binaural unmasking to occur and suggest that any 

spect or mechanism that reduces the binaural coherence of the 

oise at the eardrums will likely reduce binaural unmasking. 

. Experiment 5: the role of the medial olivocochlear reflex in 

inaural unmasking 

.1. Rationale 

This experiment was aimed at investigating if the MOCR con- 

ributes to binaural unmasking. In the preceding experiments, the 

ords employed to assess binaural unmasking started 50 ms after 

he noise onset. This delay was likely insufficient for the MOCR to 

e fully active at the word onset because it takes at least 300 ms 

or the noise to fully activate this reflex ( Backus and Guinan, 2006 ).

n the present experiment, SRTs were measured for the same con- 

itions as in Experiment 3 but using a noise-word onset delay of 

00 ms rather than 50 ms to ensure the MOCR was fully active 

t the word onset. If the MOCR contributes to binaural unmasking, 

he magnitude of unmasking should be greater for the longer than 

or the shorter noise-word onset delay, i.e., unmasking should be 

reater here than in Experiment 3. In addition, because activation 

f the contralateral MOCR can enhance auditory nerve responses 

o tones in noise both when the contralateral noise is correlated 

r uncorrelated with the masking noise (e.g., Fig. 4 in Kawase and 

iberman, 1993 ), the MOCR should contribute to binaural unmask- 

ng both for binaurally coherent and incoherent noises. 

.2. Methods 

Participants. Fifteen NH listeners participated in this experiment 

4 men; mean ± SD age = 24.8 ± 3.1 years). Eleven of them also 

articipated in Experiment 3. Fourteen participants had audiomet- 

ic thresholds ≤ 20 dB HL at both ears at octave frequencies be- 

ween 250 Hz and 8 kHz. One participant had audiometric thresh- 

lds equal to 25 dB HL at 8 kHz in the right ear, and ≤ 20 dB HL

t other frequencies. All of them were native Spanish speakers. 

Experimental conditions. SRTs were measured for the same con- 

itions as in Experiment 3, that is, listening with the two ears 

S Bi N Bi ), listening with the acoustically better ear alone (S m 

N m 

), 

istening with the two ears but removing the speech from the 

coustically worse ear (S m 

N Bi ), and listening with the speech in 

he acoustically better ear and binaural incoherent noise (S m 

N Inc ). 

he difference is that in this experiment the noise started 500 ms 

nstead of 50 ms before the words to allow full MOCR activation at 

he word onset. The noise finished 50 ms after the word offset. 

Stimuli, procedure , and apparatus were as for Experiment 3. Bin- 

ural unmasking but not SRTs conformed to a normal distribution. 

 Friedman test was applied to test for the effect of listening con- 

ition on SRTs. A RMANOVA was used to test for the effect of lis- 

ening condition on binaural unmasking. Post hoc pairwise com- 

arisons were conducted using Bonferroni corrections for multi- 

le comparisons. Two-tailed significance levels were applied for all 

ests. 

.3. Results 

Fig. 4 A shows SRTs for the different conditions of Experiment 

. There was a significant effect of listening condition on SRT 
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Fig. 4. Results of Experiment 5. A. SRTs for 15 NH listeners for words delayed 500 ms from the noise onset. The layout is similar as Fig. 1 A. B. Binaural unmasking calculated 

as the difference between SRTs in the monaural condition (S m N m ) and in the other test conditions of panel A. C. Binaural unmasking for words delayed 50 ms (Experiment 

3; diamonds) or 500 ms (present experiment; circles) from the noise onset. Results are for 11 participants common to both experiments. Statistically significant pairwise 

comparisons are indicated by asterisks: ∗∗∗p ≤ 0.001. 
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 N = 15, χ2 (3) = 31.8, p < 0.001]. Participants showed binaural un- 

asking, i.e., better SRTs when they listened with their two ears 

han with their acoustically better ear alone (S Bi N Bi vs S m 

N m 

in 

ig. 4 A ; χ2 = −2.0, p < 0.001). SRTs were not significantly differ-

nt when listening to monaural speech in binaural noise com- 

ared to listening to binaural speech and noise (S m 

N Bi vs S Bi N Bi in

ig. 4 A ; χ2 = 0.0, p = 1.0 0 0). Binaural unmasking was absent when

he noise was binaurally incoherent (S m 

N m 

vs S m 

N Inc in Fig. 4 A ;
2 = 0.2, p = 0.671). Mean binaural unmasking was 2.3, 2.1 and 

.1 dB for S Bi N Bi , S m 

N Bi , and S m 

N Inc , respectively ( Fig. 4 B ). Alto-

ether, the pattern of results was consistent with the pattern from 

xperiment 3. 

To compare binaural unmasking for noise-word onset delays of 

0 ms (Experiment 3) and 500 ms (present experiment), we ap- 

lied a RMANOVA with preceding noise duration (50 and 500 ms) 

nd condition (S Bi N Bi , S m 

N Bi , and S m 

N Inc ) as factors. Only data for

he 11 participants that were common to the two experiments 

ere included in the analysis ( Fig. 4 C ). The RMANOVA revealed 

ignificant differences in the amount of binaural unmasking across 

ondition [ F (2,20) = 41.4, p < 0.001]. However, there was not a signif-

cant effect of preceding noise duration [ F (1,10) = 0.2, p = 0.675] or

n interaction between condition and noise duration [ F (2,20) = 0.4, 

 = 0.649] on binaural unmasking. The lack of an interaction indi- 

ates that binaural unmasking was not significantly different for 

ords delayed 50 and 500 ms in any of the three conditions 

S Bi N Bi , S m 

N Bi , and S m 

N Inc ; Fig. 4 C ). 

Recall that each individual SRT in Fig 4 C (i.e., each filled sym- 

ol) is the mean of three SRT estimates, and so the findings just 

resented (about the lack of an effect of noise-word onset delay 
t

8 
n binaural unmasking) are based on mean SRTs. To assess the re- 

iability of these findings, we repeated the analysis of the effect 

f word-onset delay on binaural unmasking for every possible pair 

f trials. Fig. 5 shows the amount of binaural unmasking for trials 

, 2, and 3 for words delayed 50 ms (diamonds) or 500 ms (cir- 

les) in the noise. Paired two-tailed t -tests without correction for 

ultiple comparisons revealed that binaural unmasking was sta- 

istically different for words delayed 50 and 500 ms in the noise 

nly for five out of the 27 pairwise comparisons (indicated by as- 

erisks in Fig. 5 ), and the expected trends (i.e., greater unmasking 

or longer than for shorter noise-word onset delay) is observed in 

our of these comparisons. The greater binaural unmasking for the 

00 ms condition in the third trial (right panels in Fig. 5 ), how-

ver, occurred because SRTs in the monaural condition worsened 

rom trials one to three while SRTs in the binaural conditions re- 

ained constant across trials (data not shown). It is uncertain why 

his worsening occurred, but we expected the activation of ipsilat- 

ral and contralateral MOCR to improve SRTs in the binaural con- 

ition (re the monaural condition) rather than impair SRTs in the 

onaural condition. 

.4. Discussion 

The magnitude of binaural unmasking was not statistically dif- 

erent when words were delayed 50 and 500 ms from the noise 

nset ( Fig. 4 C ). Assuming that the MOCR was minimally active at 

he word onset for words delayed 50 ms in the noise and fully ac- 

ive for words delayed 500 ms, the present results would indicate 

hat the MOCR is unlikely involved in binaural unmasking. This as- 
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Fig. 5. Test-retest reliability of binaural unmaking. Binaural unmasking for trials 1, 2, and 3 when words were delayed 50 ms (diamonds) or 500 ms (circles) in the noise. 

Paired two-tailed t -tests without correction for multiple comparisons were used to test differences in binaural unmasking across the 50 and 500 ms conditions. Filled 

symbols depict individual results and open symbols depict group mean values. Statistically significant pairwise comparisons are indicated by asterisks: ∗p ≤ 0.05; ∗∗p ≤ 0.01. 

See the main text for details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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umption, however, needs to be qualified. The evidence that the 

ime course of activation of the MOCR is about 277 ±62 ms applies 

o probe tones ~1 kHz and wideband noise elicitors of the MOCR 

 Backus and Guinan, 2006 ) but the time course of activation might 

e different for other probe frequencies or elicitors. For instance, 

aison et al. (2001) showed a MOCR time course of 60 ms for click

robes in contralateral white noise and Kim et al. (2001) reported 

hat the fast component of the ipsilateral MOCR can be highly vari- 

ble across probe parameters and participants, with time courses 

anging from 10 to 500 ms. If the MOCR were almost fully active 

t the word onset for some participants when words were delayed 

0 ms in the noise, one would expect similar binaural unmasking 

or words delayed 50 or 500 ms, as we observed here. Note, how- 

ver, that although this might have occurred, binaural unmasking 

as still approximately zero for binaurally incoherent noise. Be- 

ause the antimasking effects of the MOCR on auditory nerve re- 

ponses are similar for correlated and uncorrelated noise between 

ars ( Kawase and Liberman, 1993 ), one would have expected bin- 

ural unmasking for incoherent noise if the MOCR were involved, 
9 
nd this was not the case. Altogether, our results suggest that the 

OCR is unlikely involved in binaural unmasking. 

To our knowledge, this is the first study to directly investigate 

he potential contribution of the MOCR to binaural unmasking. 

opez-Poveda et al. (2020) , however, have shown that binaural un- 

asking can occur for some simulated free-field conditions when 

timuli are processed through a binaural CI sound-coding strategy 

nspired by the MOCR ( Lopez-Poveda et al., 2016 ). Because CI users 

ack the effects and benefits of the natural MOCR, and this strategy 

s inspired by the natural MOCR and produces binaural unmasking, 

he findings of Lopez-Poveda et al. (2020) might be interpreted as 

ndirect evidence that the MOCR contributes to binaural unmask- 

ng. The present findings do not support that idea. Instead, the 

resent findings suggest that the better performance of CI users 

ith the MOCR-inspired strategy is probably due to factors differ- 

nt from preserving MOCR-related effects (e.g., see the Discussion 

n Lopez-Poveda et al., 2020 ). 

In addition to the MOCR, the middle ear muscle reflex (MEMR) 

ight contribute to binaural unmasking. While the MOCR en- 
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ances the neural SNR at high frequencies, the MEMR possibly pro- 

ides antimasking benefits in the low frequencies ( Liberman and 

uinan, 1998 ). The MEMR threshold for ipsilateral or contralat- 

ral broadband noise activators can be as low as 50 dB SPL 

 Feeney et al., 2017 ; Zhao and Dhar, 2010 ). Here, SRTs were as low

s −20 dB SNR for speech set at 65 dB SPL, indicating that the 

oise level was as high as 85 dB SPL and thus sufficient to activate 

he MEMR. The time course of the MEMR varies depending on the 

timulus level and frequency ( Borg, 1982 ; Qiu and Stucker, 1998 ), 

ut it takes at least 240 ms for it to reach 90% of its maximum ef-

ect ( Qiu and Stucker, 1998 ). Because binaural unmasking was sim- 

lar for words delayed 50 or 500 ms in the noise, it is unlikely that

he MEMR is involved in binaural unmasking. 

. General discussion 

The present experiments have shown that: (1) in simulated 

ree-field listening conditions, the noise in the ear with the worse 

coustic SNR is necessary for binaural unmasking to occur, while 

he speech is dispensable (Experiment 1); (2) distortion of binau- 

ally coherent noise source location cues (ITDs) tended to reduce 

inaural unmasking (Experiments 2); (3) the noise signals in the 

wo ears must be binaurally coherent for binaural unmasking to 

ccur (Experiments 3); (3) the use of a unilateral hearing aid with 

inear, minimal ( ≤5 dB) amplification is sufficient to impair bin- 

ural unmasking for NH listeners, which suggests that the impair- 

ent is almost certainly due to the hearing aid distorting the inter- 

ural coherence of the noise stimuli at the eardrums (Experiment 

); and (4) the MOCR (and the MEMR) is unlikely to contribute to 

inaural unmasking (Experiment 5). 

We found similar binaural unmasking in free-field listening 

onditions when listening to binaural speech in binaural noise as 

hen listening to monaural speech in the better ear in binaural 

oise. In principle, this finding could be explained by two mech- 

nisms at least. One possibility is that in free-field listening, the 

wo ears function like a dual-microphone noise cancelling system 

 Fu et al., 2013 ). The acoustically better ear would operate like 

he primary microphone, which picks up the desired speech more 

trongly together with some background noise, while the worse 

ar would operate as a secondary microphone, which picks up 

ostly the noise. Just as a dual microphone system improves the 

NR by subtracting the secondary from the primary signal, binau- 

al unmasking could involve subtraction of the noise at the two 

ars so long as the noise is binaurally coherent ( Durlach, 1963 ). 

he second mechanism would be related with spatial attention. 

erhaps, with binaurally coherent noise, listeners were able to per- 

eive a spatial separation between the target speech and noise 

ource, which may have facilitated directing their attention to the 

coustically better ear. If the listener attended mainly to speech 

resented in the better ear, intelligibility would be similar whether 

he speech was present or absent in the acoustically worse ear. 

ccording this second mechanism, binaural unmasking would be 

he result of listeners changing from not localizing with precision 

monaural condition, N m 

) to correctly localizing the noise source 

binaural condition, N Bi ). The incoherent masker (N Inc ), although 

RIRs convolved, would have been more difficult to localize be- 

ause it only preserved the onset ITDs and the long-term ILDs, thus 

esulting in less binaural unmasking. 

The present results, however, suggest that noise cancellation 

s more prominently involved than spatial attention in binaural 

nmasking in free-field listening. This is because, for the S m 

N Bi 

ondition, mean binaural unmasking was statistically significantly 

reater for stimuli not convolved than for stimuli convolved with 

RIRs [3.2 vs 2.3 dB; t -test for independent samples; t(27) = 2.6, 

 = 0.016] (compare the grey symbols in Fig. 3 F and Fig. 3 E ). In

ther words, in the present experiments, unmasking was greater 
10 
or stimuli without than with source location information. This in- 

icates that source location cues do not contribute to binaural un- 

asking, at least when speech is monaural and noise is binau- 

al as in the present experiments. This result may seem inconsis- 

ent with studies that reported binaural unmasking to be greater 

or spatially separated than for colocated speech and masker 

ources ( Bronkhorst and Plomp, 1988 ; Dieudonné and Francart, 

018; Garadat et al., 2009 ), which suggests that source location 

nformation is useful for binaural unmasking. In the latter stud- 

es, however, unmasking was always calculated as the difference 

etween a bilateral condition (S Bi N Bi ) and the unilateral condi- 

ion (S m 

N m 

). They did not measure, however, binaural unmask- 

ng for separated and colocated speech and masker sources when 

peech is unilateral and noise is bilateral (S m 

N Bi ), which is pre- 

isely the condition that we tested and compared here. What- 

ver the mechanisms underlying binaural unmasking (noise can- 

ellation or spatial attention), our findings show that the speech 

n the acoustically worse ear is dispensable for binaural unmask- 

ng to occur and thus dispute binaural speech intelligibility models 

hat require the speech to be present in the acoustically worse ear 

e.g., Tang et al., 2016 ). It is uncertain, however, if the same results

ould be obtained for all the possible locations of the speech and 

oise sources. 

The use of a single hearing aid reduced binaural unmasking for 

H listeners (Experiment 4). This suggests that hearing devices can 

educe the binaural coherence of the noise even when their func- 

ioning is simple in terms of signal processing (our hearing aid 

ad linear amplification rather than wide dynamic range compres- 

ion that is commonly implemented in current hearing aids). Al- 

hough previous studies suggest that the auditory brain can “learn”

he coherence of the processed stimuli when the devices are used 

or a long period of time ( Buss et al., 2008 ; Eapen et al., 2009 ;

itovsky et al., 2006 ; Mertens et al., 2015 ), the increase in bin-

ural unmasking associated to this learning is small (0.5–1 dB in 

itovsky et al., 2006 ; Mertens et al., 2015 ). Altogether, the present 

vidence shows that it would be unrealistic to expect normal bin- 

ural unmasking for users of one or two hearing devices. It fur- 

her shows that it would be necessary that hearing devices pre- 

erve binaural ( noise ) coherence for their users to achieve closer to 

ormal binaural unmasking ( Litovsky et al., 2017 ). 

As explained in the Introduction, based on the neural antimask- 

ng effects of the MOCR (e.g., Nieder and Nieder, 1970a , 1970b ; 

awase and Liberman, 1993 ; reviewed by Lopez-Poveda, 2018 ) we 

xpected the ipsilateral and contralateral MOCRs to improve the ef- 

ective SNR in the acoustically better and worse ear, thus resulting 

n greater binaural unmasking when these reflexes are fully active 

han when they are not. We found, by contrast, that the amount 

f binaural unmasking was similar in the two cases. This sug- 

ests that the MOCR might not be as important for intelligibility in 

oise as it has been assumed and adds to recent evidence support- 

ng the idea that physiological mechanisms not mediated by the 

OCR facilitate speech-in-noise recognition ( Marrufo-Pérez et al., 

018 , 2020 ) or amplitude modulation detection in noise ( Marrufo- 

érez et al., 2019 ; Wojtczak et al., 2019 ). 

onclusions 

1 In simulated free-field listening conditions, normal-hearing lis- 

teners show better intelligibility when listening with their two 

ears than when listening with their acoustically better ear 

alone, demonstrating binaural unmasking. 

2 Having the noise in ear with the worse acoustic SNR is suffi- 

cient for binaural unmasking to occur, while the speech in the 

acoustically worse ear is dispensable. This suggests that binau- 

ral unmasking reflects binaural noise cancellation rather than 

speech enhancement in the central auditory system. 
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3 Interaural coherence pertaining to noise source location (ITDs) 

is necessary but not sufficient for binaural unmasking to occur. 

Interaural coherence is required also in the signals generated 

by the noise source and in their processing (e.g., by a hearing 

device). 

4 The use of a unilateral hearing aid with linear, negligible (5 dB) 

amplification impaired binaural unmasking in normal-hearing 

listeners, almost certainly because its processing reduced the 

interaural coherence of the noise. 

5 Binaural unmasking was not significantly different for stimuli 

designed to activate or not the medial olivocochlear reflex. This 

indicates that this reflex is unlikely involved in binaural un- 

masking. 
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