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Abstract

The binaural interaction component (BIC) is a sound-evoked electrophysiological signature of binaural proc-
essing in the auditory brainstem that has received attention as a potential biomarker for spatial hearing defi-
cits. Yet the number of trials necessary to evoke the BIC, or its measurability, seems to vary across species:
while it is easily measured in small rodents, it has proven to be highly variable and less reliably measured in
humans. This has hindered its potential use as a diagnostic tool. Further measurements of the BIC across a
wide range of species could help us better understand its origin and the possible reasons for the variation in
its measurability. Statistical analysis on the function relating BIC DN1 amplitude and the interaural time differ-
ence has been performed in only a few small rodent species, thus it remains to be shown how the results
apply to more taxonomically diverse mammals, and those with larger heads. To fill this gap, we measured
BICs in rhesus macaque. We show the overall behavior of the BIC is the same as in smaller rodents, suggest-
ing that the brainstem circuit responsible for the BIC is conserved across a wider range of mammals. We sug-
gest that differences in measurability are likely because of differences in head size.
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Significance Statement

This article reports measurements of the binaural interaction component (BIC) of the auditory brainstem re-
sponse (ABR) in rhesus macaques. Comparison with other species reveals that the behavior of the macaque
BIC is similar, and, based on data available so far, statistically indistinguishable to previously measured
small rodents, suggesting that the brainstem circuit that generates it is largely conserved across all rodents
and primates. Differences in the measurability of the BIC are likely because of variation in head size rather
than differences in the neuroanatomy.

Introduction
The auditory brainstem response (ABR) is a non-inva-

sive measure of auditory function recorded from scalp
electrodes. ABRs comprise distinct peaks (five in humans,
four in small mammals), which represent synchronized
neural activity at nodes in the ascending pathway (Jewett
et al., 1970). In humans, summing the monaural Waves I–

IV (Waves I–III in small mammals) approximates the ampli-
tude of the binaural-evoked ABR, indicating that these
waves are generated by monaural structures. However,
binaural Wave V amplitude (Wave IV in small mammals) is
less than the sum of the monaural waves, suggesting that
neurons producing this wave are binaural. The residual
waveform after subtracting the sum of the monaural from
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the binaural ABRs is the binaural interaction component
(BIC; Dobie and Berlin, 1979).
The BIC has received attention as an objective, nonin-

vasive measure of binaural hearing ability. The amplitude
and latency of its prominent negative peak, termed DN1,
change systematically with the binaural cues to sound lo-
cation: interaural differences in level (ILD) and time (ITD),
and are also predictive of the perceived lateralization of a
stimulus (Furst et al., 1990). Importantly, DN1 is reduced
or completely absent in clinical populations that exhibit
binaural hearing impairments (for review, see Laumen et
al., 2016), including children with central auditory proc-
essing (Delb et al., 2003) and autism spectrum disorders
(ElMoazen et al., 2020), as well as in individuals with early
conductive (Gunnarson and Finitzo, 1991) and normal
age-related hearing loss (Van Yper et al., 2016). Clinical
detection of specific binaural hearing impairment has re-
mained elusive as audibility is often unaffected in these
populations; therefore, the BIC could serve to diagnose
binaural deficits as well as delineate auditory dysfunction
occurring at more peripheral brainstem levels from higher
level cortical or cognitive impairment (e.g., autism and
age-related hearing loss).
While the BIC holds potential as a diagnostic tool, its

measurement is highly variable in humans (Sammeth et
al., 2020). Understanding the specific brainstem circuits
underlying the BIC could help explain its unreliable nature,
improve methods for its measurement, and improve its
clinical utility as a biomarker. Converging lines of evi-
dence point to the lateral superior olive (LSO) as the circuit
producing the BIC; comparative studies reveal that the
BIC can be evoked in all mammalian species tested so far
that possess an LSO [not all of which have a medial supe-
rior olive (MSO)] and computational studies report that
LSO-like binaural excitation-inhibition processing can
give rise to the BIC (Ashida et al., 2016; Benichoux et al.,
2018).
The BIC has been measured in a small but growing

number of species. Benichoux et al. (2018) have shown
that the function relating BIC DN1 amplitude as a function
of ITD is statistically the same across the tested species,
suggesting conservation of the brainstem circuitry pro-
ducing the BIC. However, this study only gathered data
on small rodents with relatively small head sizes. Thus, it
remains to be fully shown whether the results can be ap-
plied more generally across mammals, and to much larger
species. In this study, we measured BICs in rhesus maca-
ques (Macaca mulatta), a primate with a much larger head

size than the rodents, but smaller than humans. We meas-
ured ABRs with varying ITD and examined how this com-
pares to other species.

Materials and Methods
Animal preparation
Experimental procedures complied with guidelines set

forth by the National Institutes of Health and approved by
the Vanderbilt University Medical Center Animal Care and
Use Committee. Eight normal hearing adult male rhesus
macaques were used ranging in age from five to seven years
and weighed 9–12kg. The average interaural diameter did
not vary much across individuals, with the mean being ;67
mm. Monkeys were anaesthetized with ketamine (3–5mg/
kg) and dexmedetomidine (5–15mg/kg). They were then
placed in a sound treated booth (ER-247, Acoustic Systems)
in a prone position. Vital signs were continuously monitored.

Auditory Brainstem Response (ABR)
Platinum subdermal needle electrodes (F-E2-12 elec-

trodes, Grass Technologies) were placed at the apex
along the interaural axis between the ears, with a refer-
ence electrode at the nape of the neck and ground on the
animal’s shoulder. Custom eartips were placed in the ani-
mals ears. The monaural and binaural ABR stimuli were
designed in custom built MATLAB software (Benichoux et
al., 2018). Stimuli were generated and evoked potentials
recorded via an RME Fireface UCX soundcard (RME
Audio). ABR potentials were collected via an WPI ISO-80
(World Precision Instruments) amplifier. Stimuli consisted
of 90dB SPL clicks presented at an average rate of 33/s.
These were presented using TDT MF-1 speakers (Tucker-
Davis Technologies) via the eartips. The ITD of the binau-
ral signal was varied between 61500 ms in steps of 500
ms. A total of 3000 repetitions of the signal were pre-
sented, interleaved, for each stimulus condition, ITD, left
ear monaural, and right ear monaural. Earphones were
calibrated using a Bruel & Kjær type 4182 probe
microphone.

Results
Figure 1 shows ABR waveforms across all eight mon-

keys. Figure 1A shows averaged left ear ABRs; 1B the right
ear, and 1C the binaural signal (ITD = 0 ms). Figure 1D
shows the sum of the two monaural responses; and
1E shows the BIC. In all parts of the figure the shaded area
shows the standard error of the mean, while the grey lines
show the data from each individual monkey. ABR wave-
forms appeared consistent across all individuals. Averaged
ABRs reveal peaks II, III and IV (wave I is difficult to see
with a midline electrode montage), and the difference be-
tween the binaural and the sum of the monaural waveforms
produces BIC DN1 with a latency of;4 ms.
Figure 2A-D shows the raw BIC data for each measured

ITD. BICs for positive (left leading) and negative (right
leading) ITDs are shown in the same panel. Grey lines
show measurements from individual monkeys and black
lines show the mean. BIC DN1 is visible at all ITDs, but the
amplitude systematically diminishes and the latency
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increases with ITD. Figure 2E/F shows DN1 peak ampli-
tude and latency vs ITD. Figure 2E shows normalised DN1
amplitudes and Figure 2F shows DN1 latency as a func-
tion of ITD. Grey lines show data from individual monkeys,
while the black line shows the mean. On average, BIC
DN1 was reduced ;10% with 6500 ms and ;50% by
61000 ms ITD. Increases to61500 ms did not produce fur-
ther reductions in DN1. Latencies of DN1 approximately
followed the ITD.
Figure 3 compares monkey data to several rodents

(Benichoux et al., 2018), the domestic cat (Ungan et al.,
1997), and human data (Riedel and Kollmeier, 2006).

Different species are indicated by colour. Figure 3A dis-
plays DN1 amplitude vs ITD for eight species. Each line
shows the average of all measurements for a particular
species (from Benichoux et al. (2018)). To quantify these
curves, a Gaussian function was fit to the data for each in-
dividual animal. The width of the fitted curves (s ) is plot-
ted in Figure 3B as a function of average maximum ITD
experienced by that species.
The data from six species (excluding cat and human)

were subjected to a one-way ANOVA, which revealed no
significant differences in the width (s ) across species
(F(5,33) = 0.57, p=0.722). The width of the curve for the cat

Figure 2. A–D, Raw BIC data for each measured ITD. Gray lines show measurements from individual monkeys and black lines show
the mean. E, F, DN1 peak amplitude and latency versus ITD. E, Normalized DN1 amplitudes. F, DN1 latency as a function of ITD.
Gray lines show data from individual monkeys, while the black line shows the mean.

Figure 1. ABR waveforms for all eight monkeys. A, B, Averaged left and right waveforms, respectively. C, Binaural signal with and
ITD of 0 ms. D, Sum of the two monaural responses. E, BIC. The mean and SEM are shown by the colored line and the shaded area
around the line. The gray lines show the data from each individual monkey. Different peaks of the waveforms are indicated.
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and human were based on across-subject averages from
other publications and thus were not included in the
ANOVA statistical analysis. However, the 95% confidence
interval calculated from the six species (Fig. 3B, dotted
lines), bounds the cat and human data, indicating that hu-
mans and cats are not significantly different from the
other species. The linear regression of the width (s ) of the
DN1 versus ITD curves on the magnitude of the ITD
across all eight species plotted in Figure 3B was not sig-
nificant (r2 = 0.018, N=41). This indicates that the function
relating the amplitude of DN1 to ITD does not depend on
the maximum ITD magnitude experienced.

Discussion
While BIC DN1 has been examined in several mammals,

many of these studies only computed DN1 for a single ITD
value of 0 ms. Important clues to the brainstem mechanisms
that produce the BIC can be gleaned from the function relat-
ing DN1 amplitude and latency to changes in ITD. Changes
in latency can be used to test hypotheses based on existing
models of brainstem ITD processing [specifically the
Jeffress (1948) model], while changes in amplitude can be
used to test alternative models of ITD processing based on
synaptic interaction of excitation and inhibition (Ungan et al.,
1997; Riedel and Kollmeier, 2006; Benichoux et al., 2018).
To date, the consensus appears to be that the DN1 la-

tency versus ITD data are not supportive of a Jeffress-like
model of ITD processing. To be consistent with Jeffress, the
latency of DN1 should change at;1/2 the imposed ITD, but
the majority of studies show DN1 latency changing at ap-
proximately the same magnitude as the ITD (see Laumen et
al., 2016) . DN1 is therefore unlikely to be elicited through the
brainstem circuit comprising the MSO, which has traditional-
ly been assigned the responsibility of encoding the ITD cues.
The bulk of the current evidence supports the hypothe-

sis that the LSO, not the MSO, is the source of the BIC.

Traditionally, the LSO has been thought to be the brain-
stem circuit responsible for encoding the ILD cue to loca-
tion (Tollin, 2003; Owrutsky et al., 2021). Recently,
Benichoux et al. (2018) showed that the function relating
the amplitude of BIC DN1 to ITD was statistically indistin-
guishable across several rodent species, including in
two species that do not have a binaurally functional
MSO (mice and rats). Benichoux et al. (2018) examined
this data using a computational model of the LSO simi-
lar to those suggested earlier by Ungan et al. (1997)
and Riedel and Kollmeier (2006), and more recently
formalized by Ashida et al. (2016, 2017). A more direct
study demonstrated that DN1 derived from the multiu-
nit spiking of LSO neurons recorded in vivo exhibits
the same ITD dependence as the simultaneously
measured ABR-derived BIC, while DN1 derived from
MSO neurons recorded in vivo does not (Tolnai and
Klump, 2020). Collectively, these results support the
hypothesis that the LSO, not the MSO, produces the
DN1 component of the BIC ABR.
In this study, we added results from rhesus maca-

ques, which were chosen as a link between small-
sized rodents and humans. Statistical analysis of the
width of the DN1 amplitude versus ITD curves (Fig. 3B)
indicates no significant differences between the spe-
cies tested. This result provides evidence that the
brainstem circuit that produces the BIC is conserved
across these species despite their vastly different
head sizes, and the nearly one order of magnitude dif-
ferences in available ITDs. This further supports the
notion that BIC DN1 is not linked to the range of natu-
rally occurring ITDs for any given species.
Provided the monkeys were deeply anaesthetized, DN1

was identifiable in one measurement session but required
3000 signal repetitions per measurement condition. In the
study of rodents by Benichoux et al. (2018), reliable DN1

Figure 3. Monkey data compared to several rodent species from Benichoux et al. (2018), the domestic cat from Ungan et al. (1997),
and human data from Riedel and Kollmeier (2006). Different species are indicated by different colors. A, Normalized mean DN1 am-
plitude versus ITD for eight species. The width of a Gaussian function fitted to these data is plotted in B as a function of average
maximum ITD experienced by each species.
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was measured with 500 stimulus repetitions per condi-
tion, while human BIC studies have required between
;8000 and 13,000 repetitions (Riedel and Kollmeier,
2006; Sammeth et al., 2020). Thus, while all species
tested so far exhibit the same BIC DN1 characteristics,
acquisition of reliable measures of DN1 across these spe-
cies is quite different.
There are important differences between humans, maca-

ques, and the smaller mammals that might provide an expla-
nation for the apparent differences in the BIC’s measurability:
(1) in animals with larger heads the neural generators of the
BIC are farther from the electrodes and (2) in different species
the volume of the MNTB (Medial nucleus of the trapezoid
body)-LSO nuclei is slightly smaller relative to the total audi-
tory brainstem volume (Glendenning and Masterton, 1998).
For the most part, the relative size of the MNTB-LSO
complex is fairly consistent except for the very small-
est species (mice and bats) where the MNTB-LSO is
relatively large, at least in the 53 mammalian species
examined by Glendenning and Masterton (1998). This
suggests that the size of the MNTB-LSO might not be
able to explain the reduction in reliability of evoked
DN1 in the Macaque and human relative to other spe-
cies, and thus the size of the head may be more
significant.
Further measurements that quantify the differences in

BIC measurability will be necessary to further explore
these issues. For example, it is possible that the total
numbers of MNTB-LSO neurons in a given species is
more important that the relative volume of these nuclei.
However, detailed studies of numbers of neurons com-
prising all auditory brainstem nuclei in many mammalian
species are lacking, and none conducted by the same set
of researchers in the same laboratory, such as the
Glendenning and Masterton (1998) database.
In conclusion, we examined the BIC in rhesus maca-

ques, a primate with a head size intermediate between
small rodents and humans. We found that the overall
form of the function relating BIC DN1 amplitude to ITD
appeared statistically indistinguishable from smaller ro-
dents, suggesting that the brainstem circuitry that pro-
duces the BIC is largely conserved across these taxa. We
also note apparent differences in the measurability of the
BIC in different species. We suggest that head size is the
most likely explanation for these differences, however fur-
ther measurements that quantify measurability in different
species will be necessary to prove this.
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