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Asymmetric temporal envelope encoding: Lateralization
with varying envelope shape and spectral mismatch
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1Waisman Center, University of Wisconsin-Madison, Madison, Wisconsin 53705, USA
2School of Engineering, Macquarie University, New South Wales, Australia
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ABSTRACT:
Bilateral cochlear implants (BiCIs) improve spatial-hearing outcomes relative to a single cochlear implant (CI), but

the extent varies across patients. One limiting factor may be interaurally asymmetric spectro-temporal representations

of sounds. The present study simulated interaural spectro-temporal asymmetries to explore how they affect binaural

processing in listeners with normal hearing. We simulated CI stimulation using high-rate (500 pps) band limited

acoustic pulse trains with a 3mm bandwidth and 4 or 6.5 kHz center frequency. Second-order amplitude modulation

(AM) was applied at a 100Hz modulation rate, 20% or 50% modulation depth, and sinusoidal or sawtooth shape.

Intracranial lateralization was used to assess utility of whole-waveform interaural time differences (ITDs). Results

demonstrated that lateralization of envelope ITDs was limited by the ear with smaller AM depth. This effect

depended upon the sharpness of temporal onsets and the extent to which frequencies overlapped in each ear. These

results suggest that interaural asymmetry in spectro-temporal representations may limit binaural outcomes of patients

with BiCIs. Two well-established models of binaural processing that assume interaural symmetry and rely on

coincidence-detection were used to predict performance. Models were mostly predictive of performance, but made

consistent errors, suggesting that models of BiCI stimulation using coincidence-detection should be improved to

account for asymmetries.VC 2025 Acoustical Society of America. https://doi.org/10.1121/10.0039519

(Received 20 December 2024; revised 14 July 2025; accepted 4 September 2025; published online 10 November 2025)
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NOMENCLATURE

AM Amplitude modulation

BiCI Bilateral cochlear implant

CI Cochlear implant

EE Excitatory-excitatory

EI Excitatory-inhibitory

ENI Electrode-neuron interface

ILD Interaural level difference

ITD Interaural time difference

LSO Lateral superior olive

MSO Medial superior olive

NH Normal hearing

pps Pulses per second

SAM Sinusoidally amplitude modulated

I. INTRODUCTION

Binaural cues provide essential information for listeners

to determine the location of a sound source in the horizontal

plane and distinguish target speech from background noise

(Litovsky et al., 2021). These cues consist of interaural time

differences (ITDs) and interaural level differences (ILDs).

Listeners with normal hearing (NH) rely more heavily upon

ITDs at low frequencies to localize broadband sound sour-

ces (Macpherson and Middlebrooks, 2002). Further,

listeners derive greater advantage when target and masking

sounds are spatially separated if ITDs are provided com-

pared to ILDs (Bronkhorst and Plomp, 1988; Ihlefeld and

Litovsky, 2012; Swaminathan et al., 2016). The benefits of

ITDs to listeners with NH have motivated researchers over

the years to attempt to provide ITDs via cochlear-implant

(CI) processors and improve ITD sensitivity, but listeners

with bilateral cochlear implants (BiCIs) demonstrate

extraordinary variability with respect to their sensitivity to

ITDs. This occurs even under ideal stimulus conditions

when the timing of pulses to electrodes in the two ears is

carefully controlled, and loudness balanced stimuli are used

(e.g., Cleary et al., 2022; Thakkar et al., 2020). Many fac-

tors are thought to limit access to ITDs conveyed via bilat-

eral CIs (BiCIs), and thus, sensitivity to ITDs in BiCI users;

these include hardware and software limitations, as well as

patient histories.

One factor that may limit performance with BiCIs is the

presence of interaurally asymmetric encoding of temporal

information (Anderson et al., 2022; Ihlefeld et al., 2015),
which has rarely been studied or modeled in listeners with

NH (Anderson et al., 2019b; Anderson et al., 2023). Models

of BiCIs have been used to make predictions about factors

that limit outcomes with BiCIs or improvements that can be

made to technology (Dietz, 2016), suggesting that account-

ing for these asymmetries could lead to better binaural hear-

ing for listeners with BiCIs. The present studies investigateda)Email: sean.hearing@gmail.com
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whether simulated interaural temporal asymmetries lead to

reduced ITD lateralization range. The experiments in the

present paper used 500 pps acoustic pulse trains that simu-

late pulsatile stimulation with a CI. In experiment 1 (Sec.

II), the proof of concept was tested using sinusoidally

amplitude-modulated (SAM) pulse trains with symmetric or

asymmetric amplitude modulation (AM) depth. In experi-

ment 2 (Sec. III), the interaction of interaural temporal

asymmetries and attack time of the temporal envelope was

investigated using sawtooth modulators. In experiment 3

(Sec. IV), the interaction of interaural temporal asymmetries

and interaural place-of-stimulation mismatch was investi-

gated. Data were compared against predictions from existing

models of binaural processing that have demonstrated high

predictive accuracy in listeners with NH presented with

interaurally symmetric stimuli.

A. Binaural processing in NH

1. Basics and limitations

Sensitivity to ITDs depends upon the parameters of the

stimulus. One example is sensitivity to ITDs in the temporal

fine structure, which is greater for low frequencies and

formed the basis of “duplex theory” of sound source locali-

zation (i.e., ITDs are only used to localize low-frequency

sounds) (Lord Rayleigh, 1907). Listeners with NH only

show sensitivity to fine-structure ITDs below 1500Hz (e.g.,

Klug and Dietz, 2022; Zwislocki and Feldman, 1956).

Envelope ITDs can be used at higher carrier frequencies

above 1500Hz (e.g., Bernstein and Trahiotis, 2002). In this

case, we consider the basilar membrane as a frequency ana-

lyzer, where the “temporal fine-structure” refers to the car-

rier that is modulated by another signal, the “temporal

envelope” (Moore, 2008).

CIs use electrical pulses delivered to specific portions

of the auditory nerve. When listeners with NH or BiCIs are

presented with pulsatile and spatially selective stimulation,

ITD sensitivity declines above rates of 300Hz (e.g.,

Anderson et al., 2019a; Majdak et al., 2006). ITD sensitivity

is also greater for stimuli with a sharp envelope attack time

in listeners with NH (e.g., Bernstein and Trahiotis, 2002;

Klein-Hennig et al., 2011; Laback et al., 2011). Increasing
bandwidth also leads to increased ITD sensitivity when

stimuli have sharp temporal envelopes (Goupell et al.,
2013b; Mayo et al., 2021). Thus, it is important to control

for bandwidth when completing studies on the role of enve-

lope sharpness.

CI processors are able to represent ITDs via amplitude-

modulated pulse trains (Kan et al., 2018), suggesting that

they can be useful under ideal circumstances. All experi-

ments in the present study used amplitude-modulated trains

of band limited acoustic pulses in an effort to simulate CI

stimulation. (See the supplementary material for example

waveforms of stimuli used in each experiment) Two tempo-

ral features were manipulated. In all experiments, the AM

depth was presented at 20% or 50%, representing poor

(20%) or good (50%) temporal fidelity. In experiments 1

and 3, sinusoidal modulators were used. In experiment 2

(Sec. III), sawtooth (“ramped”) or reversed sawtooth

(“damped”) modulators were used. Because the modulator

was simply reversed, the magnitude spectrum and therefore

bandwidth remains the same, allowing experiment 2 to

remove confounds of bandwidth and focus on modulator

sharpness. In experiment 3, spectral features were manipu-

lated. The center frequency was varied independently in

each ear to simulate interaural place-of-stimulation mis-

match and control for effects of center frequency.

2. Lateral superior olive (LSO) and medial superior
olive (MSO)

Briefly, the firing rate of cells in the MSO varies with

fine-structure ITDs (Yin and Chan, 1990) and MSO cells are

mostly tuned to lower frequencies (Guinan et al., 1972).
Further, MSO cells have a “best delay” to which they are

most responsive, which is thought to correspond to a charac-

teristic delay in the arrival of inputs from the ipsilateral and

contralateral ear to the action potential initiation site (for

review, see Joris and van der Heijden, 2019). Cells in the

MSO act as coincidence detectors (Golding and Oertel,

2012), responding when excitatory input from the ipsilateral

and contralateral ear arrive within a given time window.

They are accordingly referred to as excitatory-excitatory

(EE) cells. This is an oversimplification as it is well known

that inhibition plays a key role in the MSO (Brand et al.,
2002). When decoding the relationship between neural

responses and spatial cues, there is evidence to suggest that

the difference in rate between the two hemispheres may

play a key role in mammals (McAlpine and Grothe, 2003),

sometimes referred to as the rate difference model.

The firing rate of the LSO varies with envelope ITDs

(e.g., Joris and Yin, 1995) and LSO cells are mostly tuned to

higher frequencies (Guinan et al., 1972). Arrays of many

CIs tend to be shallowly inserted into the cochlea, stimulat-

ing the cells in the high-frequency region. Cells in the LSO

receive excitatory input from the ipsilateral ear and inhibi-

tory input from the contralateral ear (Boudreau and

Tsuchitani, 1968; Franken et al., 2018; Tollin and Yin,

2002) and are therefore referred to as excitatory-inhibitory

(EI) cells. This means that LSO cells modify their output

depending upon the amount of coincidence and are least

responsive when sounds arrive with a contralaterally leading

FIG. 1. Illustration of the electrode-neuron interface (ENI). This illustration

shows examples of factors that can affect the spectro-temporal representa-

tions of sounds in each ear for listeners with BiCIs.
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250 ls ITD. LSO responses increase on average as the ITD

increases or decreases from 250 ls. Thus, poorer envelope
encoding in either ear has been associated with decreased

ITD sensitivity in NH (Anderson et al., 2019b; Bernstein
and Trahiotis, 2011) and BiCIs (Anderson et al., 2022;

Ihlefeld et al., 2014).
Critically, both MSO and LSO cells have extremely

short (sub-millisecond) time constants, meaning that their

spike rate is only modulated when the timing of inputs is

highly coordinated (Brown and Tollin, 2016; Franken et al.,
2018; Golding and Oertel, 2012). This sensitivity is accom-

plished by precise encoding of temporal information prior to

binaural computations, which occurs for the fine structure

and temporal envelope. A detailed review of binaural cir-

cuits is provided by Yin et al. (2019).

B. Binaural processing in BICIs

1. Limitations (processors, rate limitations, interaural
place mismatch, electrode-to-neural interface)

Most modern sound processing algorithms in CIs disre-

gard the temporal fine structure of a sound (Loizou, 2006).

The low-passed temporal envelope is conveyed, meaning

that only ITDs in the slower fluctuations of amplitude over

time are conveyed (Gray et al., 2021). In addition, these lis-

teners do not rely on ITDs for sound source localization

(Aronoff et al., 2010; Fischer et al., 2021; Grantham et al.,
2008). Because BiCIs are not interaurally coordinated in

commercially available sound processors, binaural cues are

poorly represented or distorted. For example, automatic gain

control and uncoordinated CI clocks may lead to the intro-

duction of ITDs that do not correspond to the stimulus being

presented (Dennison et al., 2022; Gray et al., 2021). Even
when CI coding strategies do provide temporal fine structure

information, their utility may be limited to narrowband low-

frequency signals (e.g., Fischer et al., 2021; Zirn et al.,
2016). Envelopes are represented by a series of electrical

pulses whose amplitudes correspond to the dynamic range

(i.e., softest and loudest sounds a listener with BiCIs can tol-

erate) and can thus differ between the ears. A smaller

dynamic range limits sensitivity to spatial cues (Ihlefeld

et al., 2014; Todd et al., 2017), which we simulate in the

present study by reducing the depth of AM.

Listeners with BiCIs are further limited by temporal

aspects of CI stimulation. Most of the research concerning

ITD sensitivity has used low-rate (�100 pps) pulsatile stim-

ulation, which tends to yield optimal sensitivity to ITDs in

listeners with NH (Anderson et al., 2019a; Bernstein and

Trahiotis, 2002, 2009) and BiCIs (Anderson et al., 2019a;
Kan and Litovsky, 2015; Laback et al., 2015). When using

controlled and bilaterally synchronized direct stimulation

and low rates (<300Hz) in the temporal envelope, listeners

with BiCIs demonstrate sensitivity to static (e.g., Anderson

et al., 2019a; Noel and Eddington, 2013; van Hoesel et al.,
2009) and dynamic envelope ITDs (better performers only)

(Anderson et al., 2022). Listeners with NH and BiCIs

also show reduced sensitivity for rates below 100Hz when

stimuli are amplitude modulated (Anderson et al., 2019a;
Noel and Eddington, 2013). In listeners with NH, this

decrease in sensitivity has been related to the sharpness of

onset of the envelope (e.g., Klein-Hennig et al., 2011).

However, the only study to date that controlled for off-time

and sharpness of the envelope in listeners with BiCIs did not

show improved sensitivity to sharp envelopes. That study

also showed improved sensitivity with increasing off-time

(Laback et al., 2011). This final point is particularly impor-

tant for understanding the stimuli to which a listener may

retain ITD sensitivity and how CI processing strategies may

be able to most effectively convey ITDs.

Temporal and spectral factors may interact. Many CIs

stimulate with electrical pulses corresponding to different

frequencies than those stimulated with NH. Further, interau-

ral place-of-stimulation mismatch occurs when electrodes

corresponding to the same frequency information (i.e., fre-

quency allocation table or bandpass cut-off frequencies)

stimulate different regions of the cochlea in each ear.

Interaural place-of-stimulation mismatch leads to impacts

on ITD discrimination and lateralization. Lateralization rep-

resents the extent to which listeners perceived a sound at

particular locations to the left and right inside of their head

when binaural cues, in this case ITDs, are varied.

Presentations of stimuli in these types of experiments tend

not to be externalized (i.e., are perceived inside of the head)

presumably because of the lack of spectral cues that listeners

typically use (Best et al., 2020). A greater range of laterali-

zation responses implies that spatial cues are more useful to

perceiving locations. In contrast, a smaller lateralization

range implies ITDs are not very useful or influential on per-

ception. Large interaural place-of-stimulation mismatch can

occur. for instance, if CI surgery in the two ears does not

ensure the same insertion depth of the two electrodes

(Cleary et al., 2022). Studies that deliberately manipulate

interaural mismatch found poorer sensitivity to ITDs

(Cleary et al., 2022; Kan et al., 2015; Poon et al., 2009) and
smaller lateralization range (Kan et al., 2013; Kan et al.,
2019) with increased interaural mismatch. In listeners with

NH, stimuli that produce interaural place-of-stimulation dif-

ferences also lead to poorer sensitivity to ITDs conveyed in

the temporal envelope (Blanks et al., 2007; Blanks et al.,
2008; Goupell et al., 2013b; Henning, 1974; Nuetzel and
Hafter, 1981) and smaller lateralization ranges (Goupell

et al., 2013b; Kan et al., 2013; Kan et al., 2019). Interaural
frequency mismatch also leads to a smaller component of

the auditory brainstem response that reflects binaural inter-

action in animals (Brown et al., 2019) and humans with NH

(Sammeth et al., 2023).
Spectral and temporal factors also affect the “fusion” of

binaural percepts (for a detailed review, see Reiss and

Goupell, 2024), or the tendency of listeners to perceive a

single sound image for bilaterally presented stimuli. Stimuli

with large frequency differences are often perceived as two

distinct spatial objects for listeners with NH (e.g., Goupell

et al., 2013b; Kan et al., 2013; Kan et al., 2019). Temporal

asymmetries have been explored to a lesser extent. Recent

3726 J. Acoust. Soc. Am. 158 (5), November 2025 Anderson et al.
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studies with BiCIs and simulations suggest that differences

in temporal fidelity may affect the ability to appropriately

group sounds together when they are the same or segregate

them when they are different (Anderson et al., 2019b;

Anderson et al., 2022; Anderson et al., 2023), and that sensi-
tivity to spatial cues is reduced when the ears have differing

sensitivity to temporal cues [a behavioral proxy of the

electrode-neuron interface (ENI)] (Ihlefeld et al., 2015;

Todd et al., 2017). For a review on the relationship between

different kinds of interaural asymmetry and fusion (see

Anderson et al., 2024). Fusion and sensitivity to spatial cues

are thought to be related.

Temporal limitations and spectral factors can be under-

stood under one overarching concept, the ENI, or the relation-

ship between CI electrodes that stimulate auditory nerve fibers

to convey auditory information to the brain (for review, see

Bierer, 2010). While many studies investigating the role of the

ENI in patient outcomes focus upon unilateral stimulation, dif-

ferences between the ears likely play a role in binaural out-

comes, generating different kinds of asymmetries between the

ears. Sensitivity to ITDs has been shown to vary considerably

across individuals, and relates to ENI, which varies from

patient to patient (e.g., Anderson et al., 2022; Cleary et al.,
2022; Ihlefeld et al., 2015; Litovsky et al., 2010; Thakkar

et al., 2020). Figure 1 shows some examples of problems with

the ENI that may affect spectral and temporal representations

of binaural cues (especially ITDs). These consist of factors that

lead to spectral and temporal asymmetries.

2. ENI

Because listeners with BiCIs receive processed stimula-

tion, they may not be limited by the same physiological fac-

tors as listeners with NH. For example, they show little to

no consistent difference in sensitivity to ITDs depending

upon the stimulating electrode region, which activates dif-

ferent auditory nerve fiber populations (Anderson et al.,
2022; Cleary et al., 2022; Laback et al., 2015; Thakkar

et al., 2020). Auditory nerve fibers are stimulated in a fre-

quency selective manner with NH because of the frequency

tuning of the basilar membrane.

For listeners with CIs, hair cells are bypassed and audi-

tory nerve fibers instead phase lock to pulsatile electric stim-

ulation up to around 1000 pps (Dynes and Delgutte, 1992).

Each problem associated with the ENI, shown in Fig. 1, is

expected to cause issues with phase locking and ITD encod-

ing. For example, uniform (Nadol, 1997) or site-specific

losses (Shannon et al., 2002) of auditory nerve fibers limit

the number of auditory nerve fiber inputs provided to the

binaural pre-processors in the cochlear nucleus, which rely

on oversampling of inputs to retain their improved phase

locking before reaching binaural cells (e.g., Rothman et al.,
1993). Similarly, axon demyelination leads to poorer phase

locking in models of auditory nerve fibers (Resnick et al.,
2018). Deterioration of dendrites leads to an increase in the

latency of the action potential in model auditory nerve fibers

(Goldwyn et al., 2010), and could thus introduce stimulus-

independent ITDs to neural responses. Collectively, these

would result in temporal degradations in the stimulus, which

may lead to interaural temporal asymmetry.

Thus, listeners with BiCIs likely experience a large

amount of interaural temporal asymmetry that must be navi-

gated by the binaural system, thereby limiting its perfor-

mance and potentially increasing listening effort. For

example, loss of auditory nerve fibers, axon demyelination,

and dendritic deterioration have been related to the duration

of deafness during studies of human temporal bones

(Spoendlin and Schrott, 1989) and in animal models of hear-

ing loss (Leake and Hradek, 1988; Zhou et al., 1995a; Zhou
et al., 1995b). Increasing duration of deafness results in a

deterioration of the auditory periphery (Shepherd and

Hardie, 2001), worsening the ENI. Many listeners with

BiCIs are implanted during adulthood and may receive their

CIs sequentially (Holder et al., 2018; Peters et al., 2010),
suggesting that the duration of deafness differs for each ear.

Further, loudness growth depends upon the electrode being

stimulated in listeners with BiCIs (Bierer and Nye, 2014;

Fu, 2005; Kirby et al., 2012), as does the ILD resulting in a

centered sound image (Fitzgerald et al., 2015; Goupell et al.,
2013a). Together, these studies suggest that for envelope

ITDs with interaural temporal asymmetry, inputs to binaural

nuclei may be interaurally decorrelated, resulting in a diffuse

sound image (Whitmer et al., 2014), poorer sensitivity to

ITDs (Buchholz et al., 2018; Saberi et al., 1998), and poorer

spatial unmasking of speech (Swaminathan et al., 2016).
Moreover, the extent of this effect depends upon the stimu-

lus. High-rate pulse trains modulated by second-order AM

with a sharp attack time are thought to initiate “looks” of the

NH binaural system to ITDs in the stimulus (Hafter and

Buell, 1990; Stecker, 2018). Sharp-onset envelopes also

improve sensitivity to ITDs for high-frequency amplitude-

modulated tone bursts (Dietz et al., 2015; Klein-Hennig

et al., 2011). While listeners with BiCIs have not shown

effects of sharp temporal onsets on ITD sensitivity for higher

rates (Laback et al., 2011), they do show evidence of a reli-

ance on pulses at the onset of high-rate constant-amplitude

stimuli (van Hoesel, 2008) and stronger weighting of other

pulses across the stimulus at lower pulse rates (Hu et al.,
2017) (see discussion in Stecker et al., 2021).

3. Models

The role of the MSO and LSO in encoding binaural

cues for listeners with BiCIs remains contested in the litera-

ture (for review, see Dietz, 2016). Both EE and EI type

models have successfully predicted binaural performance

using stimuli that are relevant for listeners with CIs, such as

trains of high-frequency acoustic transients (e.g., Bernstein

and Trahiotis, 2011, 2014; Brown et al., 2019; Klug et al.,
2020). Most modeling studies have used stimuli with inter-

aural temporal symmetry. Thus, one important dimension

that remains unexplored is interaural temporal asymmetry,

as well as its interaction with interaural place-of-stimulation

mismatch.
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C. Summary and hypotheses

In summary, sensitivity to binaural cues might be lim-

ited by interaural temporal asymmetries in listeners with

BiCIs (Anderson et al., 2022; Ihlefeld et al., 2015) and sim-

ulations in NH (Anderson et al., 2019b). Interaural temporal

asymmetries are presumably mediated by differences in the

ENI in each ear and could be compounded by spectral asym-

metries introduced by interaural place-of-stimulation mis-

match (Fig. 1). Specifically, the input to the MSO and LSO

is the cochlear nucleus, which may have greater temporal

stochasticity in BICIs since improving temporal precision at

this stage requires numerous healthy auditory nerve inputs.

This will generate greater neural interaural decorrelation,

which is detrimental to binaural processing (Buchholz et al.,
2018; Saberi et al., 1998). To simulate asymmetric temporal

encoding, second-order AM depth was decreased in one ear
(Anderson et al., 2019b). Reduced AM depth of acoustic

stimuli leads to decreased phase locking in nerve recordings

(Joris and Yin, 1992) and in models of the auditory nerve

(Zilany et al., 2014). Thus, it was hypothesized that if the

second-order AM depth was decreased in one or both ears,

envelope ITDs would be lateralized to a lesser extent, and

that performance would be similar if one or both ears was

stimulated with lower AM depth (experiment 1, Sec. II). It

was also hypothesized that AM depth would have multipli-

cative effects with shallow envelope attack (experiment 2,

Sec. III) and interaural place-of-stimulation mismatch

(experiment 3, Sec. IV) because these stimulus parameters

can also increase the amount of interaural decorrelation.

II. EXPERIMENT 1: SYMMETRIC VS ASYMMETRIC
AM DEPTH

A. Motivation

The goal of experiment 1 was to determine whether lat-

eralization of a sound is limited by the ear with smaller AM

depth. Thus, three experimental conditions were devised:

conditions with 50% AM depth in both ears (50%:50%),

20% AM depth in both ears (20%:20%), and an interaural

temporal asymmetry condition with 20% AM depth in one

ear and 50% AM depth in the other ear (20%:50%). The

20% and 50% AM depth were used to avoid floor or ceiling

effects. These were the same AM depths tested by Anderson

et al. (2019b) using SAM tones.

B. Methods

1. Listeners

Ten listeners with NH participated in this experiment

(ages 19–29 years; mean age: 21.9 years). All listeners had

hearing thresholds �20 dB hearing level for octave frequen-

cies between 0.25–8 kHz, with no difference in threshold

between the left and right ear greater than 10 dB at any fre-

quency. Before participating in the experiment, all listeners

provided informed consent. All procedures were approved

by the Health Sciences Institutional Review Board of the

University of Wisconsin–Madison.

2. Stimuli and equipment

Stimuli were Gaussian-enveloped tones with a center

frequency of 4 kHz and second-order sinusoidal AM.

Briefly, Gaussian-enveloped tones were generated by creat-

ing a train of Gaussian pulses and multiplying the result by

a sine wave of the desired duration and center frequency.

More details regarding Gaussian-enveloped tones can be

found in Goupell et al. (2010) and Goupell et al. (2013b).
The stimuli used in the present experiment were generated

at a rate of 500 pps with a 3mm bandwidth [i.e., –3 dB at

61.5mm from the area of peak stimulation along the

cochlea (Greenwood, 1990)] or 1.74 kHz for a Gaussian-

enveloped tone with a center frequency of 4 kHz. Stimuli

had a duration of 500 ms. Then, second-order sinusoidal

AM was applied by multiplying the constant-amplitude

pulse train using Eq. (1):

y tð Þ ¼ 1þ m

100
sin 2pfmtð Þ

� �
x tð Þ; (1)

where y(t) is the instantaneous amplitude of the SAM pulse

train at time t, m is the modulation depth (ranging from 0%

to 100%, and set either to 20% or 50%), fm is the modulation

frequency fixed at 100Hz, and x(t) is the instantaneous

amplitude of the Gaussian-enveloped tone pulse train at

time t. Stimuli were presented at 65 dB sound pressure level

A-weighted [dB(A)]. Stimuli were gated with 10 ms cosine

ramps at stimulus onset and offset. Whole-waveform ITDs

of 0, 6100, 6200, 6400, or 6800 ls were then applied.

Whole-waveform ITDs would preserve ITDs in the temporal

fine structure. However, sensitivity to and lateralization of

high-rate (�500 pps) acoustic pulse trains is poor (Bernstein

and Trahiotis, 2011, 2014; Monaghan et al., 2015; see also

the Appendix). The stimuli used in these experiments were

meant to be more relevant for listeners who use BiCIs in the

real world, whose auditory system is usually not stimulated

at rates below 300 pps and only receive envelope ITDs

through their clinical processors (Gray et al., 2021).

Finally, 61 dB(A) uncorrelated masking noise that began

100 ms prior to stimulus onset and persisted until 100 ms

post stimulus offset was provided to prevent listeners from

exploiting low-frequency non-linear distortions, which

could be used as fine-structure ITD cues (Klein-Hennig

et al., 2011). The noise was low-pass filtered with two cut-

off frequencies: the first at 200Hz where the roll-off was

�3 dB/octave and the second at 1000Hz where the roll-off

was �18 dB/octave. The AM depth in each ear is described

as 20%:20%, 20%:50%, or 50%:50% depth, where, for

convenience, the lower depth is shown on to the left of the

colon. In the 20%:50% condition, the ear with smaller

depth could have been in the left or right ear and was coun-

terbalanced across listeners.

Stimuli were presented through insert earphones (ER-2,

Etyomotic, Elk Grove Village, IL). They were generated in

MATLAB (Mathworks, Natick, MA) and presented using a

Tucker-Davis Technologies System3 (Tucker-Davis

Technologies, Alachua, FL) System3 with digital processor,
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amplifier, and attenuator (RP2.1, HB7, and PA5 units,

respectively). All testing took place in a double-walled,

sound-attenuating booth (Industrial Acoustics Company,

Inc., Naperville, FL).

3. Procedure

All listeners were familiarized with the lateralization task

prior to beginning the experiment. Stimuli for the familiariza-

tion task had 50%:50% AM depth. First, listeners were shown

an illustration of the graphical user interface (a cartoon face)

used to judge the intracranial location of sounds similar to

Litovsky et al. (2012). Second, the experimenter pressed but-

tons on the computer screen further to the left or right inside

of the cartoon face, spanning from the left to the right ear,

resulting in the presentation of sounds with a left- or right-

leading ITD, respectively. Third, listeners were then allowed

to present differing ITDs to themselves using the same but-

tons until satisfied and encouraged to compare ITDs near 0ls
(i.e., lateralized closer to the center of the head and therefore

more difficult to distinguish). Fourth, listeners were then

given a pre-test where the experimenter presented stimuli

with left- or right-leading ITDs and asked listeners to verbally

indicate the side on which the sound was perceived. The ITD

was progressively reduced by the experimenter after each

right answer. Finally, listeners were tested with five repeti-

tions of 0 and 6800ls ITDs in random order. In this case,

the ITDs presented were determined randomly by a computer

program. Buttons on the user interface were replaced with a

slider. Listeners could repeat the stimuli as many times as

desired. If they used approximately half of the range of the

slider, then they proceeded to the rest of the experiment. This

criterion was used based on the experience of the experiment-

ers. That is, sometimes when listeners are first tested, they

tend to be conservative and report all stimuli as being in the

center of the head. If they used less than half of the slider,

they were tested with five repetitions of 0, 6800, and

61600ls ITDs, and then again with 0 and 6800ls ITDs.

For all listeners when testing began, their lateralization range

was at least approximately 50%. All testing was completed

where ITDs were randomized and participants responded on

the slider with the same cartoon face in the background.

Throughout the rest of testing, 20 repetitions per ITD

were collected for 50%:50%, 20%:50%, and 20%:20% AM

depth. Half of listeners were tested with 20% AM depth in

the left ear for interaurally asymmetric conditions, and the

other half with 20% AM depth in the right ear (both denoted

20%:50% throughout this report). The order of conditions

was blocked by AM depth configuration and counterbal-

anced across listeners. This resulted in a total of 20 repeti-

tions � 9 ITDs � 3 AM depth conditions¼ 540 trials,

which were completed in approximately 2 h. Listeners were

allowed to repeat stimuli as many times as desired and sub-

mit final answers before beginning the next trial. Listeners

were allowed to respond with multiple source locations.

Only 0.5% of trials across all listeners included responses

with multiple sources perceived; for those trials, only the

most prominent source as indicated by the listener was con-

sidered during analysis.

When AM depth is small, auditory nerve fibers demon-

strate poorer phase locking to the temporal envelope (e.g.,

Joris and Yin, 1992). To motivate the stimuli used in this

study, Fig. 2 shows the degree of phase locking of model

auditory nerve fibers from Bruce et al. (2018) to a 4 kHz

center frequency (CF) pulse train with sinusoidal AM depth

(the stimuli used in experiment 1) at several AM depths. As

documented elsewhere (e.g., Klug et al., 2020), model and

physiological vector strength are best off-frequency, consis-

tent with Fig. 2. This modeling suggests that phase locking

to the second-order modulator (i.e., the temporal envelope

of the acoustic pulse train) decreases with decreasing AM

depth. That is, smaller AM depth leads to poorer encoding

of the second-order modulator.

4. Analysis

Listeners’ response locations for each stimulus were

converted into numerical values within the linear range of

610 according to linear spacing on the slider, corresponding

to the left (negative) and right (positive) sides, with 0 being

the center.

Lateralization responses were fit using the function

described in Eq. (2):

Lat ITDð Þ ¼ A erf
ITD� lITDffiffiffi

2
p

r

� �
� lLat; (2)

where Lat(ITD) corresponds to the predicted value of later-

alization at a particular ITD, A corresponds to maximum

extent of lateralization achieved by the fit, erf corresponds

to the error function, which takes as input any real number

and whose output is bounded between 61, ITD corresponds

to the value of the ITD inls, lITD corresponds to the hori-

zontal shift (i.e., along the x or ITD axis), r is related to the

slope of the lateralization function, and lLat corresponds to
the vertical shift (i.e., along the y or lateralization axis). All

curve fitting was completed using non-linear least squares

via the curve fitting toolbox in MATLAB. (See the supplemen-

tary material for an example of fitted curves, figures, and

additional appendixes.)

The lateralization range, or extent to which listeners

perceived an intracranial sound at locations between the left

and right ears, was assessed to provide a proxy of the impact

of spatial cues on perception. Lateralization range was cal-

culated as the absolute difference of the perceived left and

right positions for each listener’s fitted results, or output of

the models discussed in Sec. II B 5, for ITD values of

6800 ls. Lateralization ranges were assessed using a

mixed-effects analysis of variance (ANOVA) model in ver-

sion 1.1–21 of the lme4 package (Bates et al., 2015) in R
version 4.2. AM depth (20%:20%, 20%:50%, and

50%:50%), and all possible interactions were included as

fixed-effects in the model. A random intercept associated

with listener was also included. All post hoc paired compari-

sons were completed using t-tests and estimated-marginal
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means with Tukey adjustments for multiple comparisons in

the emmeans package in version 3.6.0 of R. Degrees of free-
dom were estimated with Kenward-Roger approximation

(Kenward and Roger, 1997) in the lmerTest package of R.

5. Modeling

Two computational models of binaural processing were

used to predict lateralization performance. They were chosen

because they: (1) have been highly effective at predicting later-

alization of trains of high-frequency acoustic transients, (2)

represent EE- (MSO-like) and EI-type (LSO-like) binaural

processing, (3) represent the two predominant decoding

scheme hypotheses (place-based and rate-difference-based

coding of spatial cues), (4) are available via open-source soft-

ware, and (5) are computationally efficient.

The first implementation was provided by the open-

source code1 described in Akeroyd (2003). The Akeroyd

implementation is a frequency- and delay-weighted version

of the Jeffress model (Jeffress, 1948), where delayed copies

of the signal in each ear are compared and a correlation is

computed. In other words, it computes a frequency-

weighted cross correlation function, and the centroid of this

cross correlation is then regressed against the data observed

in an experiment. The implementation used in the present

study involved the cross-product rather than cross correla-

tion (i.e., a normalized version of the cross-product). The

particular parameters chosen for the Akeroyd implementa-

tion used in the present experiment were motivated by the

models used in Bernstein and Trahiotis (2002, 2012). Their

studies measured sensitivity to and lateralization of transient

high-frequency stimuli similar to those used in the present

experiment, except that our stimuli included second-order

AM. The parameters are summarized in Table I. Frequency

weighting functions from Stern et al. (1988) were used.

They increase with increasing frequency until there is a

peak of 600–700Hz. Delay-weighting functions from Stern

and Shear (1996) were used, which resulted in the greatest

weight for ITDs near 0 ls and decreasing weights as ITDs

approach larger positive or negative values. The “v¼ 3”

transduction option was chosen to ensure that the correct

frequency-weighting and delay-weighting functions could

be used (Stern et al., 1988 and Stern and Shear, 1996,

respectively).

The second model implementation was provided in the

supplementary code accompanying Klug et al. (2020). The
Klug implementation is based upon processing in the LSO

of the brainstem, where the input from the ipsilateral side is

excitatory and contralateral side is inhibitory. Processing in

the LSO results in sensitivity to ITDs for high-frequency

stimuli (e.g., Joris and Yin, 1995), which can be modeled by

counting the number of coincident spikes in a given time

window (Ashida et al., 2016). The parameter defaults rec-

ommended in the paper and provided in their code were

used. Klug et al. (2020) showed a small improvement in the

modeling of the data from Bernstein and Trahiotis (2012) in

their original paper. Thus, both the Akeroyd and Klug

implementations were ideal candidates for modeling the

behavioral results in the present study; the Akeroyd imple-

mentation represents a form of EE and Klug implementation

represents a physiologically based form of EI.

Model performance was assessed based on three crite-

ria: (1) Variance explained in psychophysical data (R2) pro-

vided a quantitative assessment, (2) the shape of the

lateralization functions was qualitatively assessed, and (3)

the relative change in lateralization range across stimulus

parameters was also qualitatively assessed.

C. Results

1. Behavioral results

Results are shown on average and for individuals in

Fig. 3(A) in percent. Lateralization responses were recorded

as a score between �10 (leftmost) and þ10 (rightmost). To

calculate the lateralization range, the difference was taken

from the curve-fitted values at þ800 ls and �800 ls, then
divided by 20 (the maximum). There was a significant effect

of AM depth [F(2,18)¼ 7.693, p < 0.01]. Post hoc compari-

sons revealed that lateralization range was significantly

larger for 50%:50% compared to 20%:50% [t(18)¼ 2.320,

p < 0.01], as well as 50%:50% compared to 20%:20% AM

depth [t(18)¼ 3.139, p < 0.05]. There was no significant

difference between 20%:50% and 20%:20% AM depth

[t(18)¼�0.468, p¼ 0.887].

2. Modeling

The Akeroyd implementation predictions fit to the data

had an adjusted R2¼ 0.949. Thus, it was highly accurate at

FIG. 2. Phase locking of model auditory nerve fibers. Medium spontaneous

rate auditory nerve fibers (Bruce et al., 2018) were used to predict changes

in phase locking with varying AM depth of high-rate amplitude-modulated

acoustic pulse trains based on 10 000 simulations. The x axis corresponds to
the characteristic frequency of each fiber. The y axis corresponds to the vec-
tor strength (Goldberg and Brown, 1969). Different shapes correspond to

the AM depth of the second-order modulator as described in the figure leg-

end. (See also the supplementary material for further characterization of

stimuli and auditory nerve model behavior.)
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predicting the lateralization responses averaged across lis-

teners. The Klug implementation predictions fit to the data

had an adjusted R2¼ 0.786. Lateralization ranges were com-

puted in the same fashion for the model predictions as for

behavioral data (see Sec. II B 4) and are shown in Fig. 3.

Figure 3(C) shows exaggerated effects from the Klug com-

pared to the Akeroyd implementation, although for both

models, the direction of trends for symmetric AM depth

were in line with behavioral results. Interestingly, both

model implementations predicted a slightly larger lateraliza-

tion range for the 20%:50% compared to the 20%:20%

AM depth conditions (a normalized difference of 0.11

for Akeroyd and 0.20 for Klug), in contrast to the

behavioral data.

D. Discussion

Results from experiment 1 demonstrate an important

proof-of-concept for lateralization of high-rate amplitude-

modulated pulse trains. That is, if one ear had smaller AM

depth, which reduced phase locking of model auditory nerve

fibers (Fig. 2), lateralization range decreased. These results,

combined with those from listeners with NH (interaural

envelope phase sensitivity) (Anderson et al., 2019b) and

BiCIs (interaural envelope phase and ITD sensitivity)

(Anderson et al., 2022; Ihlefeld et al., 2015), provide evi-

dence that the ear with poorer temporal representations

limits binaural processing. The present study expands on the

previous results by demonstrating that this limitation does

not extend solely to discrimination, but to the utility of ITDs

on affecting perception (i.e., lateralization). Results are con-

sistent with previous studies using SAM stimuli showing

that sensitivity to envelope ITDs or interaural envelope

phase decreases as the AM depth in both ears (Bernstein and

Trahiotis, 2011; Nuetzel and Hafter, 1981; Stellmack et al.,
2005) or one ear (Anderson et al., 2019b) decreases. The

present study expands these results to amplitude-modulated

acoustic pulse trains.

The Akeroyd implementation was accurate at predicting

mean performance of the lateralization function across lis-

teners. The Klug implementation over-estimated lateraliza-

tion of the largest ITDs, exaggerating effects of AM depth.

Both model implementations predicted smaller lateralization

ranges associated with reduced AM depth in one or both

ears. Interestingly, both models predicted a slightly larger

lateralization range for 20%:50% compared to 20%:20%

AM depth. This suggests that both models were able to

account for some of the decrease in lateralization range due

to asymmetric AM depth, but lateralization range is overes-

timated relative to symmetric conditions. This finding is

explored in more detail in Sec. VC.

III. EXPERIMENT 2: INTERACTIONS WITH ENVELOPE
SHAPE

A. Motivation

In everyday listening, the waveforms of the sounds that

we localize vary in their shape. That is, some sounds with

characteristic envelope shapes may be easier to lateralize

than others. Examples include transients and sounds with

sharp attack times (Bernstein and Trahiotis, 2011; Dietz

et al., 2015), like the beat of a reverberant drum compared

to a bowed violin string.

In the literature so far, there has been a divergence in

the results of listeners with NH and BiCIs with respect to

envelope shape. For listeners with NH, the sharper the enve-

lope onset, the more sensitive they tend to be to binaural cues

TABLE I. Akeroyd implementation parameters. These parameters are

specified in the “mcorrelogram” function in MATLAB.

Parameter Value

Lower frequency (Hz) 2000

Upper frequency (Hz) 8000

Filters per equivalent rectangular

bandwidth (ERB)

1

Lower ITD (ms) �2000

Upper ITD (ms) 2000

Transduction “v¼ 3” [halfwave rectification þ
power-law (�3) expansion of waveform]

Binaural switch Cross product

FIG. 3. Lateralization range by AM depth. The x axis corresponds to the AM depth, and the y axis corresponds to the lateralization range. (A) Raw and (B)

normalized mean data6 1 standard deviation are shown in black. Individual performance is shown offset in gray or red. Listeners (shown in red) had a later-

alization range that was greater than that observed with 50%:50% for 20%:50% or 20%:20% AM depth (contrary to hypotheses). Lateralization ranges were

normalized to 50%:50% AM depth. (C) Predictions from models of binaural processing. Lateralization ranges were normalized to 50%:50% AM depth. The

means from (B) are shown in gray within (C) for comparison to model outputs. .

J. Acoust. Soc. Am. 158 (5), November 2025 Anderson et al. 3731

https://doi.org/10.1121/10.0039519

 17 N
ovem

ber 2025 06:11:57

https://doi.org/10.1121/10.0039519


(e.g., Bernstein and Trahiotis, 2002; Laback et al., 2011).

Listeners with BiCIs were not affected by the sharpness of the

envelope (Laback et al., 2011), although there are not many

published studies on this topic. The shift toward listening to

the peak of amplitude-modulated stimuli in listeners with

BiCIs and listeners with NH at high rates (Hu et al., 2017)
raises the question of whether lateralization of amplitude-

modulated acoustic pulse trains is affected by envelope shape

for listeners with NH. It is possible that this divergence in per-

formance is due to the use of high-rate pulsatile stimulation for

BiCI and not NH, differences in AM depth, or both.

In experiment 2, we explored the relationship between

different envelope shapes and interaurally asymmetric AM

depth. Manipulating AM depth has the added benefit of simu-

lating a mismatch in dynamic range between the two ears,

which has been shown to have an impact on sensitivity to bin-

aural cues (Todd et al., 2017). Thus, to gain insight into how

the use of onset and offset cues might be affected by differ-

ences in dynamic range between ears, and to gain a clearer

understanding of the impact of interaurally asymmetric tem-

poral fidelity on a wider set of listeners’ experiences, experi-

ment 2 evaluated two different envelope shapes with sharp or

shallow attack times and identical magnitude spectra.

B. Methods

The same ten listeners who participated in experiment 1

participated in experiment 2, using the same equipment

and procedures. The only exception was that sawtooth

waves were used as second-order modulators instead of sine

waves (for illustration of these shapes, see Fig. 4 and the

supplementary material).

Two envelope shapes were tested. The first used a nor-

mal sawtooth wave with an onset linearly increasing in

amplitude until a sharp offset, referred to throughout the rest

of the present manuscript as a ramped envelope. The second

condition was a time-reversed version of the first, such that

the onset of each cycle had a sharp attack with a sloping off-

set and was referred to as damped. These naming conven-

tions were adopted from Dietz et al. (2015). Time-reversal

of one signal ensured that the amplitude spectra of both

stimuli would be identical and that only the phase spectra

would differ, ruling out the potential for spectral cues (e.g.,

bandwidth) to explain the difference between envelope con-

ditions. Testing consisted of 20 repetitions � 9 ITDs � 3

AM depths � 2 envelope shapes¼ 1080 trials and took

place over approximately 4 h.

C. Results

1. Behavioral results

Lateralization range is shown in Fig. 4. Average results

are shown in Fig. 4(A), and individuals are shown in Fig. 4(B).

It was hypothesized that lower AM depth in at least one

ear and ramped compared to damped envelopes would result

in reduced lateralization range. Model predictions are shown

in Fig. 4(C). There was a significant effect of AM depth

[F(2,45)¼ 8.161, p < 0.001], but not envelope type [F(1,45)
¼ 3.139, p¼ 0.083]. There was a significant AM

depth� envelope shape interaction [F(2,45)¼ 5.262, p <
0.01]. Post hoc comparisons revealed that, for ramped stimuli,

there were no significant differences between AM depth condi-

tions. For damped stimuli, lateralization range was greater for

50%:50% compared to 20%:50% [t(45)¼ 5.051, p < 0.0001],

but not 50%:50% compared to 20%:20% AM depth [t(45)¼
2.269, p¼ 0.228] or 20%:50% compared to 20%:20% AM

depth [t(45)¼ 2.870, p¼ 0.065]. Additionally, the lateraliza-

tion range was significantly larger for 50%:50% in the damped

vs ramped conditions [t(45)¼ 3.324, p < 0.05].

2. Modeling

The Akeroyd implementation predictions fit to the data

had an adjusted R2 of 0.885. The Klug implementation fit to

FIG. 4. Lateralization range by envelope shape and AM depth. The x axis corresponds to the AM depth, and the y axis corresponds to the lateralization

range. (A) Average data 6 1 standard deviation. (B) Individual performance is shown offset in gray or red. Listeners (shown in red) had a lateralization

range that was greater than that observed with 50%:50% for 20%:50% or 20%:20% AM depth (contrary to hypotheses). The top and bottom row show

“ramped” and “damped” stimuli, respectively. Lateralization ranges were normalized to the damped envelope at 50%:50% AM depth. (C) The top and bot-

tom row show model predictions for the Akeroyd and Klug implementations, respectively. Lateralization ranges were normalized to the damped envelope at

50%:50% AM depth.
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the data had an adjusted R2 of 0.743. Figure 4(C) shows that

both model implementations correctly predicted that lateral-

ization range was larger for damped compared to ramped

envelopes. However, both implementations predicted effects

of AM depth on lateralization range for the ramped stimuli,

which is inconsistent with behavioral performance. Model

predictions of lateralization range for symmetric AM depth

with damped stimuli from both model implementations are

consistent with behavioral performance, but consistent with

experiment 1, both model implementations predicted

slightly larger lateralization ranges with 20%:50% com-

pared to 20%:20% AM depth.

D. Discussion

Experiment 2 investigated the interactions between inter-

aurally symmetric or asymmetric temporal fidelity (i.e., AM

depth) and sharp (damped) vs shallow (ramped) attack times

in stimulus envelopes for high-rate amplitude-modulated

band limited acoustic pulse trains. We hypothesized that

ramped stimuli would show greater reductions in lateraliza-

tion range for the 50%:50% AM depth conditions relative to

other AM depths. Ramped stimuli tended to show the smallest

lateralization ranges, but larger lateralization range for

damped compared to ramped stimuli were only present at the

largest AM depth. The results demonstrated an interaction

between envelope shape and AM depth in the opposite direc-

tion to that hypothesized, where only stimuli with a sharp

attack time (damped) demonstrated reduced lateralization

range with decreasing AM depth in one ear. Interestingly, an

effect of AM depth with damped stimuli was only observed

between 50%:50% and 20%:50% AM depth.

Two studies investigated ITDs conveyed in amplitude-

modulated high-rate pulse trains for listeners with NH (Hu

et al., 2017; Stecker, 2018). Stecker (2018) used SAM wide-

band clicks at a rate of 500 pps, varied the ITD for each

click in the stimulus, and asked listeners to report the per-

ceived position of sounds. Then, a temporal weighting func-

tion (i.e., regressed the perceived location against the ITD

for each click in the stimulus) was calculated to determine

which clicks in the stimuli influenced the listeners’ per-

ceived location. Results showed that clicks at the onset were

most highly weighted, regardless of the rate of sinusoidal

AM (31.25, 62.5, and 125Hz or constant amplitude). Hu

and colleagues measured ITD discrimination for 200 or 600

pps, band limited acoustic pulses with a center frequency of

0.2, 0.6, or 4 kHz and sinusoidal AM (Hu et al., 2017). The
AM rates used in their experiment were 2 or 8Hz. Their

results demonstrated similar discrimination accuracy for

onset and peak of the stimulus for the 200 pps pulse train,

whether ITDs were presented via fine-structure or envelope.

For the 600 pps pulse train, discrimination performance was

more accurate for ITDs in the onset of the sound. Broadly

speaking, both studies are in agreement with the psycho-

physical literature demonstrating that high-rate (�500 pps)

constant-amplitude band limited acoustic pulse trains result in a

weighting of the onset of a sound (e.g., Hafter and Dye, 1983).

The results from Stecker (2018) suggest that the slope of the

onset of a click train should not affect onset weighting, and the

results of Hu et al. (2017) suggest that onset-weighting proba-

bly depends upon the pulse rate of the amplitude-modulated

pulse train.

The present study is consistent with the notion that ITDs

are sampled during transient increases in the temporal enve-

lope for high-rate stimulation, when “enveloped-triggered

looks” to ITDs are initiated (“restart” hypothesis) (Hafter and

Buell, 1990; Stecker, 2018). The lateralization range of 500

pps constant-amplitude pulse train is similar to that of the

multiple shallow “onsets” (ramped) stimulus at all AM

depths tested and the multiple sharp onsets (damped) stimu-

lus with smaller AM depth in one ear (see the Appendix).

Thus, the present study shows that lateralization of envelope

ITDs using high-rate amplitude-modulated pulse trains

depends upon AM depth in either ear, that the worse ear can

limit lateralization performance, and that envelope shape

changes the effect of AM depth. These results suggest that

multiple onsets provided throughout a high-rate amplitude-

modulated pulse train can improve lateralization, but only if

they are sufficiently large in AM depth and interaurally

symmetric.

Both model implementations made characteristic errors

associated with envelope type and AM depth; neither model

accounted for their interaction. One explanation is that both

models overestimated the contributions of ITDs in the stim-

ulus offset (i.e., the last 1–3 pulses of each cycle for the

ramped stimuli). This is an important finding since, to our

knowledge, no previous modeling efforts have been made to

capture the effects of high-rate amplitude-modulated pulse

trains. Previous models have accurately predicted the rela-

tionship between ITD lateralization and envelope shape for

AM applied to tone bursts, including the same Klug imple-

mentation used here (Klein-Hennig et al., 2011; Klug et al.,
2020). Interestingly, additional models have been used to

explain the effects of sharp stimulus onsets or offsets in cells

of the inferior colliculus, demonstrating differential effects

of excitation and inhibition depending upon the envelope

shape (Dietz et al., 2016). It may be that a similar approach

is required for high-rate amplitude-modulated pulse trains.

IV. EXPERIMENT 3: INTERACTIONS WITH PLACE-OF-
STIMULATION MISMATCH

A. Motivation

The goal of experiment 3 was to explore how interaural

spectral asymmetry [i.e., place-of-stimulation mismatch

(Cleary et al., 2022)] interacts with interaural temporal

asymmetry in lateralization of envelope ITDs. Interaural

place-of-stimulation mismatch decreases the number of

input fibers from each ear that can be compared to compute

an ITD. Decreasing AM depth in one or both ears is thought

to introduce less consistent temporal responses of input

fibers, simulating interaural temporal asymmetry. Reducing

the number of overlapping neurons to compute ITDs by

increasing interaural place-of-stimulation mismatch was
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predicted to interact with interaural temporal asymmetry,

leading to the smallest lateralization ranges. It was therefore

hypothesized that the effects of interaural temporal asymme-

try and place-of-stimulation mismatch might be multiplica-

tive, resulting in a greater decrement when co-occurring

than could be explained with either factor alone.

B. Methods

Sixteen new listeners participated in experiment 3 (ages

18–26 years; mean age: 21.6 years). One participant did not

provide their age. All participants met the same audiological

criteria as in experiment 1, using the same equipment and pro-

cedures. The only exception was that the carrier frequency of

the Gaussian-enveloped tone was varied such that it resulted in

differing degrees of interaural place-of-stimulation mismatch

(0, 1.13, 2.25, or 3.38mm), based on the frequency-to-place

map from Greenwood (1990). The resulting center frequencies

were 4.00, 4.68, 5.51, and 6.46 kHz, with bandwidths of 1.74,

2.02, 2.37, and 2.77 kHz. As the center frequency increases

and the bandwidth increases, the sharpness of the first-order

modulator (i.e., the Gaussian envelope) also increases.

However, for the range of parameters being tested in the pre-

sent experiment, there appears to be no effect of Gaussian

envelope sharpening on ITD sensitivity in younger listeners

with NH (Mayo et al., 2021). The ear and direction of mis-

match (by shifting up from 4 kHz or down from 6.5 kHz) was

counterbalanced across listeners. Because of the additional

number of combinations based on experimental variables, only

50%:50% and 20%:50% AM depth were tested. Testing con-

sisted of 20 repetitions � 9 ITDs � 2 AM depths � 4 mis-

matches¼ 1440 trials, and took place over approximately 6 h.

C. Results

1. Behavioral results

Lateralization range is shown in Fig. 5. Based on the liter-

ature, we expected lateralization range to be similar whether

the opposite ear was shifted up or down in frequency. Thus,

for the results shown in Fig. 5(A), results are averaged between

groups of listeners. Individual results are shown in Fig. 5(B)

and model predictions are shown in Fig. 5(C), separated by the

direction in which the opposite ear was shifted in frequency to

characterize model behavior. It was hypothesized that lower

AM depth and increased place-of-stimulation mismatch would

result in reduced lateralization range. There was a significant

effect of AM depth [F(1,105)¼ 21.626, p < 0.0001] and place-

of-stimulation mismatch [F(3,105)¼ 32.818, p < 0.0001].

There was not a significant AM depth� interaural place-

of-stimulation mismatch interaction [F(3,105)¼ 2.209,

p¼ 0.091]. Post hoc comparisons revealed that there laterali-

zation range was significantly larger for 0mm compared to

2.25mm [t(105)¼ 4.239, p < 0.001], 0mm compared to

3.38mm [t(105)¼ 9.207, p < 0.0001], 1.13mm compared

to 2.25mm [t(105)¼ 2.758, p < 0.05], 1.1mm compared to

3.38mm [t(105)¼ 7.726, p < 0.0001], and 2.25mm com-

pared to 3.38mm [t(105)¼ 4.968, p < 0.0001], but not

0mm compared to 1.13mm mismatch [t(105)¼ 1.481,

p¼ 0.452]. For all but the smallest amounts of interaural

place-of-stimulation mismatch, the lateralization range

decreased with increasing mismatch.

2. Modeling

The Akeroyd implementation yielded a lower adjusted

R2 than previous experiments (0.743). The Klug implemen-

tation performed even worse with an adjusted R2 of 0.289.

No tests of significance to compare these R2 values to each

other or previous values were made. Both models made dif-

ferent errors. The Akeroyd implementation showed an oppo-

site relationship between center frequency and lateralization

range [Fig. 5(C)]. The discontinuity in Fig. 5(C) for the

Akeroyd implementation was driven by changes in center

frequency. When mismatch was simulated by decreasing

center frequency, one ear was presented with 6.5 kHz. Thus,

this result demonstrates that the Akeroyd implementation

FIG. 5. Lateralization range by interaural place-of-stimulation mismatch and AM depth. The x axis corresponds to interaural place-of-stimulation mismatch,

and the y axis corresponds to the lateralization range. (A) Average data 61 standard deviation. (B) Individual performance is shown offset in gray or red.

Listeners (shown in red) had a lateralization range that was greater than that observed with 0mm for 1.13, 2.25, or 3.38mm interaural place-of-stimulation

mismatch (contrary to hypotheses). Lateralization ranges were normalized to 0mm mismatch at 50%:50% AM depth. The top and bottom row show

50%:50% and 20%:50% AM depth, respectively. (C) The top and bottom row show model predictions for the Akeroyd and Klug implementations, respec-

tively. Lateralization ranges were normalized to 0mm mismatch at 50%:50% AM depth. Negative values for interaural place mismatch indicate that the fre-

quency in the opposite ear was shifted downward from 6.5 kHz. Positive values for interaural mismatch indicate that the frequency in the opposite ear was

shifted up from 4.0 kHz.
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predicted greater lateralization ranges with higher center fre-

quency. In contrast, the Klug implementation accurately

predicted the change in lateralization range with AM depth

and interaural place-of-stimulation mismatch [Fig. 5(C)].

D. Discussion

Experiment 3 investigated the impact of interaural

place-of-stimulation mismatch and AM depth on envelope

ITD lateralization. We hypothesized that there would be an

interaction between these factors, with the greatest amounts

of interaural place-of-stimulation mismatch and smaller

AM depth in one ear yielding the greatest reductions in

lateralization range. The results demonstrated no significant

interaction, and instead showed that effects of interaural

place-of-stimulation mismatch and AM depth on lateraliza-

tion were additive. Lateralization was extremely poor when

interaural place-of-stimulation was greatest and temporal

fidelity was reduced in one ear. These findings are consistent

with the binaural system having fewer “looks” at noisier

envelope ITDs with interaural place-of-stimulation mis-

match and poor temporal fidelity in one or both ears (e.g.,

“readout” window) (Stecker, 2018). Critically, when inter-

aural place-of-stimulation mismatch and reduced temporal

fidelity co-occur, lateralization ranges decreased below the

level of performance observed when stimuli were matched

in place-of-stimulation, but above when AM depth was 0%

(i.e., pulses were of constant amplitude; see Appendix).

Thus, place-of-stimulation may be the more greatly limiting

factor, since envelope ITDs from disparate places-of-stimu-

lation may not be useful for lateralization (Goupell et al.,
2013b; Kan et al., 2013; Kan et al., 2015; Kan et al., 2019).

Previous experiments investigating interaural place-of-

stimulation mismatch have focused primarily on constant-

amplitude pulse trains (i.e., the first-order modulator)

(Goupell et al., 2013b; Kan et al., 2013; Kan et al., 2015;
Kan et al., 2019) and SAM tones (Blanks et al., 2007;

Blanks et al., 2008; Henning, 1974; Nuetzel and Hafter,

1981). The present study was the first study on interaural

place-of-stimulation mismatch to investigate high-rate

amplitude-modulated pulse trains. Our results are consistent

with those from previous studies, suggesting that the utility

of ITDs decreases with increasing mismatch. This suggests

that the effects of temporal and spectral mismatches were

additive rather than interacting.

The largest discrepancy between models and poorest

model performance occurred in experiment 3. Both model

implementations predicted the effects of interaural place-of-

stimulation mismatch for lateralization to a lesser extent

than the other effects in experiments 1 and 2. Relative to the

largest lateralization range achieved with 0mm mismatch

and 50%:50% AM depth, behavioral results indicated that

normalized lateralization range was 0.47 with 50%:50%

AM depth and 0.37 with 20%:50% AM depth. The Akeroyd

implementation showed consistently monotonic relation-

ships with ITDs, but the change in range of predicted lateral-

ization was incorrect. When 6.7 kHz was presented to both

ears, predicted lateralization was largest (2.8 times higher

than when 4 kHz was presented to both ears). The Akeroyd

implementation predicted larger lateralization ranges for

higher frequencies [Fig. 5(C)], which was surprising given

that a similar model predicted poorer ITD just-noticeable-

differences for higher (6 and 10 kHz) compared to lower (4

kHz) center frequency trains of constant-amplitude transi-

ents (Bernstein and Trahiotis, 2002, 2014).2 Lateralization

studies did not evaluate effects of center frequency. When

the Akeroyd implementation was tested with 4 vs 6 kHz

SAM tones (data not shown), it also resulted in larger pre-

dicted lateralization range for higher frequencies. The Klug

implementation showed highly non-monotonic predictions

for ITD lateralization when stimuli had non-zero interaural

place-of-stimulation mismatch (see the supplementary mate-

rial). Despite the non-monotonic trends in predicted laterali-

zation across ITDs, the Klug implementation predicted

trends in lateralization range. These trends were exaggerated

(at the interaural place-of-stimulation mismatch of 3.38mm,

normalized lateralization range of 0.13 for 50%:50% AM

depth and 0.00 for 20%:50% AM depth were predicted) rel-

ative to behavioral results. It is worth noting that effect of

interaural place-of-stimulation mismatch is consistent with

modeling of auditory brainstem responses using the same

underlying LSO model as the Klug implementation (Brown

et al., 2019). Despite the Akeroyd implementation’s esti-

mated effect of interaural place-of-stimulation mismatch,

both models correctly predicted the additive effects of asym-

metric AM depth [Fig. 5(C)], suggesting that poorer laterali-

zation with interaural frequency and temporal mismatch

may indeed result from fewer overlapping neurons to the

noisy temporal inputs used to calculate the ITD.

V. GENERAL DISCUSSION

A. Interaural asymmetries in temporal encoding

The experiments in the present manuscript investigated

the relationship between interaural temporal asymmetry

with two factors known to influence ITD lateralization:

envelope shape and interaural spectral asymmetry (i.e.,

place-of-stimulation mismatch). Recent studies in listeners

with BiCIs show that when they have one ear that was left

unstimulated for long periods of time, have poorer speech

understanding (e.g., Blamey et al., 2012; Goupell et al.,
2018), poorer localization performance (Reeder et al.,
2014), and poorer sensitivity to binaural cues (Thakkar

et al., 2020). Large differences between the ears have been

related to poor and/or abnormal speech understanding when

target speech is in the poorer ear (Goupell et al., 2016;
Goupell et al., 2018; Mosnier et al., 2009). Together, these
and other studies (Anderson et al., 2019b; Anderson et al.,
2022; Ihlefeld et al., 2015) suggest that the poorer ear limits

binaural outcomes. The present results replicated previous

findings and expanded them by evaluating a larger range of

stimulus parameters (i.e., envelope shape and place-of-

stimulation mismatch) using pulsatile stimulation.
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Recent evidence implies that interaural asymmetries

limit binaural outcomes; however, many of the conceptual

and computational models associated with binaural process-

ing have assumed interaural symmetry. The present experi-

ment demonstrates some ways that different kinds of

interaural asymmetry can interact with other factors that

affect envelope ITD lateralization and contribute to variabil-

ity in performance that is not currently addressed in the litera-

ture. Modeling results will be discussed further in Sec. VC.

B. Description of results and the relevance to
listeners with CIs

The present experiment simulated interaural asymmetry in

temporal representations by manipulating the AM depth of a

second-order modulator. Using sinusoidal (Figs. 3 and 5) and

triangular envelope shapes (Fig. 4) on trains of Gaussian-

enveloped tones, results further showed that lateralization

range decreased when at least one ear had reduced AM depth,

except when lateralization was already small (e.g., for ramped

envelope shapes in Fig. 4 and large interaural place-of-stimula-

tion mismatch in Fig. 5). Reducing AM depth was meant to

simulate poorer phase locking (Fig. 2) due to changes in the

auditory periphery for listeners with BiCIs (Fig. 1). Small AM

depth is analogous to reduced dynamic range at the level of the

auditory nerve. Dynamic range as measured at the level of CI

programming software is one psychophysical predictor for the

ENI for listeners (Bierer, 2010; Long et al., 2014). However,
the “true” dynamic range of the auditory nerve (e.g., the rela-

tionship between input current to the neuron and spike rate) is

not known for patients. Both increased distance of CI electro-

des from the auditory nerve and peripheral deterioration are

suspected to affect the dynamic range of auditory nerve fibers

as measured at the level of CI programming software (Bierer,

2010; Goldwyn et al., 2010; Schvartz-Leyzac et al., 2020).
Binaural masking level difference and ITD discrimination

thresholds both improve with increasing dynamic range (Todd

et al., 2017). Similarly, increased AM depth for SAM pulse

trains results in greater ITD sensitivity in listeners with BiCIs

(Ihlefeld et al., 2014). Thus, one implication of the results

from the present study is that reduced dynamic range limits

binaural processing.

Previous studies of envelope shape have demonstrated

differences between listeners with NH and BiCIs. In particu-

lar, listeners with NH seem to be sensitive to the attack time

of AM (Bernstein and Trahiotis, 2002, 2009, 2011; Dietz

et al., 2015; Klein-Hennig et al., 2011; Laback et al., 2011),
where listeners with BiCIs show no difference between

sharp and shallower attack times for monaural (Landsberger,

2008) or binaural tasks (Laback et al., 2011). One important

confound between previous BiCI and NH studies was that

listeners with BiCIs were presented with amplitude-

modulated pulse trains (i.e., their stimuli had pulsatile carriers),

where listeners with NH were presented with stimuli that had

tonal carriers. This sparse sampling of the envelope may have

played a role in the lack of effect of envelope shape on BiCI

performance. Figure 6 shows the lateralization ranges of

listeners that participated in the present experiment with a

500 pps acoustic pulse train carrier compared to previ-

ously published data with SAM tones (Anderson et al.,
2019a). Both studies used 100Hz AM rates and similar

lateralization measurement methods. The present study

used 50% AM depth in both ears whereas Anderson et al.,
(2019a) used 100% AM depth. The data show extraordi-

narily similar distributions and no difference between

groups according to a independent two-sample two-tailed

t-test [t(36)¼ 0.338, p¼ 0.971]. Previously published data

using interaurally symmetric SAM tones suggest that

reducing AM depth from 100% to 50% would lead to a

considerable reduction in lateralization range (Bernstein

and Trahiotis, 2011). Our results therefore imply that lat-

eralization of modulated pulse trains either saturates at

50% and higher AM depth, or that pulsatile stimulation

improved lateralization of ITDs relative to SAM tones,

consistent with Bernstein and Trahiotis (2011) using

constant-amplitude pulse trains.

Two additional results from the present study shed

important light on this confound between NH and BiCI stud-

ies. First, by manipulating the depth of the second-order

modulator, lateralization range decreased for listeners with

NH in all three experiments. Reducing AM depth also

decreased the slope. Second, listeners with NH had greater

lateralization range for stimuli with a sharp attack in both

ears, but only when AM depth was large. Together, these

results imply that pulsatile stimulation is not sufficient to

explain differences between listeners with BiCIs and NH.

Thus, these differences may have to do with the high degree

of phase locking characteristic of electrical stimulation

(Dynes and Delgutte, 1992; Javel and Shepherd, 2000), the

older average age of listeners in studies with BiCIs com-

pared to NH (Anderson et al., 2019a; Baumg€artel et al.,
2017), the nature of listeners’ hearing loss, or a combination

of all of these factors.

FIG. 6. Lateralization range by carrier type and AM depth. The x axis corre-
sponds to the carrier, either a pulse train (PT) or 4 kHz sine tone, as well as

the AM depth. The y axis corresponds to the lateralization range. Data for

SAM tones with 100%:100% AM depth reprinted from Anderson et al.
(2019a) with permission.
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For SAM pulse trains, listeners with NH and BiCIs

show different lateralization of ITDs conveyed in different

portions of the stimulus (Hu et al., 2017). While listeners

with NH heavily weight the onset of high-rate SAM pulse

trains, listeners with BiCIs may weight the peak more

heavily (Hu et al., 2017). Interestingly, listeners with NH

and BiCIs show very similar relationships between rate of

sinusoidal AM and lateralization range, with 100Hz yield-

ing the largest lateralization range, which could be attributed

to the slope of AM (Anderson et al., 2019a). Because Hu

et al. (2017) used very low AM rates (2 or 8Hz), it remains

to be determined whether multiple onsets in high-rate ampli-

tude-modulated pulse trains are similarly useful for listeners

with BiCIs.

The amount of interaural place-of-stimulation mismatch

used in experiment 3 was within the range that is typically

fused into a single spatial percept by listeners with NH

(Goupell et al., 2013b; Kan et al., 2019). Anecdotal reports
and behavioral responses generally supported the interpreta-

tion that listeners perceived one sound image. However, we

did not assess the number and width of the sound images

perceived in these studies. If interaural decorrelation at the

brainstem did indeed increase, this may be a promising area

of future research.

C. Assumptions of symmetry in binaural models

In the present experiment, we compared the perfor-

mance of two highly relevant models of binaural processing.

The Akeroyd implementation predicts lateralization based

upon frequency- and delay-weighted cross correlation, simi-

lar to the type of processing thought to be completed in the

MSO. The model utilized by Klug et al. (2020) has also

been used to predict cellular output of the LSO (Ashida

et al., 2016). Thus, both models are reflective of the types of

processing that occur in the brainstem to code for envelope

ITDs. Moreover, similar models have demonstrated highly

accurate predictions of lateralization of constant-amplitude

trains of high-frequency modulated stimuli in previous stud-

ies (Bernstein and Trahiotis, 2012; Klug et al., 2020).
The findings in the present paper indicate that both the

Akeroyd and Klug implementations were predictive of

behavioral performance with these novel stimuli. The

adjusted R2 value for each experiment and model implemen-

tation is summarized in Table II. Both model implementa-

tions had different strengths, particularly in cases of

interaural place-of-stimulation mismatch (experiment 3).

That is, while the Akeroyd implementation tended to better

predict mean lateralization performance across listeners (see

supplementary materials for additional details), the Klug

implementation tended to demonstrate trends in lateraliza-

tion ranges more closely corresponding to relative changes

in performance (Figs. 3–5). Both models made erroneous

predictions related to AM depth and envelope shape. For

example, both models predicted greater lateralization ranges

than were observed for 20%:50% compared to 20%:20%

AM depth, but captured some reduction in lateralization

range relative to 50%:50% AM depth (Figs. 3–5).

Both models include coincidence detection as central to

their function. If coincidence detection itself leads to the

conclusion that interaurally asymmetric AM depth should

result in better lateralization than interaurally symmetric,

small AM depth, this would have interesting implications

for binaural processing. Auditory nerve modeling in Fig. 2

using the stimuli employed in the present study and in the

original study (Zilany et al., 2014), as well as extracellular
recordings from the cat (Joris and Yin, 1992), show that

phase locking decreases with decreasing AM depth. In the

realm of probability, this could be expressed as greater

spread or variance associated with a probability distribution.

A simple model of the probability of coincidence within a

given time window for the left and right channel and mon-

aurally symmetric over time is given in Eq. (3), similar to

the classical normalized cross correlation function

P Cð Þ ¼
ðt2
t1

fL xð ÞfR xð Þ dx; (3)

where P(C) is the probability of coincident spikes from the

frequency-matched left and right channel (i.e., the joint

probability of fL and fR) within the time window [t1, t2], fL(x)
and fR(x) are probability density functions that are continu-

ously defined within [t1, t2] for the left and right channel,

and x is time. A lower AM depth in both ears increases the

spread of the probability density functions fL and fR, which
results in a decrease in P(C) for many possible values of [t1,
t2]. A decrease in P(C) is supported by predictions of poorer

ITD sensitivity with lower and symmetric AM depth using

coincidence-based models, results which were replicated for

the stimuli and coincidence-based models in the present

study (Figs. 3–5). If, instead, the AM depth is reduced in

only the left ear and fR � fL between [t1, t2], this guarantees
that P(C) is greater than when the AM depth is lower in

both ears. Even if this is not guaranteed, it is likely that

lower AM depth in one ear would lead to an increase in

P(C) compared to lower symmetric AM depths, especially

for [t1, t2] centered around the peaks of fL and fR where P(C)
is greatest. This conclusion is supported by the predictions

from both models in experiments 1 and 2 in the present

study. It is difficult to generalize these findings to experi-

ment 3 because of the added complication of interaural

place-of-stimulation mismatch.

The simple model [Eq. (3)] suggests that a purely coin-

cidence-detection-based model of binaural processing is

likely to predict that interaurally asymmetric phase locking

TABLE II. Adjusted R2 values for each model implementation by

experiment.

Adjusted R2

Akeroyd implementation Klug implementation

Experiment 1 0.949 0.786

Experiment 2 0.885 0.743

Experiment 3 0.743 0.289
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results in better binaural sensitivity than poor symmetric

phase locking. However, the results from all experiments in

the present study and another study with patients who use

BiCIs (Ihlefeld et al., 2015) do not support this conclusion.

This implies that coincidence detection is either not the only

mechanism involved in computing ITDs, or that the system

is more dynamic. A more complex relationship between left

and right inputs than pure coincidence detection fits the

recent view that binaural processing neurons in the brain-

stem do not act as time-invariant input-output functions, but

instead represent a dynamic system that adapts to the statis-

tics of stimuli (Gleiss et al., 2019). In the present study,

when asymmetric AM depth was applied, the mean level

was maintained, introducing differences between the peak

and trough of each cycle. Thus, the ILD was varied over

time. Time-varying binaural cues have been associated with

a spatially diffuse sound image (a possible precursor to a

lack of fusion) (Whitmer et al., 2014) and are speculated to

play a role in poorer ITD sensitivity of listeners with BiCIs

(Anderson et al., 2019a; Goupell, 2015; Goupell and

Litovsky, 2015). Thus, adaptation to stimulus statistics

could be central to binaural perception, which could help

explain the present difference between models and behav-

ioral data. This effect is still assumed to be driven in part by

phase locking between the left- and right-ear inputs to bin-

aural neurons.

D. Limitations and future directions

The present study had several limitations. While across-

group trends (e.g., effects of pulse rate on lateralization of

constant-amplitude pulse trains) were consistent with previ-

ous studies (Bernstein and Trahiotis, 2014; Monaghan et al.,
2015), the sample sizes used here were relatively small,

especially when considering the variability across listeners

(see supplementary material for additional details including

individual lateralization curves). Variability in performance

is commonly observed in lateralization tasks using the same

procedure as that used in the present experiment, even in the

presence of normal and symmetric hearing thresholds

(Goupell et al., 2021). Most results presented here are con-

sistent with previously published experiments in listeners

with NH and were discussed in more detail in the discussion

section following each experiment.

It is difficult to generalize the results from the present

experiment directly to listeners with BiCIs. Electrical stimu-

lation via a CI results in highly synchronous auditory nerve

firing in cats (Dynes and Delgutte, 1992; Javel and

Shepherd, 2000), although this has not been confirmed in

humans. It is unclear whether limitations to temporal encod-

ing occur at the level of individual or population of nerve

fibers in patients with BiCIs. We chose to simulate poorer

temporal fidelity by reducing AM depth (to simulate a

reduced dynamic range for listeners with CIs). Even if our

manipulation is not representative of changes in temporal

representations due to phase locking of the auditory nerve,

the findings are in agreement with studies in listeners with

BiCIs showing reduced binaural sensitivity at lower AM

depths (Ihlefeld et al., 2014) and smaller dynamic range in

current levels at each electrode (Todd et al., 2017).

Furthermore, the listeners in the present study were much

younger on average than those tested in studies of listeners

with BiCIs and aging is associated with reduced lateraliza-

tion ranges (Anderson et al., 2019a; Baumg€artel et al.,
2017). Since aging and hearing loss interact to produce

poorer binaural temporal sensitivity (Anderson et al., 2019a;
Baumg€artel et al., 2017), testing older NH listeners and

younger BiCI listeners is an important next step.

The ITDs conveyed by BiCIs have inconsistent ITDs

between the temporal fine structure (i.e., electrical pulses)

and envelope (Dennison et al., 2022; Gray et al., 2021). In
contrast, the present study used whole-waveform ITDs

(ITDs in the carrier pulses and envelope ITDs were congru-

ent). An alternative approach would have been to jitter ITDs

in the pulse train, or fix the ITD of the constant-amplitude

pulse train at 0 ls and only apply an ITD to the envelope. In

order to attain a high pulse rate with 3mm bandwidth acous-

tic pulse trains, there was very little pause time between

pulses. It was therefore not possible to jitter ITDs with 500

pps acoustic pulse trains, so we prioritized using as high

a pulse rate as possible. Fixing ITDs of the constant-

amplitude pulse train at 0 ls may have artificially biased

lateralization toward the center of the head and it would not

be any more ecologically valid than conveying coherent

ITDs in the temporal fine structure. From Fig. 7 in the

Appendix, listeners were still able to use ITDs from the

pulsatile carrier to complete lateralization and attain a lateral-

ization range of approximately 40%. Thus, our approach of

applying whole-waveform ITDs represents a scenario for

BiCI output where both envelope and temporal fine-structure

ITDs are presented.

Stimuli in the present experiment simulated single-

channel stimulation with a CI, which is not generalizable

to actual CI listening. With multi-channel monopolar stimu-

lation, spectro-temporal smearing via channel interaction

FIG. 7. Lateralization range by (A) AM depth, (B) pulse rate. The y axis

corresponds to the extent of lateralization, with mean 6 1 standard devia-

tion shown by each point. (A) The x axis corresponds to the AM depth, (B)

the x axis corresponds to the pulse rate for acoustic pulse trains. Data from

pulse rates of 10–300 pps are reprinted with permission from Anderson

et al., J. Acoust. Soc. Am. 146(2), 1189–1206 (2019a). Copyright 2019

Acoustical Society of America.
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would occur (e.g., Bierer, 2010), further distorting the enve-

lope and the ability to compute ITDs (e.g., Kan et al., 2019;
Lindenbeck et al., 2024).

The pulse rates used in the present study were lower

than the clinical standard for listeners using most contempo-

rary CI processors, which use pulse rates of about 1000–

4000 pps per channel. Most CI processing strategies do not

preserve temporal fine structure, so ITDs are primarily avail-

able from the temporal envelope (Gray et al., 2021). To
date, there is relatively less research at higher rates near

500–1000 pps compared to lower rates near 100 pps. This

may have to do with the upper-limit of pulses that can be

represented without temporal overlap (Goupell et al.,
2013b). That is, we chose to use 500 pps because that was

near the maximum number of pulses with 3mm bandwidth

that could be presented without resulting in substantive tem-

poral overlap between each pulse.

E. Summary and conclusions

Based on the data in this study, several conclusions can

be drawn with respect to lateralization of envelope ITDs

under conditions of interaural asymmetry:

(1) Lateralization range associated with envelope ITDs was

significantly smaller when one (asymmetric) or both

(symmetric) ears had a smaller AM depth (20% com-

pared to 50%) (Figs. 3–5), where AM depth was used to

simulate reduced temporal fidelity.

(2) Lateralization of high-rate amplitude-modulated pulse

trains was facilitated by interaurally symmetric sharp

temporal onsets and inhibited by sloping temporal

onsets, in the temporal envelope (Fig. 4). This finding is

consistent with weighting of the onset for high-rate

amplitude-modulated pulse trains in listeners with NH

(Hu et al., 2017; Stecker, 2018).
(3) Reduced lateralization from increasing interaural place-

of-stimulation mismatch and reduced AM depth were

additive (Fig. 5).

(4) EE-based cross correlation and EI-based models of binau-

ral processing predicted lateralization of envelope ITDs

for interaurally symmetric AM depths (20% and 50%), but

slightly overestimated lateralization range for interaurally

asymmetric AM depths (Figs. 3–5). In other words, they

captured some of the effect of interaurally asymmetric

AM depth. A simple model of pure coincidence detection

replicates overestimation of lateralization of asymmetric

AM depths (Eq. 3), implying that an additional mechanism

besides coincidence detection is involved in ITD lateraliza-

tion with interaurally asymmetric AM depth.

(5) EE-based cross correlation and EI-based models of bin-

aural processing did not accurately predict effects of

second-order envelope shape for high-rate amplitude-

modulated pulse trains (Fig. 4). The models predicted

similar performance for pulse trains with second-order

AM and a temporally sharp onset or offset. Previous

studies using amplitude-modulated tones with sharp

temporal onsets suggested increased sensitivity to ITDs

with sharp onsets (e.g., Dietz et al., 2015; Klein-Hennig
et al., 2011).

(6) EE-based cross correlation and EI-based models of bin-

aural processing poorly predicted effects of interaural

place-of-stimulation mismatch [Fig. 5(C)]. The EE-

based model predicted monotonic relationships between

ITDs and lateralization, but increasing lateralization

range with increasing average center frequency. The EI-

based model accurately predicted changes in lateraliza-

tion range (decreased lateralization range with increas-

ing frequency mismatch and decreasing AM depth in

one ear) but demonstrated highly non-monotonic rela-

tionships between ITDs and lateralization with interau-

ral frequency mismatch.

SUPPLEMENTARY MATERIAL

See the supplementary material for supplementary fig-

ures, additional appendixes, and all data and code used for

analysis.
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APPENDIX

It was important to characterize the lateralization range for

stimuli that were unmodulated to confirm the usefulness of cues

in the pulses compared to the envelope (i.e., first- compared
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to second-order modulations) contributed to lateralization. Note

that the pulse rate used in the present experiment was higher

than that used in previous NH experiments and lower than that

typical of CI stimulation. Much previous research has been ded-

icated to the “rate limitation” to binaural processing in listeners

with NH (for review, see Stecker et al., 2021) and BiCIs (for

review, see Kan and Litovsky, 2015; Laback et al., 2015). Most

of this research agrees with the consensus that the rate limita-

tion is somewhere near 300 pps, meaning that sensitivity to

ITDs decreases precipitously above 300 pps. However, some

listeners with NH maintain sensitivity to ITDs in constant-

amplitude stimuli at pulse rates of �900Hz (e.g., Bernstein and

Trahiotis, 2014; Monaghan et al., 2015). Thus, we tested a

small group of listeners with NH using 50%:50%, 20%:20%,

and 0%:0% AM depth to determine whether the lateralization

range would decrease if stimuli were constant amplitude (i.e., if

AM depth was further reduced to 0%:0%).

We included ITDs of 0, 6100, 6200, 6400, 6800,

61200, and 61600 ls. The 61200 and 61600 ls ITDs

would result in an interaural phase difference greater than p
for the pulsatile carrier but less than p for the sinusoidal

AM. If listeners attended to the pulsatile carrier rather than

the envelope, then the perceived intracranial location should

move back toward the center of the head for 61200 and

61600 ls. If listeners attended to the envelope, onset, or off-
set, then the magnitude of lateralization should be equal or

greater than the maximum magnitude of lateralization for

61200 and 61600 ls. Lateralization range was assessed as

the absolute difference in lateralization values from the fit-

ted curves at 61000 ls.
Four listeners (ages 19–29 years; mean age: 21.5 years)

met the same audiological criteria as the experiments and the

same equipment and procedures were used. Twenty repeti-

tions per ITD were collected except for listener TZA, who

only completed ten repetitions per ITD for the 50%:50% and

0%:0% AM depth conditions because of time limitations.

This resulted in 20 repetitions � 11 ITDs � 3 AM

depths¼ 660 trials, which took approximately 1.5 h to collect.

Lateralization ranges for differing AM depths are pre-

sented in Fig. 7(A). They show that lateralization range

decreased slightly on average between 20%:20% and

0%:0% AM depth. This effect was driven by three of four

listeners. The lateralization ranges in Fig. 7(B) were all

computed for 61000 ls ITDs to be consistent with the pre-

vious manuscript, in contrast to the rest of the present

manuscript where they were computed at 6800 ls
(Anderson et al., 2019a). The data for 500 pps are from the

listeners in the present experiment and demonstrate a consis-

tent trend with the previously published data. This trend is

in agreement with studies of ITD sensitivity using high-rate

high-frequency trains of transients (Bernstein and Trahiotis,

2014; Monaghan et al., 2015).
The results presented in this appendix suggest two

important conclusions about how listeners completed the later-

alization experiment. First, perceived lateralization of 61200

and 61600 continued to be of large magnitude and was not

toward the center of the head, which suggests that listeners

relied on the onset, offset, or ongoing temporal envelope (i.e.,

second-order AM) of the sound for lateralization rather than

ongoing ITDs in the pulse train. Results from the 0%:0% AM

depth (i.e., constant-amplitude) in particular suggest that listen-

ers may have been able to resolve interaural phase ambiguity

using the ITDs at the onset and offset of stimuli. Second, these

results demonstrate that 20%:20% AM depth was able to be

lateralized to a greater extent than 0%:0% AM depth.
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