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Abstract 
Background and Aim: Since the first report of 

recording the binaural interaction component 

(BIC) in 1970, many studies have been con-

ducted on BIC but none of them make its way to 

clinical application yet. The present paper aims 

at reviewing the characteristics and potential 

applications of BIC in audiology. 

Recent Findings: BIC may be a potentially 

sensitive objective tool in identifying subjects 

with auditory processing disorders and moni-

toring auditory training effects. It can also help 

effective electrode insertion in bilateral cochlear 

implantation. Besides, BIC has shed light on the 

binaural processing maturation in infants. BIC 

recoding faces some difficulties as it is sensitive 

to noise and presentation rate, and has low amp-

litude, especially in brainstem level. These iss-

ues might contribute to its limited clinical app-

lications. 

Conclusion: Although BIC has not been int-

roduced as an objective tool for testing binaural 

processing, it has the potential to be a reliable 

test. Furthermore, BIC may be used in situations 

where no behavioral test can be conducted. 

Such circumstances are during cochlear implan-

tation or testing uncooperative pre-school chil-

dren for auditory processing or the lack of 

standard behavioral tests for them. Further res-

earch on BIC is highly recommended before it 

can gain any clinical application. 
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Introduction 

The binaural interaction component (BIC) in 

electrophysiological potentials may serve as an 

objective tool for the evaluation of binaural pro-

cessing, especially in young children [1-3]. Acc-

ordingly, if there is a significant relationship 

between BIC and behavioral binaural processing 

tests, then BIC can be a good test for diagnosing 

disorders of binaural processing such as spatial 

processing disorder at a young age, even in pre-

schoolers. Testing auditory processing in pre-

schoolers is highly challenging partly due to 

lack of standard behavioral tests with age-app-

ropriate norms and partly due to confounding 

factors such as lack of attention and cooperation 

[1-4]. Early diagnosis of auditory processing 

disorder (APD) has always been in the focus  

of researchers. Diagnosing APD before school 

age can provide early auditory training and 

preventing academic failure and its consequent 
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emotional or social adverse effects on the chil-

dren [5-7]. In addition, BIC has other interesting 

applications in audiology, such as monitoring 

symmetric electrode placement during cochlear 

implant surgery or evaluation of maturation/ 

development of binaural processing in children 

[8,9]. Kelly-Ballweber and Dobie (1984) were 

pessimistic that BIC could find a useful app-

lication in clinical settings. They showed that 

many subjects with even mild high-frequency 

loss lacked any recordable BIC. They suggested 

that scientists might find a way to decrease the 

inherent variability of the response and its’ low 

signal to noise ratio (SNR) before BIC can gain 

any clinical attention. Since then, electrophy-

siologic devices have changed a lot, many stu-

dies investigated BIC, and exciting results have 

yielded [10]. The present paper aimed at rev-

iewing the most critical characteristics of BIC 

and its’ potential applications in audiology 

(clinical and research field). 

 

Binaural interaction component in auditory 

evoked potentials from early to late responses 

 
What is binaural interaction in electrophysiological 

responses? 

BIC is calculated by subtracting actual binaural 

electrophysiological response from the sum of 

the monaural responses of the two ears 

[8,11,12]. Jewett (1970) was the first scientist 

who detected this subtractive potential at the 

level of the auditory brainstem response (ABR) 

in cats [13]. After his work, other scientists got 

interested in the BIC and investigated the 

responses at the level of middle and late latency. 

In general, most studies on BIC have been 

conducted on the ABR BIC. 

 
Binaural interaction in auditory brainstem response 

and its’ origin 

The most stable wave in ABR BIC is the β 

wave, which occurs at the level of wave V. 

However, BIC is mostly a multi-peak com-

ponent. ABR BIC components are α, β, γ, and δ. 

These components are also called DP1, DN1, 

DP2, and DP3. DN1 is equivalent to β which is 

the major component of BIC [8]. 

According to Brantberg et al., the latency dif-

ference of wave V in actual binaural response 

and the sum of monaural responses is the reason 

why BIC appears after subtraction [14]. Others 

believe that the amplitude difference of wave V 

between these two recordings is the main rea-

son. In general, BIC has a highly variable amp-

litude, and the remaining noise in the recording 

contributes to this variability. Other factors aff-

ecting this variability comprise transducer, ear-

phone placement, electrode placement, electrode 

impedance, etc. [15]. This inherent variability 

plays an important part in the clinical appli-

cation of BIC. 

At the level of ABR, binaural wave V is smaller 

than sum of the monaural responses. Therefore, 

an inhibition process may be the primary mec-

hanism of the BIC [16,17]. 

Furst showed that ABR BIC is related to dir-

ectional hearing [2,18]. Animal studies, espe-

cially on rats, show that ABR BIC is produced 

secondary to binaural processing at the level of 

superior olivary complex (SOC). Even in cases 

that we see multiple BICs in ABR at the level of 

wave V and VI or a wide wave from wave V to 

VI, the BICs are produced by binaural pro-

cessing in SOC [19]. The reason might be the 

sluggish binaural processing that lasts for a 

while [20,21]. Studies on rats and guinea pigs 

showed that BIC would appear after the des-

truction of the lateral lemniscus (LL) or inferior 

colliculus (IC). On the other hand, BIC is sen-

sitive to the integrity of the SOC or medial 

nucleus of the trapezoid body [22,23]. In 

general, two mechanisms have been proposed 

for the production of ABR BIC. The first 

mechanism is that binaural stimulation reduces 

the firing of contralateral inhibitory and ipsi-

lateral excitatory neurons of SOC. The second 

mechanism states that monaural stimulation sat-

urates contralateral and ipsilateral excitatory 

neurons. Therefore, the binaural response would 

not be twice larger than monaural responses  

[3]. The inhibitory mechanism theory is str-

onger. 

SOC has two main nuclei: medial superior olive 

(MSO) and lateral superior olive (LSO). MSO is 

sensitive to the interaural time difference (ITD), 
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and LSO is sensitive to interaural intensity dif-

ference (IID) [4]. The size of the head is an imp-

ortant factor affecting ITDs and IIDs, and con-

sequently, MSO and LSO function. Animals 

with small heads such as gerbils have small 

ITDs. On the other hand, in species with big 

heads such as humans, ITDs are larger [24]. The 

maximum possible ITD for humans is on the 

order of 1 ms [25,26]. So based on ecologic 

needs, MSO in humans must include neurons 

that can detect ITDs up to approximately 1 ms. 

MSO receives excitatory inputs from the coc-

hlear nucleus of both sides of the brainstem, but 

LSO receives excitatory inputs from one side 

and inhibitory inputs from the other side. MSO 

is the underlying nucleus for ABR BIC. Recor-

dings from single neurons of MSO show that 

these neurons respond strongly to binaural sti-

muli, and their binaural response is larger than 

the summation of the monaural responses (faci-

litation) [27]. The question is how this nucleus 

can have inhibitory output or contribute to 

inhibitory BIC. Brand et al. showed inhibitory 

neurotransmitters (NTMs) in MSO (Glycinergic 

in mammals and GABAergic in birds). Rem-

oving these inhibitory NTMs adversely affects 

MSO function [28]. 

Jeffress proposed the place theory of localiza-

tion. He mentioned that stimuli from the two 

ears travel in pathways with different distances 

along the axons to reach neurons in MSO. The-

refore, the length of ipsilateral and contralateral 

pathways are different for neurons in MSO. So 

each neuron has the most sensitivity or max-

imum response to a specific ITD (characteristic 

ITD). In general, different neurons can detect 

different ITDs [29]. However, this hypothesis 

has some critical concerns. Different axon len-

gths can be seen in birds but not in mammals 

[30,31]. MSO neurons have a particular shape. 

The place of the cell body, input dendrites, and 

output axon can produce different types of 

input-output patterns that can potentially act the 

same as different axon lengths that were men-

tioned in the Jeffress model. Besides, different 

types of inhibitory inputs exist on the neurons’ 

cell body that can delay neural conduction 

differentially [32]. 

Based on the Jeffress model and by considering 

maximum possible ITD in humans, BIC can be 

traced up only to ecologic ITDs. Wrege and 

Starr showed that ABR BIC could be seen at 

ITD of 0.1 µs, and the BIC is traced up to ITD 

of 500 µs and the latency of BIC changes 

systematically with ITD (larger ITDs, more BIC 

latency). They showed that BIC is not seen  

at ITDs over 800 µs [33], which is compatible 

with the Jeffress model. However, many studies 

have shown that BIC can be detected in ITDs as 

large as 2 ms (which is not ecologically possible 

in humans) [8]. The next question is why there 

are neurons for detecting such large ITDs.  

To answer this question, the precedence effect 

(PE) was proposed. In real life, there are latent 

echoes of the primary sound source that must be 

detected and deleted. These echoes do not affect 

localization, and localization is always based on 

the first wave front. PE is attributed to a higher-

order function from IC to the auditory cortex, 

but MSO might be a preliminary step for this 

higher order function [34,35]. 

The amplitude of ABR BIC is larger in animals 

compared to humans. The reason might be rela-

ted to animals’ smaller heads, the closer place  

of recording electrodes to the wave origin, rec-

ording during anesthesia, and low muscle noise 

[36,37]. The test-retest variability of ABR BIC 

in animals is smaller than humans [8,15]. ABR 

BIC is highly sensitive to presentation rate and 

may disappear even with a slight increase in rate 

[8]. 

ABR can be recorded by speech stimuli such as 

/da/. In speech ABR (sABR), a transient res-

ponse (onset response including wave V and A; 

offset response including wave O) and a fre-

quency following response (FFR) (D, E, F) are 

recorded [38]. Huan et al. showed that BIC-V, 

BIC-A, BIC-D, BIC-E, BIC-F, and BIC-O were 

detected in 80%, 40%, 70%, 70%, 55%, and 

50% of the normal subjects. So, BIC is also 

present at sABR, but it is not detected in all 

subjects [39]. Besides, sABR shows different 

results in females and males and probably 

binaural sABR, and consequently, BIC in sABR 

show the same trend [40]. More research in this 

field is highly recommended. 
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Binaural interaction component in middle latency 

and late latency response 

Several BICs are seen in middle latency res-

ponse (MLR) (20 to 40 ms) [41] and late latency 

response (LLR) (63 to 150 ms) [42,43]. BIC  

in these responses is larger than ABR. This con-

dition may indicate that binaural processing is 

major in thalamocortical and cortical levels, and 

happens much more than the pontine level [41]. 

At the level of MLR and LLR, some compo-

nents show a larger binaural response than the 

sum of the monaural responses. In these cases, 

an underlying facilitation mechanism might be 

involved. According to studies, these compo-

nents belong to non-specific auditory pathways 

and nuclei, such as medial and dorsal nuclei of 

the medial geniculate body (MGB). Recordings 

from the temporal lobe indicate that specific 

auditory areas show inhibitory patterns, but 

areas with multisensory processing show facili-

tatory patterns [44,45]. 

MLR/LLR BICs are sensitive to the presen-

tation rate and can disappear even with a small 

increase in the rate. BIC LLR has a strong rel-

ation to behavioral binaural fusion. When a sub-

ject perceives a single image of binaural stimul-

ation, BIC LLR appears. However, if a subject 

perceives two separate sounds in his head (each 

from one ear), BIC decreases significantly or 

even disappears [11,31,46]. 

When ITD is applied to the binaural stimuli,  

the perceived location of the stimulus changes 

in response to ITD. It has been shown that  

the latency of BIC LLR changes systematically 

with ITD, and the latency correlates well with 

the perceived location of the sound source. This 

event happens even without attention to the 

perceived location of the sound source and may 

involve the echoic memory (automatic memory) 

[47-49]. 

There is a BIC at the 40 Hz response, too. This 

condition indicates that at least some rate re-

sistant neurons at the thalamocortical level have 

binaural input and show an inhibitory mecha-

nism for BIC production, as well. Unlike other 

BICs, 40-Hz BIC is rate-resistant [46]. 

 

Effects of presentation rate on binaural 

interaction components 

Generally, binaural response and BIC are more 

sensitive to presentation rate than monaural evo-

ked potentials. However, 40-Hz BIC is an 

exception to this fact [8,46]. Binaural inhibitory 

pathways seem to be more sensitive to presen-

tation rate (maybe metabolic vulnerability), and 

cannot tolerate high presentation rate. Metabolic 

characteristics of inhibitory binaural processing 

pathways might differ from excitatory ones. 

With increasing the stimulus rate from 10 to 

100/s, the latency of BICs in ABR increases and 

their amplitude decreases. The most stable com-

ponent is β wave and other components dis-

appear faster than β [46,50,51]. 

The rate of stimulation must be considered in 

performing BIC in auditory evoked responses. 

Testing with a slower presentation rate takes a 

longer time but ensures recording all possible 

components and makes it possible to interpret 

latency and amplitude of components. 
 
Maturation of binaural interaction components 

Human neonates can discriminate sound loca-

tions. Localization skill continues to develop 

remarkably in the first couple of years and 

undergoes sophisticated changes even through 

school-age [52]. About 50% of neonates show 

ABR BIC at birth, and only 10% of these neo-

nates show systematic change of BIC latency 

with ITD. Generally, this fact indicates that 

localization circuits are present at birth but neo-

nates cannot use them yet. As infants go through 

the developmental process (such as myelination) 

and experience different listening situations 

(synaptic changes), maturation of the circuits 

happen [53]. 

BIC cannot be seen in some neonates. These 

subjects often have well-formed monaural ABR 

with normal age-related latencies, but they do 

not show binaural wave V or BIC. This event 

indicates that monaural and binaural auditory 

processing pathways undergo differential matu-

ration and development process. In general, bin-

aural processing pathways have longer matu-

ration process than monaural pathways [54,55]. 

ABR BIC in infants has inherent variability: 

some infants have β (related to wave V), some δ 
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(related to wave VI), some both components, 

and remaining no BIC at all. Besides, in some 

neonates with BIC, binaural components disa-

ppear with increasing ITD, but in others, BIC 

can be traced to ITDs as large as 1 ms. Does 

ITD as large as 1 ms occur in neonates? 

The embryo lives in a liquid environment (ute-

rus) in which the sound travels 4 times faster 

than air. Also, the fetus's head is small. The-

refore, the largest possible ITD for human emb-

ryo is 125 µs. immediately after birth, the neo-

nate is exposed to the air environment, so the 

sound speed changes dramatically. This change 

increases ITD to 500 µs. At birth, the neonates’ 

head size is 60% of the adult size. In time and 

during development, the head size increases, 

and in an adult, ITD reaches 750 µs to 1 ms. 

This process shows that all hardwire pathways 

exist since birth (and even before that), and they 

only need to be re-calibrated based on infants’ 

functional needs, head size growth, and expe-

rience [53]. At the level of MLR, infants show 

BIC (especially in the latency of Na) but with 

smaller amplitudes than adults. The state of 

arousal might affect the results because infants 

are usually tested during sleep [54]. 

 

The potential application of binaural interaction 

components in the clinical and research field 

 
Binaural interaction component and auditory 

processing disorder 

Subjective binaural processing tests such as loc-

alization tests can be easily affected by non-

auditory factors, including attention, arousal, 

and general subjects’ cooperation. So objective 

evaluations of binaural processing are desirable, 

and BIC in auditory evoked potentials might be 

an interesting tool [1,2]. It seems that BIC has 

76% sensitivity in identifying APD [2]. 

The most consistent finding is that ABR BIC is 

smaller in subjects with APD [56]. Gopal and 

Pierel used BIC of ABR in 9 children at risk for 

APD and 9 normal peers. They reported that the 

amplitude of the BIC of ABR reduced signi-

ficantly compared to the control group. They 

concluded that BIC of ABR could be potentially 

an objective response for determining children 

with APD [57]. Delb et al. also introduced BIC 

as an objective test for diagnosing APD. They 

studied 17 children at risk for APD and  

25 normal peers. The absence of ABR BIC was 

defined as the presence of APD. They found 

that BIC has a sensitivity and specificity of  

76% for identifying children with APD [2]. 

Abdollahi et al. showed that BIC MLR has 

lower amplitude and longer latency in children 

with APD than healthy age-matched children. 

They suggested that BIC MLR could be rec-

orded and analyzed easier than BIC ABR 

because of its generally larger amplitude [1].  

In addition, BIC may be an objective tool to 

monitor the effects of auditory training in chil-

dren with APD. It actually shows good agree-

ment with behavioral auditory processing tests. 

Lotfi et al. showed that MLR BIC agrees well 

with the speech in noise/competition tests. They 

reported that with spatial auditory training,  

BIC MLR, and speech perception in noise/ 

competition in children with suspected APD 

improve significantly [56]. 
 
Binaural interaction component and cochlear 

implant 

With electric stimulation, auditory evoked pot-

entials are the same as acoustic stimulation, but 

generally, they have larger amplitudes and shor-

ter latencies. ABR BIC with electric stimulation 

is larger than acoustic stimulation because there 

is more synchrony among activated auditory 

fibers. Transient acoustic stimuli produce syn-

chrony only in mid- and high-frequency fibers. 

Also, electric stimulation bypasses the cochlear 

transmission and produces BICs with shorter 

latencies [58-60]. 

In general, LLR BICs are present in subjects 

with the bilateral cochlear implant (CI), but they 

show high inter-subject variability in morpho-

logy, amplitude, and ITD sensitivity. Cortical 

BIC is dependent on interaural electrode spac-

ing. Besides, if there is a significant delay (more 

than 2 years) between the first and second CI in 

sequential cochlear implantation, BIC will be 

different from healthy subjects or those received 

their second device earlier [9,61]. 

In bilateral CI, when electrodes are placed 
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symmetrically in both ears, there are larger 

BICs at the level of all auditory evoked pot-

entials. This condition might indicate more nat-

ural binaural processing and better-fused sound 

perception. Therefore, it is feasible that surge-

ons use BIC as a tool to monitor electrode pla-

cement in bilateral CI to achieve a better out-

come for their patients [59]. 

Besides, there are subjects with bimodal CI. 

These subjects have CI in one ear and a hearing 

aid in the other one. They benefit from binaural 

cues, as well. Investigating binaural interaction 

in these subjects seems beneficial and can guide 

the clinician to select cases who need binaural 

auditory rehabilitation and monitor their prog-

ress in time. There are studies on single-sided 

deaf animals and humans with unilateral CI. In 

these cases, ABR BIC (electric-click acoustic 

stimulation) has been recorded successfully. 

However, most patients with bimodal CI have a 

residual hearing at low frequencies; therefore, a 

500-Hz tone burst seems a more suitable stimu-

lus than click for recording ABR BIC [62]. 

However, more research is recommended in this 

field. 

 
Binaural interaction component and specific 

language impairment 

Specific language impairment (SLI) is a persis-

tent language disorder without any neurologic, 

sensory, or cognitive involvement. Probably the 

auditory system could be involved in SLI. Bina-

ural interaction is one of the most important 

central auditory processing, which has vital eff-

ects on understanding target signals in the pre-

sence of noise. Some studies have been con-

ducted on BIC ABR in patients with SLI. Clarke 

and Adams showed that in children with SLI in 

the age range of 7 to 12 years, ABR BIC had 

lower amplitude than healthy peers, and BIC 

was only present in the latency range of wave 

VI. Gopal and Pierel also showed that BIC was 

less prominent in patients with SLI. This finding 

can indicate a disorder in binaural interaction 

processing in the brainstem, probably secondary 

to less synchrony of binaural neural activity 

[57]. Based on these findings, patients with SLI 

may have difficulty in auditory localization and 

speech understanding in noise [57,63]. How-

ever, more research is recommended in this 

field. 

 

Conclusion 

Binaural interaction component (BIC) has low 

amplitude, especially at the level of ABR, and 

its’ recording takes time because of recording 

three evoked potential responses (monaural 

responses for each ear and a binaural response) 

on one session. Besides, monaural responses 

must be added off-line, and binaural response 

must be subtracted from the sum of monaural 

responses. Not all clinical electrophysiologic 

devices have this capability. However, BIC can 

provide information that otherwise can be 

missed. 

Although BIC has not introduced as an obj-

ective tool for testing binaural processing, it has 

an inherent potential to be a reliable test besides 

behavioral tests, showing auditory processing 

status and maturation. Furthermore, BIC may 

have a potentially fruitful application in situ-

ations where behavioral tests cannot be con-

ducted. Such circumstances include during coc-

hlear implantation surgery or in uncooperative 

pre-school children in auditory processing tests 

or lack of any standard behavioral tests for 

them. Further research on BIC is highly rec-

ommended before it can gain any clinical use. 

 

Conflict of interest: All authors declare there is 

no conflict of interest 

 

Funding: No funding source 

 
References 

1. Zamiri Abdollahi F, Lotfi Y, Moosavi A, Bakhshi E. 

Binaural interaction component of middle latency res-

ponse in children suspected to central auditory proces-

sing disorder. 2019;71(2):182-5. doi: 10.1007/s12070-

017-1114-5 

2. Delb W, Strauss DJ, Hohenberg G, Plinkert PK.  

The binaural interaction component (BIC) in  

children with central auditory processing disorders 

(CAPD). Int J Audiol. 2003;42(7):401-12. doi: 

10.3109/14992020309080049 

3. Uppunda AK, Bhat J, D'costa PE, Raj M, Kumar K. 

Binaural Interaction Component in Speech Evoked 

Auditory Brainstem Responses. J Int Adv Otol. 

2015;11(2):114-7. doi: 10.5152/iao.2015.426 

https://doi.org/10.1007/s12070-017-1114-5
https://doi.org/10.1007/s12070-017-1114-5
https://doi.org/10.3109/14992020309080049
https://doi.org/10.3109/14992020309080049
https://doi.org/10.5152/iao.2015.426


Nicknejad and Zamiri Abdollahi                                                                                                                              7 

http://avr.tums.ac.ir                                                                                              Aud Vestib Res (2020);29(1):1-9. 

4. Moossavi A, Zamiri Abdollahi F, Lotfi Y. Spatial 

auditory processing in children with central auditory 

processing disorder. Aud Vestib Res. 2017;26(2):56-63, 

http://avr.tums.ac.ir/index.php/avr/article/view/158;http:/

/avr.tums.ac.ir/index.php/avr/article/view/158 

5. Boets B, Vandermosten M, Poelmans H, Luts H, 

Wouters J, Ghesquiere P. Preschool impairments in 

auditory processing and speech perception uniquely 

predict future reading problems. Res Dev Disabil. 

2011;32(2):560-70. doi: 10.1016/j.ridd.2010.12.020 

6. Stephen JM, Kodituwakku PW, Kodituwakku EL, 

Romero L, Peters AM, Sharadamma NM, et al. Delays 

in auditory processing identified in preschool children 

with FASD. Alcohol Clin Exp Res. 2012;36(10):1720-7. 

doi: 10.1111/j.1530-0277.2012.01769.x 

7. White-Schwoch T, Carr KW, Thompson EC,  

Anderson S, Nicol T, Bradlow AR, et al. Auditory 

processing in noise: A preschool biomarker for  

literacy. PLoS Biol 2015;13(7):e1002196. doi: 

10.1371/journal.pbio.1002196 

8. Laumen G, Ferber AT, Klump GM, Tollin DJ.  

The physiological basis and clinical use of the binaural 

interaction component of the auditory brainstem 

response. Ear Hear 2016;37(5):e276-90. doi: 

10.1097/AUD.0000000000000301 

9. Wong D. Effects of unilateral and bilateral cochlear 

implantation on cortical activity measured by an  

EEG neuroimaging method in children. [Dissertation]. 

Toronto: Institute of Biomaterials and Biomedical Engi-

neering University of Toronto; 2012. 

10. Kelly-Ballweber D, Dobie RA. Binaural interaction 

measured behaviorally and electrophysiologically in 

young and old adults. Audiology. 1984;23(2):181-94. 

doi: 10.3109/00206098409072833 

11. Haywood NR, Undurraga JA, Marquardt T, McAlpine 

D. A comparison of two objective measures of binaural 

processing: the interaural phase modulation following 

response and the binaural interaction component. Trends 

Hear 2015; doi: 10.1177/2331216515619039 

12. Roup CM, Leigh ED. Individual differences in beha-

vioral and electrophysiological measures of binaural 

processing across the adult life span. Am J Audiol. 

2015;24(2):204-15. doi: 10.1044/2015_AJA-14-0017 

13. Jewett DL. Volume-conducted potentials in response to 

auditory stimuli as detected by averaging in the cat. 

Electroencephalogr Clin Neurophysiol. 1970;28(6):609-

18. doi: 10.1016/0013-4694(70)90203-8 

14. Brantberg K, Fransson P-A, Hansson H, Rosenhall U. 

Measures of the binaural interaction component in 

human auditory brainstem response using objective 

detection criteria. Scand Audiol. 1999;28(1):15-26. doi: 

10.1080/010503999424879 

15. Ferber AT, Benichoux V, Tollin DJ. Test-retest relia-

bility of the binaural interaction component of the 

auditory brainstem response. Ear Hear. 2016;37(5): 291-

301. doi: 10.1097/AUD.0000000000000315 

16. Benichoux V, Ferber A, Hunt S, Hughes E, Tollin D. 

Across Species “Natural Ablation” Reveals the 

Brainstem Source of a Noninvasive Biomarker of 

Binaural Hearing. J Neurosci. 2018;38(40):8563-73. doi: 

10.1523/JNEUROSCI.1211-18.2018 

17. Tolnai S, Klump GM. Evidence for the origin of the 

binaural interaction component of the auditory brainstem 

response. Eur J Neurosci. 2019;00:1-13. doi: 

10.1121/1.5036061 

18. Furst M, Eyal S, Korczyn AD. Prediction of binaural 

click lateralization by brainstem auditory evoked 

potentials. Hear Res. 1990;49(1-3):347-59. doi: 

10.1016/0378-5955(90)90113-4 

19. Palanca-Castan N, Laumen G, Reed D, Köppl C.  

The binaural interaction component in barn owl (tyto 

alba) presents few differences to mammalian data. J 

Assoc Res Otolaryngol 2016;17(6):577-89. doi: 

10.1007/s10162-016-0583-7 

20. Culling JF, Colburn HS. Binaural sluggishness in  

the perception of tone sequences and speech in  

noise. J Acoust Soc Am. 2000;107(1):517-27. doi: 

10.1121/1.428320 

21. Hauth CF, Brand T. Modeling sluggishness in binaural 

unmasking of speech for maskers with time-varying 

interaural phase differences. Trends Hear. 2018;22:1-10. 

doi: 10.1177/2331216517753547 

22. Gardi JN, Berlin CI. Binaural interaction components: 

their possible origins in guinea pig auditory brainstem 

response. Arch Otolaryngol. 1981;107(3):164-8. doi: 

10.1001/archotol.1981.00790390030009 

23. Wada S, Starr A. Anatomical bases of binaural inter-

action in auditory brain-stem responses from guinea pig. 

Electroencephalogr Clin Neurophysiol. 1989;72(6):535-

44. doi: 10.1016/0013-4694(89)90231-9 

24. Grothe B, Pecka M. The natural history of sound 

localization in mammals–a story of neuronal  

inhibition. Front Neural Circuits 2014;8:1-19. doi: 

10.3389/fncir.2014.00116 

25. Hartman WM, Macaulay EJ. Anatomical limits on inter-

aural time differences: an ecological perspective. Front 

Neurosci. 2014;8:1-13. doi: 10.3389/fnins.2014.00034 

26. Smith RC, Price SR. Modelling of human low frequency 

sound localization acuity demonstrates dominance of 

spatial variation of interaural time difference and 

suggests uniform just-noticeable differences in interaural 

time difference. PloS one. 2014;9(2):e89033. doi: 

10.1371/journal.pone.0089033 

27. Yin TCT. Neural mechanisms of encoding binaural 

localization cues in the auditory brainstem. In: Oertel D, 

Fay RR, Popper AN. (eds). Integrative Functions in the 

Mammalian Auditory Pathway. Springer Handbook of 

Auditory Research (vol 15). NY: Springer; 2002. p. 99-

159. doi: doi: 10.1007/978-1-4757-3654-0_4 

28. Brand A, Behrend O, Marquardt T, McAlpine D, Grothe 

B. Precise inhibition is essential for microsecond inter-

aural time difference coding. Nature. 2002;417(6888): 

543-7. doi: 10.1038/417543a 

29. Jeffress LA. A place theory of sound localization.  

J Comp Physiol Psychol. 1948;41(1):35-9. doi: 

10.1037/h0061495 

30. Karino S, Smith PH, Yin TC, Joris PX. Axonal 

branching patterns as sources of delay in the mammalian 

auditory brainstem: a re-examination. J Neurosci 2011; 

31(8):3016-31. doi: 10.1523/JNEUROSCI.5175-10.2011 

31. Seidl AH, Rubel EW, Harris DM. Mechanisms for 

adjusting interaural time differences to achieve binaural 

coincidence detection. J Neurosci. 2010;30(1):70-80. 

doi: 10.1523/JNEUROSCI.3464-09.2010 

32. Rautenberg PL, Grothe B, Felmy F. Quantification of 

the three‐dimensional morphology of coincidence det-

ector neurons in the medial superior olive of gerbils 

during late postnatal development. J Comp Neurol. 

http://avr.tums.ac.ir/index.php/avr/article/view/158;http:/avr.tums.ac.ir/index.php/avr/article/view/158
http://avr.tums.ac.ir/index.php/avr/article/view/158;http:/avr.tums.ac.ir/index.php/avr/article/view/158
https://doi.org/10.1016/j.ridd.2010.12.020
https://doi.org/10.1111/j.1530-0277.2012.01769.x
https://doi.org/10.1371/journal.pbio.1002196
https://doi.org/10.1097/AUD.0000000000000301
https://doi.org/10.3109/00206098409072833
https://doi.org/10.1177/2331216515619039
https://doi.org/10.1044/2015_AJA-14-0017
https://doi.org/10.1016/0013-4694(70)90203-8
https://doi.org/10.1080/010503999424879
https://doi.org/10.1097/AUD.0000000000000315
https://doi.org/10.1523/JNEUROSCI.1211-18.2018
https://doi.org/10.1121/1.5036061
https://doi.org/10.1121/1.5036061
https://doi.org/10.1016/0378-5955(90)90113-4
https://doi.org/10.1007/s10162-016-0583-7
https://doi.org/10.1121/1.428320
https://doi.org/10.1177/2331216517753547
https://doi.org/10.1001/archotol.1981.00790390030009
https://doi.org/10.1016/0013-4694(89)90231-9
https://doi.org/10.3389/fncir.2014.00116
https://doi.org/10.3389/fnins.2014.00034
https://doi.org/10.1371/journal.pone.0089033
https://doi.org/10.1007/978-1-4757-3654-0_4
https://doi.org/10.1038/417543a
https://doi.org/10.1037/h0061495
https://doi.org/10.1523/JNEUROSCI.5175-10.2011
https://doi.org/10.1523/JNEUROSCI.3464-09.2010


8                                                                                                                                                  Binaural interaction 

Aud Vestib Res (2020);29(1):1-9.                                                                                              http://avr.tums.ac.ir 

2009;517(3):385-96. doi: 10.1002/cne.22166 

33. Wrege KS, Starr A. Binaural interaction in  

human auditory brainstem evoked potentials.  

Arch Neurol. 1981;38(9):572-80. doi: 

10.1001/archneur.1981.00510090066008 

34. Xia J, Shinn-Cunningham B. Isolating mechanisms that 

influence measures of the precedence effect: Theoretical 

predictions and behavioral tests. J Acoust Soc Am. 

2011;130(2):866-82. doi: 10.1121/1.3605549 

35. Yin TC. Physiological correlates of the precedence 

effect and summing localization in the inferior colliculus 

of the cat. J Neurosci 1994;14(9):5170-86. 

36. Cui J, Zhu B, Fang G, Smith E, Brauth SE, Tang Y. 

Effect of the level of anesthesia on the auditory 

brainstem response in the Emei Music Frog (Babina 

daunchina). PloS one. 2017;12(1):e0169449. doi: 

10.1371/journal.pone.0169449 

37. Linnenschmidt M, Beedholm K, Wahlberg M, Højer-

Kristensen J, Nachtigall PE. Keeping returns optimal: 

gain control exerted through sensitivity adjustments in 

the harbour porpoise auditory system. Proc Biol Sci. 

2012;279(1736):2237-45. doi: 10.1098/rspb.2011.2465 

38. Ahadi M, Pourbakht A, Homayoun Jafari A, Shirjian Z, 

Salar Jafarpisheh A. [Speech-evoked auditory brainstem 

responses in adult Persian-speakers]. Audiol. 2014; 

23(3):13-21. Persian. 

39. Huan LH, Wahab NAA, Maamor N, Wah LO. Binaural 

interaction components in speech-evoked auditory bra-

instem response: a pilot study.In: Fifth Malaysian 

Audiology Scientific Conference (MASCO2018), Mal-

ay. International Journal of Allied Health Sciences. 

2019;3(1):550-550. 

40. Jalaei B, Azmi MHAM, Zakaria MN. Gender dif-

ferences in binaural speech-evoked auditory brainstem 

response: are they clinically significant? Brazilian 

journal of otorhinolaryngology. 2019;85(4):486-93. doi: 

10.1016/j.bjorl.2018.04.005 

41. Pratt H, Lightfoot G. Physiological Mechanism 

Underlying MLRs and Cortical EPs. Tremblay KL, 

Burkard RF (eds). Translational perspectives in auditory 

neuroscience: hearing across the life span- assesments 

and disorders. San Diego: Plural Publishing; 2012. p. 

243-82. 

42. McPherson DL, Starr A. Binaural interaction in auditory 

evoked potentials: brainstem, middle-and long- 

latency components. Hear Res. 1993;66(1):91-8. doi: 

10.1016/0378-5955(93)90263-z 

43. Zhang F, Boettcher FA. Effects of interaural time and 

level differences on the binaural interaction component 

of the 80 Hz auditory steady-state response. J Am Acad 

Audiol. 2008;19(1):82-94. doi: 10.3766/jaaa.19.1.7 

44. Colburn HS, Durlach NI. Models of binaural interaction. 

In: Careterette E, Friedman MP, editors. Handbook of 

perception. New York: Academic Press; 1978. p. 467-

518. (Hearing; vol IV). 

45. Stern RM, Colburn S. Models of binaural perception. 

In:Sound localization by human observers symposium. 

Washington: National Academy Press; 1995. P. 24-28. 

46. Zaaroor M, Bleich N, Mittelman N, Pratt H.  

Equivalent dipoles of the binaural interaction com-

ponents and their comparison with binaurally evoked 

human auditory 40 Hz steady-state evoked  

potentials. Ear Hear. 2003;24(3):248-56. doi: 

10.1097/01.AUD.0000070162.03279.79 

47. Dykstra AR, Burchard D, Starzynski C, Riedel H, Rupp 

A, Gutschalk A. Lateralization and binaural interaction 

of middle-latency and late-brainstem components of the 

auditory evoked response. J Assoc Res Otolaryngol. 

2016;17(4):357-70. doi: 10.1007/s10162-016-0572-x 

48. Edmonds BA, Krumbholz K. Are interaural time and 

level differences represented by independent or integra-

ted codes in the human auditory cortex? J Assoc Res 

Otolaryngol. 2014;15(1):103-14. doi: 10.1007/s10162-

013-0421-0 

49. Loveless N, Vasama JP, Mäkelä J, Hari R. Human 

auditory cortical mechanisms of sound lateralisation: III. 

Monaural and binaural shift responses. Hear Res. 

1994;81(1-2):91-9. doi: 10.1016/0378-5955(94)90156-2 

50. Jiang ZD. Binaural interaction and the effects  

of stimulus intensity and repetition rate in human 

auditory brain-stem. Electroencephalogr Clin 

Neurophysiol. 1996;100(6):505-16. doi: 10.1016/s0168-

5597(96)96519-3 

51. Parthasarathy TK, Moushegian G. Rate, frequency, and 

intensity effects on early auditory evoked potentials and 

binaural interaction component in humans. J Am Acad 

Audiol. 1993;4:229-37. 

52. Morrongiello BA, Fenwick KD, Hillier L, Chance  

G. Sound localization in newborn human  

infants. Dev Psychobiol. 1994;27(8):519-38. doi: 

10.1002/dev.420270805 

53. Furst M, Bresloff I, Levine RA, Merlob PL, Attias JJ. 

Interaural time coincidence detectors are present  

at birth: evidence from binaural interaction.  

Hear Res. 2004;187(1-2):63-72. doi: 10.1016/s0378-

5955(03)00331-9 

54. McPherson DL, Tures C, Starr A. Binaural interaction of 

the auditory brain-stem potentials and middle latency 

auditory evoked potentials in infants and adults. 

Electroencephalogr Clin Neurophysiol 1989;74(2):124-

30. doi: 10.1016/0168-5597(89)90017-8 

55. Sanes DH, Walsh EJ. The development of central 

auditory processing. In:Rubel EW, Popper AN, Fay RR, 

(eds). Development of the auditory system. NY: 

Springer Science & Business Media; 2012. p. 271-314. 

56. Lotfi Y, Moosavi A, Zamiri Abdollahi F, Bakhshi E. 

Auditory lateralization training effects on binaural inter-

action component of middle latency response in children 

suspected to central auditory processing disorder. Indian 

J Otolaryngol Head Neck Surg. 2019;71(1):104-8. doi: 

10.1007/s12070-018-1263-1 

57. Gopal KV, Pierel K. Binaural interaction component  

in children at risk for central auditory processing 

disorders. Scand Audiol. 1999;28(2):77-84. doi: 

10.1080/010503999424798 

58. Hu H, Kollmeier B, Dietz M. Suitability of the binaural 

interaction component for interaural electrode pairing of 

bilateral cochlear implants. Adv Exp Med Biol. 

2016;894:57-64. doi: 10.1007/978-3-319-25474-6_7 

59. Schebsdat E, Hessel H, Seidler H, Strauss DJ, editors. 

Detection of binaural interaction in free-field evoked 

auditory brainstem responses by time-scale represen-

tations. Conf Proc IEEE Eng Med Biol Soc; 2016: 3732-

5. doi: 10.1109/EMBC.2016.7591539 

60. Smith ZM, Delgutte B. Using evoked potentials to 

match interaural electrode pairs with bilateral cochlear 

implants. J Assoc Res Otolaryngol. 2007;8(1):134-51. 

doi: 10.1007/s10162-006-0069-0 

https://doi.org/10.1002/cne.22166
https://doi.org/10.1001/archneur.1981.00510090066008
https://doi.org/10.1121/1.3605549
https://doi.org/10.1371/journal.pone.0169449
https://doi.org/10.1098/rspb.2011.2465
https://doi.org/10.1016/j.bjorl.2018.04.005
https://doi.org/10.1016/0378-5955(93)90263-z
https://doi.org/10.3766/jaaa.19.1.7
https://doi.org/10.1097/01.AUD.0000070162.03279.79
https://doi.org/10.1007/s10162-016-0572-x
https://dx.doi.org/10.1007%2Fs10162-013-0421-0
https://dx.doi.org/10.1007%2Fs10162-013-0421-0
https://doi.org/10.1016/0378-5955(94)90156-2
https://doi.org/10.1016/s0168-5597(96)96519-3
https://doi.org/10.1016/s0168-5597(96)96519-3
https://doi.org/10.1002/dev.420270805
https://doi.org/10.1016/s0378-5955(03)00331-9
https://doi.org/10.1016/s0378-5955(03)00331-9
https://doi.org/10.1016/0168-5597(89)90017-8
https://doi.org/10.1007/s12070-018-1263-1
https://doi.org/10.1080/010503999424798
https://doi.org/10.1007/978-3-319-25474-6_7
https://doi.org/10.1109/EMBC.2016.7591539
https://doi.org/10.1007/s10162-006-0069-0


Nicknejad and Zamiri Abdollahi                                                                                                                              9 

http://avr.tums.ac.ir                                                                                              Aud Vestib Res (2020);29(1):1-9. 

61. Hu H, Dietz M. Comparison of interaural electrode 

pairing methods for bilateral cochlear implants. Trends 

Hear. 2015;19:1-22. doi: 10.1177/2331216515617143 

62. Van Yper LN, Vermeire K, De Vel EF, Battmer  

RD, Dhooge IJ. Binaural interaction in the  

auditory brainstem response: a normative study. Clin 

Neurophysiol. 2015;126(4):772-9. doi: 

10.1016/j.clinph.2014.07.032 

63. Clarke EM, Adams C. Binaural interaction in specific 

language impairment: an auditory evoked potential 

study. Dev Med Child Neurol. 2007;49(4):274-9. doi: 

10.1111/j.1469-8749.2007.00274.x 

 

https://doi.org/10.1177/2331216515617143
https://doi.org/10.1016/j.clinph.2014.07.032
https://doi.org/10.1111/j.1469-8749.2007.00274.x

