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Abstract

The auditory brainstem plays a crucial role in speech-in-noise (SiN) listening, refining numerous acous-
tic features such as pitch and spatial location under continual descending influence from the cortex.
However, the difficulty of characterizing brainstem activity during continuous speech listening has
obscured its functional role in ecologically valid contexts—not only the effects of selective attention
on neural responses but also their impact on comprehension and listening effort. Here, we evaluated
the role of the brainstem in SiN perception and other listening behaviors using a continuous, speech-
based stimulus with embedded chirps (Cheech) that rapidly and effectively evoked auditory brainstem
responses (ABRs) while 25 participants listened to short story narratives (n=15 females, 10 males).
The Cheech-modified stories were presented alone or in the presence of another spatially separated
talker, and neural responses were measured throughout by EEG. Both word-level detection perfor-
mance and narrative-level comprehension were evaluated, as well as subjective reports of listening
effort. ABR wave V was modulated by the presence of a competing talker. Additionally, wave V
peak amplitudes were associated with identification speed of the target words embedded within the
stories, while faster latencies were related to better target word identification accuracy, comprehension
question accuracy, and lower subjective listening effort. Collectively, our results provide evidence for
the influence of brainstem encoding processes on individual speech-listening behaviors, including the
ability to selectively attend to and comprehend target speech in the presence of a competing talker.

Key words: auditory brainstem response (ABR); auditory event-related potentials (ERPS); chirped
speech (Cheech); electroencephalography (EEG); speech-in-noise

Significance Statement

This study highlights the crucial role of the brainstem in speech-in-noise perception and higher-level lan-
guage abilities like comprehension and subjective listening effort. Through the use of a novel speech sti-
mulus blended with embedded chirps (Cheech) to evoke brainstem responses while listening to short story
narratives, we show how subcortical processes relate to successful speech-listening performance across
multiple behavioral metrics. These findings advance our understanding of how the brainstem supports
speech perception, comprehension, and perceived effort in challenging listening environments.
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Introduction

Neural processing of speech has primarily been studied at the level of the cortex (Hickok
and Poeppel, 2004). Yet, brainstem nuclei along the auditory pathway perform crucial
functions relevant for processing speech such as encoding pitch and timing of spectro-
temporal fluctuations (Krishnan and Gandour, 2009; Krishnan and Plack, 2011), prelimi-
nary phoneme categorization (Carter and Bidelman, 2023; Rizzi and Bidelman, 2023),
and even early differentiation of competing auditory streams, likely through corticofugal
modulations (Price and Bidelman, 2021). Additionally, poorer encoding of auditory brain-
stem responses (ABRs) has been associated with decreased speech-in-noise (SiN) per-
formance (Papakonstantinou et al., 2011; Bramhall et al., 2015). Thus, rather than
serving as a simple relay for acoustic information, the brainstem plays an active and per-
ceptually consequential role in speech perception.

Yet, whether and how subcortical processes influence the ability to selectively attend to
target sounds while filtering out background noise, as required for SiN perception, remains
uncertain. ABRs were initially considered immune from effects of attention and arousal
states (Jewett and Williston, 1971; Connolly et al., 1989; Gregory et al., 1989). However,
midbrain responses (ABR wave V) may be modulated by selective attention of audition
over another modality (Lukas, 1980; Bauer and Bayles, 1990; Kumar et al., 2023),
increased cognitive load (Sorquist et al., 2012), or cognitive interference (Brannstrom et
al., 2020). Recently, selective attention in a dichotic listening paradigm led to enhanced
ABR wave V for attended versus ignored chirps (but not tone bursts; Strauss et al.,
2025). Mixed results on the influence of attention have also been demonstrated for other
subcortical responses like the frequency-following response (FFR; Hoormann et al., 2000;
Galbraith et al., 2003; Varghese et al., 2015), possibly due to cortical contributions (Coffey
et al., 2016; cf. Bidelman, 2018). Meanwhile, regression- or correlation-based brainstem
responses derived from continuous speech were more robust for attended rather than
unattended talkers (Forte et al., 2017; Etard et al., 2019), and attentional modulation of
these responses were related to independent tests of SiN perception (Saiz-Alia and
Reichenbach, 2020).

Historically conflicting results regarding attentional modulation of brainstem activity
likely reflect differences among experimental approaches, chief among them a varying
degree of ecological validity. While subcortical EEG responses are best evoked by tran-
sient artificial stimuli such as isolated clicks or tone bursts, these are not always good pre-
dictors of speech perception in real-world listening environments (Skoe and Kraus, 2010;
Grose et al., 2017; Smith et al., 2019; DiNino et al., 2025), nor do simple sounds adhere to
naturalistic statistics known to influence midbrain encoding (Escabi et al., 2003). As a
result, despite numerous studies of auditory brainstem function, its role in attentive listen-
ing and its relevance to real-world speech performance remains unclear. In order to shed
light on the neural processes underlying SiN perception, a challenging, ecologically valid
task using naturalistic speech with relevant outcome metrics should be used (Hamilton
and Huth, 2020).

However, fundamental limitations characterize ABR recordings such as low
signal-to-noise ratios (SNR), relatively small amplitudes, and the need for multiple stimulus
repetitions. To address this, we have developed a technique for the rapid measurement of
brainstem through cortical responses via “chirped speech” (Cheech), continuous speech
stimuli blended energetically and perceptually with frequency sweeps (Backer et al., 2019;
Miller et al., 2020; Shehabi et al., 2025). Our technique parallels recent efforts to derive
brainstem activity during continuous speech (Forte et al., 2017; Maddox and Lee, 2018;
Etard et al., 2019; Polonenko and Maddox, 2021; Kulasingham et al., 2024). This approach
also builds on previous work that suggests chirps may be more sensitive to measuring
attentional modulation within the brainstem (Strauss et al., 2025). Compared with other
methods, Cheech offers more acoustic control over the specific parameters used to elicit
multiple, simultaneously recorded brain responses from naturalistic speech, all while par-
ticipants perform a challenging listening task complete with spatial cues and attentional
switching.

Here, we use Cheech-modified short stories presented both in quiet and in the presence
of a competing talker to elucidate attentional effects within the brainstem through ABRs
(i.e., wave V). Our results suggest wave V is most affected by the presence of another
talker, but not selective attention to one talker over another. However, we demonstrate
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the relationship between ABR wave V and several higher-level speech-listening behaviors, including target word identifi-
cation, comprehension, and subjective listening effort, suggesting the importance of subcortical processes to support
successful SiN perception.

Materials and Methods

Participants. Twenty-nine participants were recruited for this study. To be eligible, prospective participants must be
between 20 and 40 years old, speak English as their first language, and report no neurologic, psychiatric, or scalp condi-
tions that directly affected their ability to understand speech or interfere with electrophysiologic measurements (e.g., epi-
lepsy, certain strokes, ADHD, scalp problems, etc.). Participants were screened for visual acuity (i.e., better than 20/40
vision per Snellen chart), normal hearing (i.e., <25 dB HL air conduction thresholds between 250 and 8,000 Hz in both
ears, no air-bone gaps >10dB within 500-2,000 Hz, no asymmetries between the ears >20 dB at 500, 1,000, or
2,000 Hz), and cognitive abilities [>24 Montreal Cognitive Assessment (MoCA) score—consistent with an ongoing com-
parison study group of veterans; Nasreddine et al., 2005]. One participant withdrew from the study due to personal rea-
sons; one participant was excluded due to technical difficulties during the EEG recordings, and two participants were
excluded because they did not pass the hearing screener at the time of testing. This resulted in a final cohort of N=25
total participants with the following demographics: average age =22.88 +4.98 SD years old (range, 18-38 years old);
15 females and 10 males; N =21 self-identified handedness right, N=2 left, and N=2 ambidextrous. Participants had
an average of 16.86 + 3.19 SD years of education and 4.20 + 3.74 SD years of formal music training. Of those who reported
some level of formal music training (N = 22), the average age they began music training was 10.05 +2.75 SD years old. The
average MoCA score was 28.16 + 1.46 SD (range, 25-30). Additionally, participants completed a version of the MacArthur
Scale of Subjective Socioeconomic Status where they were asked to rate their perceived socioeconomic status (SES) rel-
ative to individuals across the US society using a ladder-rung rating from 1 (lowest SES) to 10 (highest SES; Adler et al.,
2000). Mean subjective SES scores were 4.70 + 1.30 SD and range 3-8. Average air conduction pure tone average thresh-
olds were 6.80+3.72 SD and 7.04 + 4.47 SD for the right and left ears, respectively, indicative of normal hearing. All par-
ticipants completed an informed consent as approved by the University of California, Davis Institutional Review Board and
were compensated financially for their participation.

Project overview. Each participant completed three sessions as part of a larger experiment investigating the influence of
various factors on hearing across the lifespan: one 1 h audiologic exam, one 2 h behavioral session (i.e., a battery of cog-
nitive and psychoacoustic tests), and one 2.5 h EEG session (i.e., our Cheech-based spatial attention speech-listening
task followed by standard click ABRs). Several participants completed more than one session on the same day (i.e., either
audiologic + behavioral or behavioral + EEG sessions), but a long break was offered in between sessions to reduce fatigue.
Only a portion of the measurements and tests from the larger experiment are included in this analysis. The data presented
here focus on brainstem activity from three out of six total blocks of the spatial attention task (i.e., during the EEG exper-
imental session). The remaining three blocks are part of a separate study using different Cheech stimuli and thus were not
included in the present analysis (Extended Data Fig. 1-1). Data from other components of the larger study will be analyzed
in separate reports.

Stimuli. The stimuli were three short fairytale stories available in the public domain (e.g., on www.librivox.com; plus one
additional story for practice). For more information about story selection criteria in the current study (Extended Data
Figure 1-1). The short stories were modified to add monosyllable color words as targets for the spatial attention experi-
ment (e.g., red, green, blue, white, etc.) embedded within each story (e.g., “...with a narrow blue ribbon over her shoul-
ders”). We recorded a male talker (native English speaker with a neutral American accent) reading the modified short
stories aloud using a Shure KSM244 vocal microphone (cardioid polar pattern, high-pass filter of 18 dB per octave cutoff
at 80 Hz) and Adobe Audition [sample rate, 48,000 Hz; 32 bit depth (float)] in a quiet, soundproof room. Silent gaps in the
recordings >500 ms were shortened to 500 ms, similar to previous studies (Broderick et al., 2018; Teoh and Lalor, 2019;
Teoh et al., 2022), and the trimmed recordings were then cropped to 7.5 min per story audio.

To produce a dual-talker condition, one story was pitch modulated using MATLAB STRAIGHT prior to the Cheech pro-
cess (see below, Cheech; Extended Data Fig. 1-1; Kawahara et al., 2008; Kawahara and Morise, 2011). This manipulation
allowed us to compare neural and behavioral responses for male versus female voices (between-story comparison) in
addition to attended versus unattended conditions (within-story comparison; see below, Experimental conditions).
Specifically, the female-intended story was modulated in pitch to an average FO of 180 Hz and modulated in frequency
characteristics to model a shorter vocal tract length, while the original (male voice) audio had an average FO of
~128 Hz. Modifying voice parameters in this manner meant speaker characteristics such as phrasing, intonation, and pac-
ing were otherwise preserved because all stories were originally spoken by a single talker. The mono-talker story and the
male dual-talker story were presented in the original, unmodified male voice only. Modifying one talker’s FO also provided
the added benefit of a combined voice-sex + spatial release from masking which improved pilot test performance (Oh
et al., 2021, 2022).
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Cheech. The short story auditory stimuli were then modified via a patented process called “Cheech” to evoke the audi-
tory evoked potentials (Backer et al., 2019; Miller et al., 2020; Shehabi et al., 2025; Fig. 1). To produce “Cheech,” we used a
level-specific CE-Chirp with a frequency band from 200 to 10,000 Hz designed for moderately loud intensity presentations
(Chirp 1; Elberling et al., 2010) according to the cochlear-neural delay model by Elberling and Don (2008). The chirp audio
file was upsampled from 30 to 48 kHz to match the speech recording sample rate.

In Cheech, some of the glottal pulse energy within predefined frequency bands are replaced with the synthetic chirp
energy consistent with previously published protocols from our lab (Backer et al., 2019). Aligning the chirps with glottal
pulse energy inherent in speech creates an acoustically fused auditory perceptual object with sufficient transient chirp
activation to measure auditory brainstem through cortical responses while preserving naturalistic speech qualities and lin-
guistic content (for analysis of cortical responses on this project, see Shehabi et al., 2025). First, periods of sufficient
voiced power were identified; specifically, the audio was filtered from 20 to 1,000 Hz, and voiced periods at least
50 ms long were identified when the speech envelope between 20 and 40 Hz surpassed a threshold ~28% of overall
speech root-mean-square (RMS) amplitudes. The timing of the glottal pulses during voiced periods was determined by
a speech resynthesis process using custom MATLAB code and the TANDEM-STRAIGHT toolbox that retains original
speech frequency characteristics (Kawahara et al., 1999, 2008; Kawahara and Morise, 2011). The continuous speech
was refiltered into alternating, octave-wide frequency bands of 0-250, 500-1,000, 2,000-4,000, 11,000-24,000 Hz with
a 10th-order Butterworth filter, and chirp energy was constrained to frequency bands of 250-500, 1,000-2,000, 4,000-
11,000 Hz by filtering the chirp with a fourth-order Butterworth filter. The chirp and speech bands in the alternating, inter-
leaved octave-wide bands were then added together. In this manner, the glottal pulse retained in the speech bands and
the energy within the chirp bands both contribute to cochlear activation, with more synchronized activity at predefined
frequency regions where the chirps are present. Each mono track was then duplicated to form stereo audio. Audio files
were normalized prior to the Cheech synthesis to ensure equivalent chirp amplitudes relative to the speech levels across
each story, and the RMS amplitudes were rechecked across all Cheech-ed stories for equivalence after the Cheech pro-
cess was completed.

Timing of the chirps varied with the natural fluctuations in the running speech, with special modifications to optimize
measurement of the auditory ERPs. Specifically, when voicing energy was detected, chirps were inserted at a minimum
of 18.2 ms apart (55 Hz), skipping glottal pulses that occur within the 18.2 ms window. The first chirp within a sequence is
always followed by a minimum of 48 ms before the next chirp is presented, skipping glottal pulses in between, to produce
a longer ISl that allows for improved evolution of middle- and late-latency responses (analyzed separately; Shehabi et al.,
2025). For a summary of specific Cheech processing details, see Extended Data Figure 1-2.

Spatial filtering and selective attention switching task. One goal of this study was to design a paradigm that mimicked
real-life communication, including the ability to switch spatial attention to different talker locations. Spatial attention has
been shown to modify neural activity associated with stream segregation (e.g., alpha power band lateralization), but these
effects are often observed hundreds of milliseconds later than the ABRs explored here (Kerlin et al., 2010; van Diepen et al.,
2016; Wostmann et al., 2016; Teoh and Lalor, 2019). The results associated with spatial attention differences will be pre-
sented in a later publication. For completeness, we describe the details of the spatial attention switching task below, but
for the sake of current analyses, results were collapsed across the attend-left and attend-right conditions.

The Cheech stimuli were spatially filtered via head-related transfer functions (HRTFs) to simulate audio at £15° (SADIE Il
database; Armstrong et al., 2018). Spatial audio was mirrored by two symbols on two computer screens ~15° to the left
and right of the midline in front of the participant. A “+” symbol on one of the screens corresponded to a given target
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Figure 1. A brief segment of the Cheech stimuli. Top, Participants listened to the Cheech-modified short stories and pressed a button when they heard the
target talker speak a color word (e.g., “blue”). Middle, Stimulus waveform and (bottom) spectrogram for the Cheech audio. Cheech interleaves speech and
chirp frequency bands in a manner that preserves naturalistic speech qualities while evoking robust ABRs. See Materials and Methods for details. For more
information on the short story stimuli and Cheech synthesis parameters, see Extended Data Figures 1-1 and 1-2, respectively.
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Iocation .The “<” and “>” symbols were shown on the computer screen opposite from the target speech location (e.g., a
shown on the left screen and a “+” on the right screen indicated a the target voice located in the right auditory spatial
f|eId, Fig. 2). Consequently, “<” and “>” symbols indicated either the absence of another speaker for a given spatial field, as
in the mono-talker condition, or the location of the masker story in the two-talker condition. The symbols were identical in
size, color, and line lengths to maintain equivalent luminance for the eye tracking measurements (data not included here).
The spatially filtered audio and visual symbols were then edited with custom MATLAB code to swap left and right spatial
locations 75 times or approximately every 6 s (7.5 min + 75 switches =6 s; switches assigned per random distribution of
6+ 1 s). The visual icons switch screens instantaneously at each switch time while the crossover fade time for the audio
was 35 ms, beginning at the onset of a switch cue (Fig. 2). During piloting, this crossover time was an appropriate balance
between minimizing “pops” and other artifacts from cutting the audio across left and right audio tracks while also minimiz-
ing the perception of a gradually moving sound between spatial locations (i.e., a sudden jump from one side to the other
without introducing robust distortions). In this manner, our spatial attention switching task mimicked listening scenarios
with multiple alternating targets, as if perceptually following a conversation between two spatially separated talkers.

Color words were randomly assigned to one of five possible onset categories between 0.125 and 2 s from the
switch-to-color-word-onset (i.e., 0.125, 0.25, 0.5, 1, and 2 s, five color words per condition; Fig. 2). These categories
were established after preliminary piloting to assess whether “attentional blinks” from switching left to right spatial atten-
tion following the cue (and vice versa) impaired color word detection across participants; these data will be presented in a
subsequent paper. Onset timings of the color words were determined by Gentle, an audio forced aligner (https:/github.
com/lowerquality/gentle). The closest preceding switch time was replaced by the assigned switch-to-color-word-onset,
resulting in 50 random switches and 25 switch-to-color-words (i.e., 33% probability of a target color word onset within 2 s
of a switch). The 25 target words were balanced across left-to-right and right-to-left switches within a story (minus one
remainder). A few target story switch times were also manually adjusted to ensure that no masker color word occurred
during a switch in the dual-talker condition (i.e., masker color word onset was not between —0.5 and 0.1 ms from a target
story-driven switch time). Any overlapping color words across the target and masker stories were dropped from the beha-
vioral task analyses, so behavioral responses to target (hits) and masker color words (false alarms) would not be conflated
(n=4; see below, Behavioral outcome measures and analysis).

Experimental conditions. The short stories in this analysis were used in separate experimental conditions: one story
presented alone (“mono-talker”), a pair of stories (“dual-talker”), and one additional story for initial practice which was
not included in subsequent analyses. Within the dual-talker condition, each story was heard twice—once as the “target
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Figure 2. Experimental paradigm. Participants are instructed to attend to the target speech (red line) and press a button when a color word is spoken (“X”).
They must ignore color words spoken by the masker talker when present (i.e., dual-talker condition; “O”). The target visual cue and voice alternate between
approximately +15° in the visual and auditory spatial fields on average around every 6 s (see Materials and Methods). Figure modified from Shehabi et al.
(2025).
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story” and once as the “masker story” within the pair. This experimental manipulation thus allowed us to measure effects
of directed spatial attention because the same audio was presented and participants were instructed to either “attend” or
“ignore” the story, respectively. The mono-talker story was only presented once. The target story always started on the left
side, whether presented alone (mono-talker) or in the presence of a masker (dual-talker). The order of stories and condi-
tions was counterbalanced with a Latin square design across participants to reduce potential sequence-dependent learn-
ing effects. In the full experiment with an additional three stories, no story pair was heard back-to-back to reduce
short-term learning effects as well (Extended Data Fig. 1-1).

Stimulus presentation equipment. Participants were seated in a soundproof, electromagnetically shielded booth (ETS
Lindgren), ~176 cm from two computer monitors. The Dell UltraSharp monitors had a refresh rate of 60 Hz, and screen
settings were left on standard factory defaults. Stimulus presentation, including both audio and visual, was controlled
by custom MATLAB code using Psychtoolbox (Brainard, 1997; Pelli, 1997). Auditory stimuli were routed from a
Hammerfall audio card to an audio interface (RME Fireface UFX Il) and then to a headphone driver (RME ADI-2DAC FS)
which drove ER-2 insert earphones (Etymotic Research/Interacoustics). The ER-2 inserts were electromagnetically
shielded to reduce EEG artifacts (Campbell et al., 2012). Cheech stimuli were presented at 75 dB SPL because conver-
sational speech levels are often moderately elevated in the context of noisy settings (Rusnock and Bush, 2012). Clicks
for the separate ABR recordings were presented at 80 dB SPL. Stimuli were calibrated using a Larson-Davis PRM902 pre-
amp and 2221 power supply, B&K 4157 coupler, and C-weighted average.

Procedure. The order of events within each block is as follows: 1 min of brief rest (for resting-state EEG analysis),
7.5 min of the spatial attention listening task, five comprehension questions, six subjective task load questions (Hart
and Staveland, 1988), a flash reaction time task (five short trials), and then a break. During the 1 min rest period, partici-
pants were instructed to remain still with their eyes open. During the spatial attention listening task, participants listened to
the short stories, following the target story and corresponding visual cue as they switched between left and right relative
spatial locations (Fig. 2). They were instructed to press the spacebar when they heard the embedded color words within
the story. In dual-talker condition blocks, participants were told to ignore color words from the masker story and only press
the spacebar for target story color words. The audio was immediately followed by a series of five multiple-choice compre-
hension questions with four possible answer choice options (chance, 25% accuracy). Comprehension questions were
balanced for difficulty (not too hard nor too easy; piloted for accuracy on 3-5 individuals per story), story time relevant
for the question (i.e., early vs late in the 7.5 min story segment), and memorization versus inductive reasoning probed
by the answers. Next, participants completed the NASA Task Load Index, a measure of subjective task-related workload
or effort, modified for computerized data collection using a sliding scale selection tool (Hart and Staveland, 1988). To mea-
sure general mental fatigue across the blocks, we used a psychomotor vigilance-based visual reaction time task
(Wilkinson and Houghton, 1982; Dinges and Powell, 1985; Basner and Dinges, 2011; Hornsby, 2013). Participants
were instructed to watch the crosshairs shown at the center of the computer screen and press the spacebar as quickly
as possible when a white circle appears on screen. The circle flashed on screen for 40 ms across five trials. Finally, par-
ticipants were offered a break before starting the next block. The entire experiment presentation was controlled by custom
MATLAB and Psychtoolbox code.

Behavioral outcome measures and analysis. Selective attention listening was assessed by correct identification of color
words embedded in the target story (hits). A “hit” was defined as pressing a designated keyboard button within 2 s after the
onset of a target word. Any pairs of color words within +2 s onset across the target and masker stories in the dual-talker
condition were excluded from analyses, resulting in four overlapped color words dropped from each story in the behavioral
task analyses for the pair of stories used here. Specifically, the relevant measures were the proportion and corresponding
reaction times of correct hits out of the total possible, nonoverlapping target words (n =25 in the mono-talker condition; n =
21 per story in the dual-talker condition). Behavioral outcomes measured after each story concluded were comprehension
question accuracy (i.e., total percentage correct out of five questions), task load effort scores (i.e., average NASA task load
index scores across six questions, where higher scores means greater perceived task load; Hart and Staveland, 1988),
and average reaction times on the vigilance-based flash task in a given block.

EEG recordings. EEG recordings were obtained using a BioSemi ActiveTwo system (BioSemi B.V., www.biosemi.com)
in an electrically shielded booth with a sample rate of 8,192 Hz recording data from 72 electrodes: 64 channels following
the International 10-10 standard with four additional channel pairs around the ears (earlobe, mastoid, lower posterior, pos-
terior to the earlobe and inferior to the mastoid; upper anterior, superior-anterior to the tragus near the zygomatic arch).
Electrode offsets from all channels were measured to be below 20 pV relative to the Common Mode Sense electrode using
the ActiveView2 software. Data were recorded using the open-source Lab Streaming Layer (LSL) software (https:/github.
com/sccn/labstreaminglayer) as XDF files on a desktop computer running Windows 10.

A pair of channel outputs containing trigger events was routed from the audio interface to a pair of Brain Products
StimTraks for monitoring triggers associated with the target and masker stories, respectively, which then convert the
audio trigger signals to trigger pulses sent to the TriggerBox (Brain Products). This setup permitted audio playback
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synchronized with chirp triggers embedded during the Cheech process with minimal latency delays (see Cheech section);
such near-simultaneous synchronicity is crucial for measuring rapid, lower-level ABRs during the listening task. Triggers
controlled by Psychtoolbox (i.e., participant responses, block sequence triggers, spatial location switches, etc.) were also
routed to the TriggerBox via the computer parallel port. The TriggerBox then passed both triggers from the parallel port
and the StimTraks to the Biosemi signal receiver box.

EEG preprocessing. EEG were preprocessed using MATLAB 2021b (MathWorks) using a combination of EEGLAB func-
tions (Delorme and Makeig, 2004), ERPLAB functions (Lopez-Calderon and Luck, 2014), and custom MATLAB code. Data
were first imported into EEGLAB with events extracted from the trigger channel in the XDF file using custom MATLAB
code. Given the large number of tightly packed event codes for our experimental design (>130,000/participant at an average
rate of one event every 20 ms), event codes from the three separate streams (parallel port and two StimTraks, described
above) occasionally arrived at the TriggerBox simultaneously, resulting in correctable event code errors. Custom code
was used to check the recorded events against the expected events for a given condition to add missing events, remove extra
events, and adjust event latencies for any overlapped event. A second set of corrections were then applied to adjust for
latency differences between the acoustic signal and the event times. These corrections took into account a 1 ms delay
due to audio travel time from the insert earphone tubes, a 1.973 ms delay to the audio signal due to the HRTF process, a
0.541 ms delay to the chirp triggers to account for a difference between the expected chirp timing from the Cheech process
and the chirp onsets, and a 1 ms delay in one of the StimTrak channels caused by the TriggerBox hardware.

Data were then pruned to retain only rest periods and attentive listening task periods along with a 10 s buffer on both
sides of each selected period. Following pruning, each section of the data was DC corrected, and a second-order 0.1 Hz
high-pass Butterworth filter was applied to remove slow drifts. We then referenced the data to electrode Cz for indepen-
dent component analysis (ICA). Even though our data were collected in an electromagnetically shielded booth, we occa-
sionally found 60 Hz line noise in some channels. To minimize the effects of cleaning line noise, only channels with
detected line noise were cleaned (mean=4.4 channels +7.56 SD, range for a given participant=0-39 channels). This
was carried out by first checking for line noise using a frequency tagging approach. Spectra were calculated across all
frequencies for each channel. For each frequency, the average spectra of four neighboring frequencies except those
immediately adjacent (x — 2, x — 3, x + 2, x + 3) were subtracted from the spectra for each frequency. If the neighbor cor-
rected power at 60 Hz or any of its first four harmonics (120, 180, 240, 300Hz) was greater than eight standard deviations
calculated from the corrected power from remaining frequencies, that channel was cleaned of line noise using the
Cleanline plugin (https:/www.nitrc.org/projects/cleanline). This process was repeated until no further line noise was
detected up to a maximum of five repetitions.

To clean the data of prominent artifacts such as eyeblinks, eye movements, and heartbeat signals, we used ICA follow-
ing the methodology outlined by Luck (2022) which improves ICA performance and greatly reduces the required process-
ing time, compared with more traditional approaches. This process involved making a copy of the processed data (the ICA
dataset), downsampling and precleaning it of prominent (noneye and heart) artifacts, applying ICA to select and remove
eye and heart artifacts, and then transferring the calculated component weights back to the original dataset. Specifically,
we first downsampled the data to 256 Hz to speed ICA processing; then we inspected and rejected bad channels by eye
(mean=3.72 +2.13 SD channels; range, 0-9 channels). Following channel rejection, we applied a noncausal eighth-order
Butterworth bandpass filter with cutoffs at 1 and 50 Hz. Further cleaning was then undertaken using ERPLABs continuous
artifact rejection function to remove sections of data with significant movement and muscle amplitude artifacts, the pres-
ence of which can hinder ICA’s ability to isolate eye and heart components (mean amount of data in seconds removed for
ICA=129.19+ 86 s SD or 3.6 + 2.35%; range, 4.98-298.79 s or 0.14-7.96%). The rejection criterion operated ona 1 s slid-
ing window with a 0.25 s step size and an initial threshold of 200 pV. As we wanted to retain eye activity for ICA, frontal
channels that contain the largest eye-related activations (FP1, FPz, FP2, AF7, AF3, AFz, AF4, AF8) were excluded from
the rejection threshold. We then inspected and adjusted the threshold level for each dataset (mean=220+28.87 SD
MV; range, 200-300 pV) until only those sections of data with large muscle or movement artifacts were rejected while
any eyeblink or eye movement-related artifacts remained. To further speed the ICA processing time, the number of input
channels was reduced from an average of 67 channels to the first 32 principal components using principal component
analysis, then ICA was performed using the infomax algorithm. Eyeblink, eye movement, and (when present) heart artifact
components were manually marked for rejection (mean =2.8 + 0.65 SD components; range, 2-4 components). Following
ICA processing, we prepared the original dataset for transferring component weights by first removing the same bad chan-
nels marked for removal in the ICA dataset. We then transferred the calculated ICA weights from the ICA dataset to the
original dataset and rejected the marked artifact components in the original dataset. Thus, any eye and heart artifact com-
ponents were removed from the dataset with the original sample rate (and without the aggressive precleaning done to pre-
pare the ICA dataset).

Once the data were cleaned with ICA, we applied a noncausal eighth-order Butterworth bandpass filter with cutoffs at
100 and 1,500 Hz and then re-referenced to the average of the left and right earlobes. If one of the earlobe channels had
been rejected as a bad channel, the average of the left and right mastoid was used instead. Activity at channel Cz (the
previous reference) was then recalculated and added back to the dataset. We then interpolated any rejected bad channels
using spherical interpolation.
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Epochs were extracted between -2 and +15 ms of chirp onset for all conditions with baseline correction from -2 to 0 ms.
The number of epochs was balanced so that each condition had the same number of chirps both in total and from each
spatial location (left, right), resulting in each condition (mono-talker male, dual-target male, dual-target female, dual-
masker male, dual-masker female) having 7,886 epochs per condition equally distributed across left and right presentation
(3,943 epochs from both left- and right-side presentations per condition). The smallest number of chirps on any one side
for all conditions was calculated, and epochs were randomly sampled so all conditions were balanced. Random sampling
and balancing the number of trials reduced possible transient effects of attention-driven modulations during or immedi-
ately after a spatial attention switch. Additionally, balancing of the number of epochs for each condition was done to avoid
any systematic condition differences due to a difference in SNR caused by some conditions having more chirps than oth-
ers. This difference was primarily due to the female-voiced stories, where more frequent glottal pulses (driven by a higher
FO) resulted in ~9% more chirps in the female-voiced stories compared with the male-voiced stories. Additional differ-
ences in total chirp events were due to an ~3% variation of chirps across stories (i.e., subtle differences in voicing and
pausing). Given evidence for left-right asymmetries in speech processing and neural encoding (e.g., “right-ear advan-
tage”; Ahonniska et al., 1993; Jerger and Martin, 2004; Hornickel et al., 2008; Keefe et al., 2008; Bidelman and Bhagat,
2015), we also balanced the number of chirps across stimulus presentation side for each condition to ensure results
were not driven by unequal ear-based SNR or ear presentation differences in the EEG measures (~5% variation in the
of number of chirps across sides within each story). Epochs with artifacts (e.g., muscle activity) were then removed
with a two-step process: first, any epochs with activity outside the threshold of +100 uV were rejected, and then any
remaining epochs whose activity was outside of six SD for a single channel or two SD across all channels were eliminated
(mean=9.85+6.24% SD of rejected epochs; range, 3.65-29.96% rejected epochs across individuals and conditions).

ABR wave V peak amplitudes and latencies were extracted at channel Cz from the average amplitude over time across
the remaining epochs for each condition for each participant. Wave V latency measures were extracted by fitting a local
positive peak in a window between 5 and 8 ms post chirp-onset. Wave V amplitude was computed as the peak-to-peak
amplitude between the local positive peak within 5-8 ms and the subsequent local negative peak between 7 and 11 ms.
The measurement windows were determined based on visual inspection of all individual wave Vs for each condition. In
cases in which more than one local peak was seen in the wave V waveform inside the measurement window, the values
from the peak with the greatest amplitude were taken.

Statistical analyses. Unless otherwise specified, mixed-effects linear regression models and repeated-measures
ANOVAs were used to analyze the data in SAS Studio (v.3.82). All regression models included a random intercept of sub-
ject to account for inherent variability present between individuals and improve generalizability of the results. Outcome
measures were ABR wave V amplitudes and latencies for the neural models, and the behavioral metrics (i.e., target
word identification accuracy, target word identification reaction time, comprehension question accuracy, subjective
task effort ratings) were included as dependent variables for the behavior-only analyses as well as the brain-behavior com-
parisons. Independent variables were characterized by the condition of interest (i.e., one vs two talkers; target vs masker;
also main effects and interaction terms with male vs female voices where appropriate). When interactions were not sig-
nificant in the full model, they were removed using a backward selection procedure, and the remaining simplified model
variables are reported in the results as described below. All post hoc comparisons were corrected using Tukey adjust-
ment. Influential outliers were identified by externally studentized marginal residuals (also known as jackknife studentized
residuals) exceeding +3 and Cook’s D values >4/n, where n equals the number of observations in the dataset, as calcu-
lated by the PROC MIXED statement in SAS (Anon, 2026). Influential outlier observations were excluded from the reported
results (i.e., one observation each for amplitude condition effects, amplitude masking effects, latency attention effects,
and behavioral identification accuracy; see results below). Any influential outliers found for either the neural or behavioral
data separately were also excluded from the relevant behavior-behavior and brain-behavior analyses. Non-normality of
the dependent measures was evaluated using the Shapiro-Wilk test. A Box—Cox transformation procedure was performed
on non-normal variables; specifically, the first convenient power parameter within the lambda confidence interval was
used to select a transformation method (cf. optimal power parameter; specified by the “convenient” t-option).
However, data transformations did not alter results for any non-normally distributed data, so the nontransformed results
are reported below. Effect sizes are also included for the F statistics and post hoc t statistics using partial eta-squared (7°p)
and Hedge’s g (average), respectively (Uanhoro, n.d.). In the case of an excluded influential outlier, Hedge’s g was com-
puted using the mean values of the remaining balanced pairs, whereas pairwise, Tukey-corrected post hoc comparisons
relied on least squares means.

Results

ABR condition effects

To evaluate general listening condition effects on the ABR wave V during the selective attention task, we compared
Cheech responses for all conditions individually (i.e., mono-talker male target, dual-talker male target, dual-talker male
masker, dual-talker female target, and dual-talker female masker) using mixed-effects regression analysis. Overall,
the model suggested at least one listening condition differed across wave V amplitudes (F 95=6.31; p=0.0002;
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n?p = 0.2099) and latencies (Fa,96)=3.86; p=0.0059; n?p = 0.1385). Tukey-adjusted post hoc comparisons revealed larger
amplitudes for the mono-talker (male) condition compared with the dual-talker male target (tgs) =3.84; p=0.0020;
g =0.6230), male masker (tgs =4.58; p =0.0001; g =0.7280), and female target (f9s)=3.65; p = 0.0039; g = 0.4601) condi-
tions individually (cf. borderline female masker: tgs=2.6810; p =0.0644; g =0.4274). Additionally, faster latencies were
observed for the mono-talker condition compared with the dual-talker female target (Tukey-adjusted fge=—3.00;
p=0.0276; g =-0.4751) and dual-talker male masker (Tukey-adjusted tgg=—3.61; p=0.0043; g =-0.5815).

Masking and SiN effects: single- versus dual-male talker

Though the condition effects are highly suggestive of a masking effect on the ABR, characteristic differences between
the male and female voices may potentially confound the results. As mentioned in the methods, the study design included
only a male speaker for the mono-talker condition (cf. female mono-talker) due to time constraints and excessive listening
fatigue. A secondary mixed-effects regression analysis was therefore conducted to isolate the most similar, salient mask-
ing contrast: male mono-talker versus male dual-talker (target only). Consistent with the full model results, the male dual
talker was associated with reduced wave V amplitudes (F1 23)=26.39; p <0.0001; n?p =0.5343) and delayed wave V laten-
cies (F1,24=7.60; p=0.0110; n°p =0.2405) compared with the male mono-talker condition. Collectively, these results
suggest poorer brainstem encoding for stimuli in the presence of a competing masker (i.e., smaller amplitudes and
delayed latencies; Fig. 3).

Attention effects: target versus masker

We next wanted to evaluate possible effects of selective attention on the ABR wave V by comparing target and masker
conditions. Although the mono-talker male could be considered a target condition itself, even in the absence of a masker
talker, it is possible that including this condition in the models introduces a confound in the statistical models due to the
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Figure 3. A, ABR waveforms evoked by the Cheech chirps across target and masker conditions show wave V differences with the presence of another
talker (SiN effects) as well as directed selective attention (target vs masker). B, Wave V amplitudes were significantly larger for the mono-talker condition
compared with the dual-talker male target, male masker, and female target conditions (compare Tukey-adjusted p = 0.0644 for female masker). C, Wave V
latencies were faster for the mono-talker condition compared with the dual-talker male masker and female target conditions. Figure icons depict individual
subject observations while the bold black line indicates the mean. The white-filled icon with a dashed gray outline indicates an influential outlier that was
excluded from wave V amplitude mean calculations and pairwise comparisons regarding overall condition effects and masking effects, whereas the red-
filled icon with a dashed outline indicates an influential outlier for the wave V latency attention effects analysis only (thus included in mean and pairwise
condition effects shown here; see text). *p <0.05.
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larger amplitudes and faster latencies compared with the dual-talker conditions. Like the masking effects results above,
we thus performed a secondary linear mixed-effects regression analysis on a subset of the data that only included the
male and female dual-talker conditions (i.e., main effects of target vs masker, talker sex, and their interaction). Neither tar-
get versus masker nor male versus female voice main effects were significant (F(1,72)=0.03 and 2 02; p=0.8585 and
0.1593; n°p =0.0004 and 0.0273, respectively) nor was their interaction (F,729=1.36; p=0.2480; n ’p=0.0185). Slmllar
results were observed for wave V latencies after removal of one influential outller observatlon (interaction term, F 71
2.61; p=0.1103; n°p = 0.0355; target vs masker main effect, F4 71y=0.33; p=0.5690; n 2p =0.0046; male vs female voice
main effect, F, 71)_2 04; p=0.1574; n°p =0.0279). Thus, we cannot conclude from these results any attention effects on
subcortical processing.

Behavioral performance

One-way repeated-measures ANOVAs were used to evaluate differences in behavioral performance metrics across
conditions (i.e., mono-talker male, dual-talker male, and dual-talker female). Selective attention performance was mea-
sured behaviorally as identification accuracy and corresponding reaction times for color words embedded in the target
story (Fig. 4). Color word identification accuracy significantly differed across all three experimental conditions (F,47)=
17.55; p <0.0001; n°p =0.4275; Fig. 4A). Specifically, both the mono-talker male and dual-talker male conditions were
associated with higher identification accuracy than the dual-talker female (t47=4.8848 and t47=5.3903; g=0.8387
and g =0.8612, respectively; both Tukey-adjusted p <0.0001). The two male talker conditions were not significantly dif-
ferent (tu7=—-0.5133; p =0.8653; g = —0.0901), suggesting a slight behavioral identification accuracy decrement specific
to the female-voiced story, not necessarily with the general presence of a competing talker. Meanwhile, target color word
reaction times also differed across conditions (F, 45 =10.02; p =0.0002; n?p = 0.2945). Specifically, faster reaction times
were observed for the mono-talker block compared with the dual-talker female (g =—4.4761; p=0.0001; g=-0.6789;
Fig. 4B). Although the other Tukey-adjusted post hoc comparisons were not significant, reactions times trended toward
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Figure 4. Behavioral results for color word identification accuracy (A), identification reaction times (B), narrative comprehension (C), and ratings of sub-
jective task load or effort (D). Figure icons depict individual subject observations, while the bold black line indicates the mean. The white-filled icon
with a dashed red outline indicates an influential outlier that was excluded from identification accuracy mean calculations and pairwise comparisons.
*p <0.05. See Extended Data Figure 4-1 for a summary of inter-relationships between the four behavioral metrics.
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faster reaction times for the mono-talker male compared with the dual-talker male (t4g = —2.2442; p = 0.0739; g = —0.3433)
and for the dual-talker male compared with the dual-talker female condition (s =—-2.2318; p =0.0760; g=—-0.3178).

Following the listening task, participants were asked to complete several comprehension questions to probe their
understanding of the short story segments. Response accuracy for comprehension questions was higher for the mono-
talker condition compared with either dual-talker condition (overall F» 45=5.97; p = 0.0048; n?p =0.1991; Tukey-adjusted
mono-talker vs dual-talker male t4g=2.4175; p =0.0501; g = 0.4696 and mono-talker vs dual-talker female tg = 3.3473;
p =0.0045; g =0.7384; Fig. 4C). No difference was observed between the male- and female-voiced dual-talker conditions
(tas)=0.9298; p =0.6243; g =0.1907). Participants then completed the NASA Task Load Index questionnaire (Hart and
Staveland, 1988) as a measure of their subjective task load or effort. The mono-talker story was associated with lower
scores (i.e., less perceived task load) compared with either dual-talker condition (overall F 45 =8.11; p=0.0009;
nPp =0.2526; dual-talker male, tug=—2.8322; p=0.0182; g=-0.3257; dual-talker female, tug=-3. 8958 p =0.0009;
g=-0.4971), but the dual-talker blocks did not significantly differ from each other (f4g=-1.0636; p=0.5410;
g=-0.1262; Fig. 4D). Collectively, the results suggest that the dual-talker scenario was associated with both greater
perceived effort (task load) and impaired comprehension abilities.

Relationships between behavioral measures were also evaluated using linear mixed-effects regression models. All four
behavioral outcomes were associated with each other (all p’s < 0.05). For further details and individual statistical analyses,
see Extended Data Figure 4—1. As might be expected, better behavioral performance was characterized by higher iden-
tification accuracy, faster identification reaction times, higher comprehension question accuracy, and lower effort ratings.

Brainstem-behavior relationships

We first analyzed mixed-effects regression models with main effects and interactions of directed attention (i.e., target vs
masker), talker sex, and wave V measures to predict behavioral outcomes (i.e., separate models for latencies and ampli-
tudes). No three- or two-way interactions were observed between either wave V measure and directed attention or talker
sex variables (all p’s > 0.05). The only two-way interactions between talker sex and directed attention observed in the full
model simply replicated findings previously reported in the Behavioral performance section.

The models were then reanalyzed to assess only main effects of ABR wave V amplitudes and latencies separately on
behavioral outcomes (Fig. 5 and Table 1). These exploratory analyses broadly investigate whether wave V across all
the conditions relates to behavioral outcomes rather than being tied to specific condition effects. In these simplified anal-
yses faster wave V latencies were associated with better target word identification accuracy (F1,97)=5.35; p =0.0228;
n?p =0.0523), better comprehension question accuracy (F1,09=4.73; p=0.0320; n?p =0.0456), and lower subjective
task load (F(1,99)=19.28; p <0.0001; nzp 0.1630). Latencies alone did not correlate with target word identification
reaction times (F(1 g9)=1.06; p =0.3050; 1y 20 =0.0106). Fur‘chermore larger wave V amplitudes were associated with faster
target word |dent|f|cat|on react|on times (F1,08=7.09; p=0.0091; n 2p =0.0675) but not target word identification accuracy
(Fi1,96y=1.33; p=0.2524; n?p =0.0137), comprehension question accuracy (F1,08=0.41; p=0.5223; n?p =0.0042), nor
subjective task load (F1,9s=0.34; p=0.5587; n°p =0.0035, respectively). Collectively, these results indicate a strong
relationship between wave V and measures of successful speech (-in-noise) perceptual abilities. Specifically, wave V
encoding strength (i.e., amplitudes) related to behavioral response time, whereas neural encoding speed (i.e., wave V
latencies) related to target word identification, narrative comprehension, and perceived effort.

Discussion

We evaluated the effects of SiN and selective attention on low-level brainstem encoding. Our novel experimental par-
adigm permitted simultaneous measurement of both ABRs and behavior in both single- and dual-talker conditions using
chirp-modified speech. ABRs recorded in the presence of a competing talker were associated with smaller amplitudes and
delayed latencies compared with the mono-talker condition. We did not observe an effect of selective attention on our
wave V measures. However, subcortical processing was related to multiple listening behavior metrics. Faster wave V
latencies were associated with better accuracy of color word identification as well as higher comprehension question
accuracy and lower scores of subjective listening effort. Meanwhile, more robust wave V amplitudes corresponded to
faster reaction times for target word identification during the listening task. Collectively, the results suggest that faster,
more robust neural encoding within the auditory brainstem may contribute to successful SiN listening processes.

The effect of auditory attention on subcortical responses has long been debated. For example, Forte et al. (2017) and
Saiz-Alia and Reichenbach (2020) noted larger computationally derived auditory brainstem amplitudes for attended over
unattended speech. Other studies have shown modulation of transient-evoked ABRs while attending to the auditory
modality versus another (typically visual) domain (Lukas, 1980; Bauer and Bayles, 1990; Ikeda and Campbell, 2021,
2024; Kumar et al., 2023) or with increasing cognitive interference (Sorquist et al., 2012; Brannstrom et al., 2020).
Germane to our Cheech design, Strauss et al. (2025) recently provided evidence for a selective attention-based enhance-
ment of wave V to chirps but not tone bursts. Subcortical attentional modulation has also been reported for sustained FFR
(Hoormann et al., 2000; Galbraith et al., 2003; Hairston et al., 2013; Lehmann and Schénwiesner, 2014; cf. Varghese et al.,
2015). Yet, the ABR has historically been viewed as largely immune from attention effects (Amadeo and Shagass, 1973;
Picton and Hillyard, 1974; Connolly et al., 1989; Gregory et al., 1989). Our neural results were more strongly influenced by

September 2026, 13(9). DOI: https://doi.org/10.1523/ENEURO.0272-25.2026. 11 of 17



~M icle:
e r\eu ro Research Article: New Research 12 of 17

A — =
S Identification accuracy * c Identification RT
—_ (@]
= H e 8 oo 2o~ A
S o L 89
= £ = 0121 4e 8
GC) 8 .‘GC-)‘ [0} .Ag‘jﬁﬁA A
o T E10{ 5pa ze
< =S o O - -
-E > -E C — e — A®
S © S o e elnp L4
S0 = 5 0.8 Anh: & o,
g 1S e e | ®
© 9 ARy 3 e®
> 9O A A A o 2 10" A
S " 60 65 70 75 |§ 60 65 70 75
Wave V latencies (ms) Wave V latencies (ms)
= Comprehension * Subjective task load *
% T 100 Y TR VY Y S L
§§100 ne0e adoene S " ® .AA . A
55 Sooeol 1 o3 2
c O 80 A o o ~ Q
(8}
5 X & 2 401
c ‘; + X i
L S 60 mesa AmdoA A <3 T ¥ Aeos
gD 2 € 20 e° i
S 3 pd A
E§ Yt ——aAde o 4 [ud | e | |
&) 6.0 65 7.0 75 60 65 70 1.5
Wave V latencies (ms) Wave V latencies (ms)
Target responses Masker responses
Mono-talker (male)
® Dual-talker, male target Dual-talker, male masker
A Dual-talker, female target Dual-talker, female masker
CB Identification accuracy s Identification RT *
(@) =
=y ® e [ T A
@ 8 ‘o e Ao® N 8 8
S L 0] e e Al = B 12
:%l 8 y A:k;“‘or_‘o: = g g
TR 70, " oA B .5 1.0
- e ® 'E c
o > A
o © AA o8
S © B 2 % 0.84
58 |~k .ra 33
o O . ; T y P . . - '
s © 0.2 04 06 0.8 @ 0.2 04 06 0.8
= Wave V amplitudes (uV) Wave V amplitudes (uV)
S Comprehension Subjective task load
%€100-A o exii@  méler = A,
(O] © e [ 1')]
=% = @ o 604 24 =
Q n -— o & “‘ 5’ v ol
S 9 801 A b G < 9 - o L8 A
& X — g 8 404 o A ". -‘ —
= + X e 'O
2 3 60 Ad o A Hoc st o <@ N ]
o g 0 & 204 g . ®
5 2 <-
Q zZ A
e 8 40+ A Awe® eo/'m ne
8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Wave V amplitudes (uV) Wave V amplitudes (uV)

Figure 5. Associations between ABR wave V (A) amplitudes and (B) latencies and each of the four behavioral metrics. The figures show individual observations
across all subjects and conditions with the regression line depicting the brain-behavior relationship. Bolded regression lines and an asterisk in the plot title
indicate significant fixed effect results (p < 0.05), whereas dotted lines are not significant (p >0.05). See Table 1 for regression results. The influential outliers
identified in Figures 3B and 4A were excluded from these analyses and thus not shown on the current plots. Shaded region represent +95% ClI.

the presence of a competing talker than attended versus unattended conditions, suggesting a more limited capacity for
attentional modulation of the ABR. These discrepancies across studies likely result from differences in experimental par-
adigms. It is possible that attention-related effects on subcortical processes are most effectively revealed when another
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Table 1. Brainstem-behavior regression model results for wave V main effects

Wave V 95% confidence
predictor Outcome Bestimate F statistic interval p value
Latencies Target word identification accuracy (%) —7.1856 F1,97y=5.35 (-13.3505, —1.0207) 0.0228+
Target word identification reaction times 0.0283 F1,09=1.06 (-0.0261, 0.0828) 0.3050
(seconds)
Comprehension question accuracy (%) —9.3495 F1,00=4.73 (-17.8770, —0.8221) 0.0320%
Subijective task load scores 9.7502 Fi1,09=19.28  (5.3446, 14.1558) <0.0001*
Amplitudes Target word identification accuracy (%) 15.2740 F,06=1.33 (—11.0552, 41.6033) 0.2524
Target word identification reaction times —0.3018 F,08=7.09 (-0.5268, —0.0768) 0.0091*
(seconds)
Comprehension question accuracy (%) 11.4097 F1,08=0.41 (—28.8556, 46.6750) 0.5223
Subjective task load scores —6.0637 F1,08=0.34 (—26.5690, 14.4416) 0.5587

Faster wave V peak latencies were associated with enhanced identification of the target words embedded within the stories, better comprehension question
accuracy, and lower subjective listening effort. Larger amplitudes additionally related to faster target word identification reaction times. Any influential outliers
observed for either the wave V condition effects (Fig. 3B) or behavioral metrics alone (Fig. 4A) were also excluded from these analyses. *p < 0.05.

attention-demanding task is presented concurrently with the auditory stimuli (Lukas, 1980; Bréannstrém et al., 2020; Kumar
et al., 2023), when the stimuli are more ecologically valid and relevant for real-world listening, as in the case of continuous
speech (Ding and Simon, 2012; Zion Golumbic et al., 2013; Forte et al., 2017; Backer et al., 2019; Etard et al., 2019; Teoh
and Lalor, 2019; Saiz-Alia and Reichenbach, 2020; Teoh et al., 2022; Carta et al., 2024; Shehabi et al., 2025), for stimuli
presented at softer intensity levels (Schwent et al., 1976), or for more broadband chirp stimuli (Strauss et al., 2025). Future
work should clarify the extent to which these different factors influence the detection of attention effects within the
brainstem.

In our exploratory analyses, faster and/or larger Cheech-evoked wave V responses were associated with more success-
ful speech-listening performance, including behavioral measures of speech identification (i.e., identification accuracy,
RTs) as well as comprehension questions and subjective reports of listening effort. That is, more robust encoding in lower-
level brainstem generators was related to higher-level speech recognition abilities, with and without the presence of a
competing talker. Subcortical responses have been associated with other speech-listening behaviors including SiN per-
ception (Papakonstantinou et al., 2011; Bramhall et al., 2015; Saiz-Alia et al., 2019; Grant et al., 2020; Mepani et al., 2020),
self-reports of speech-listening abilities (Anderson et al., 2013), early categorization of speech phonemes (Carter and
Bidelman, 2023; Rizzi and Bidelman, 2023), or even measures of auditory processing disorders (Omidvar et al., 2023).
However, some studies have found no relationship between click-evoked ABR measures and speech perception deficits
in noise (Grose et al., 2017; Smith et al., 2019; DiNino et al., 2025). It may be possible that our continuous, Cheech stimuli
evoke subcortical neural processes more closely tied to meaningful behavioral outcomes. Collectively, our results provide
further support for the important role of the brainstem in speech perception, both in quiet and the presence of a masking
talker, as well as higher-level narrative comprehension and subjective perception of task-related listening effort.

As expected, the presence of a competing talker was associated with weaker brainstem encoding (i.e., wave V reduced
amplitudes, delayed latencies), worse comprehension accuracy, and higher ratings of subjective task load. Compared
with speech in a quiet background, the presence of a second talker introduced auditory masking (i.e., in both ears given
the HRTF filtering), and the observed effects align well with previous work demonstrating delayed ABR wave V latencies
and decreased amplitudes with ipsilateral masking (Burkard and Hecox, 1983; Verhulst et al., 2018; Saxena et al., 2022).
Meanwhile, SiN perception (the “cocktail party problem”) is an important ability for listening in real-world environments,
and some speech-hearing difficulties are only exposed when stimuli are presented in background noise. It remains pos-
sible that the variability of SiN perceptual skills, even among normal hearing listeners, could be traced to low-level neural
encoding differences (Bharadwaj et al., 2015; Bramhall et al., 2015, 2017; Jain et al., 2019) or even top—down corticofugal
modulations that aid neural processing despite the presence of masking noise (Price and Bidelman, 2021). Additionally,
the degree to which the chirps and speech fuse as a unified perceptual object or “template,” particularly in the presence of
a competing, masking signal, may further affect top—down attentional processes (Shinn-Cunningham, 2008) which, in
turn, could influence how listeners perceive and process Cheech-in-noise. Varied contributions (or degeneration/selective
loss) of auditory nerve fibers during speech encoding, particularly those with low-spontaneous discharge rates, could also
help explain individual SiN differences (Mehraei et al., 2016, 2017). While the current study cannot differentiate between
these theories—since both top—down and/or bottom-up mechanisms could alter ABR wave V and its relationship with
speech perception—our results provide evidence of subcortical involvement for continuous SiN processing and suggest
a possible neural factor for individual perception differences.

Contrasting with our findings, previous studies that compared male and female talkers reported larger wave V response
amplitudes for male voices compared with female voices (Forte et al., 2017; Saiz-Alia and Reichenbach, 2020; Polonenko
and Maddox, 2021). One explanation could be due to differences in stimulus design. Our Cheech and/or female voice
modulation processes could have affected perceptual clarity and thus impacted brain and/or behavioral responses
even though average RMS values were equated across the stories. Our female-sounding voice was modified from the
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original male voice (same talker for all stories) to maintain similar intonation, phrasing, and other expressive characteristics
across the stories; only the speaker’s FO and vocal tract length parameters were resynthesized using MATLAB STRAIGHT
to create a female-sounding voice (Kawahara and Morise, 2011). The voice modulation may also have impacted the rel-
ative chirp-to-speech energy leading to differences across the male and female talkers which may have influenced specific
cochlear activation patterns (and thus neural responses) in this study. Additionally, higher rates of stimulation are asso-
ciated with reduced ABRs (Don et al., 1977; Weber and Fujikawa, 1977; Fowler and Noffsinger, 1983). Higher FOs and
thus faster glottal pulse rates could explain subcortical encoding differences from speech stimuli spoken by different talk-
ers (Polonenko and Maddox, 2021). While our stimuli had ~10% more chirps for female-voiced stories compared with the
male-voiced stories (i.e., faster glottal pulses creates more chirp-embedding opportunities), we set a minimum interstim-
ulus interval of 18.2 ms between chirps to reduce overlapping activity and detrimental effects of high stimulation rates on
neural encoding processes. We also equated the number of chirp trials across conditions in our analyses to avoid any
systematic confounds produced by talker sex-based SNR differences due to imbalanced chirp events. Likely due to these
factors, we did not observe characteristic male-female neural differences in our study (except those driven by the mono
male compared with the dual-talker female condition). Finally, chirps are also designed to activate the entire cochlea in a
near-synchronous fashion which produces more robust ABRs in general (Elberling et al., 2007, 2010) which could explain
neurophysiologic differences between our study and other computationally derived methods more generally.

Limitations

Our male and female talkers were spatially separated using HRTFs, and the talker locations were dynamically swapped
with each other on average every 6 s to track spatially driven selective attention similar to Teoh and Lalor (2019). Pilot test-
ing confirmed that the combined effects of pitch modulation (to produce a female-sounding voice) and spatial separation
led to better listening performance, consistent with previous literature demonstrating talker sex, spatially separated
release of masking effects in multitalker environments (Oh et al., 2021, 2022). However, gaze direction (as when partici-
pants were asked to follow the target cue across the two screens) as well as selective attention to lateralized sounds
(including chirps) could potentially modulate neural or myogenic activity that contaminate responses (O’Beirne and
Patuzzi, 1999; Patuzzi and O’Beirne, 1999; Bidelman et al., 2024; Mai et al., 2025). In our experiment, only male-spoken
stories were included for the mono-talker condition. Female mono-talker stories were omitted from the final experiment
after pilot testing to reduce the total testing time and potential fatigue. Participants therefore receive more exposure to
the male voice during the speech-listening task. Thus, we cannot rule out certain idiosyncratic effects of our experimental
paradigm on the observed brainstem-behavior relationships. Different experimental designs may lend better to other
types of analyses, such as mediation analyses, that may shed more light on whether brainstem responses mediate the
relationship between speech-listening conditions and behavioral outcomes. Future studies, both involving Cheech and
other (ideally continuous) speech stimuli, may help elucidate the underlying neural encoding mechanisms involved in pro-
cessing individual talker characteristics and their impact on speech perception abilities.

Conclusion

Collectively, our results suggest a role, at least in part, for brainstem encoding process in individual speech perception
abilities including SiN recognition, perceived listening effort, and comprehension. These findings reveal potential links
between lower-level auditory structures and speech processing, even in audiometrically normal listeners, though future
work is needed to further clarify the influence of competing talkers, selective attention, and talker sex on these processes.
Furthermore, our results may have implications for improved speech understanding of other populations (e.g., older
adults, children, individuals with hearing loss or assistive hearing devices, etc.) and certain speech processing disorders.
Our study highlights the advantage of a stimulus like Cheech and more ecologically valid paradigms to uncover relation-
ships between lower-level neural processing and higher-level listening skills in real-world auditory environments.
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