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Abstract

Purpose: Listeners shift their listening strategies to prioritize lower-level acoustic information and
higher-level semantic information in challenging listening conditions. However, the neural
mechanisms underlying different strategies are unclear. The current study examined the extent to
which encoding of lower-level acoustic cues is modulated by task demand and relationships with
the higher-level semantic processing.

Method: Electroencephalography (EEG) was acquired while participants listened to sentences in
noise that contained either higher or lower probability final words. Task difficulty was modulated
by time available to process responses. Cortical tracking of speech - neural correlates of acoustic
temporal envelope processing - were estimated using temporal response functions (TRFs).
Results: Task difficulty did not affect cortical tracking of temporal envelope of speech under
challenging listening conditions. No correlations were observed between the cortical tracking of
temporal envelope of speech and semantic processes, even after controlling for the effect of
individualized signal-to-noise ratios.

Conclusions: Cortical tracking of temporal envelope of speech and semantic processing are
differentially influenced by task difficulty. While increased task demands modulated higher-level
semantic processing, cortical tracking of temporal envelope of speech may be influenced by task
difficulty primarily when the demand is manipulated in terms of acoustic properties of the

stimulus, consistent with an emerging perspective in speech perception.
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Introduction

In challenging conditions, listeners shift weighting of lower-level acoustic and higher-level
semantic cues by adopting strategies to maximize perception. Increased reliance on semantic
information was demonstrated under challenging conditions where the given time to process the
response choices was altered (Kemp et al., 2019). Reducing the time given to process the response
choices has been shown to increase the task demand (Benikos et al., 2013) and thereby alter
semantic processing in challenging listening environments (Kemp et al., 2019). The study by
Kemp and colleagues (2019) was designed to assess the influence of task demands on semantic
encoding by leveraging well-studied electrophysiological measures of semantic processing.
Participants listened to sentences with high- or low-probability final words in the presence of four-
talker babble. Response options for the subsequent word identification task were presented visually
for 400, 700, or 1000 ms. Reducing the time available to process the response options increased
cognitive engagement for sentence processing, indexed by larger neural correlates of semantic

processing for shorter response processing times.

Recent studies have demonstrated the ability to assess neural encoding of the temporal
envelope of speech using a novel analytic approach (Di Liberto et al., 2015; Ding et al., 2014,
2016; Ding & Simon, 2014). Although not the original intent of Kemp et al. (2019), the data
acquired provides a unique opportunity to assess the dynamic interactions between higher-level
semantic and lower-level acoustic processing under task constraints. Reanalysis of EEG data from
Kemp et al. (2019) was conducted in order to examine the impact of task demand (varying time to
process the response choices in the presence of background noise) on the neural encoding of lower-
level acoustic information as indexed by cross-correlation of the neural response to the temporal
envelope of the acoustic speech stimulus. Prior studies have shown that the temporal envelope of
speech, a complex pattern of amplitude modulations, is highly relevant to speech processing (Ding
et al., 2014, 2016; Ding & Simon, 2014; Drullman, 1995; Drullman et al., 1994; Shannon et al.,
1995, 1998; Smith et al., 2002). This analysis method has been used to demonstrate increased
listening effort in difficult listening conditions, such as noisy speech (Decruy et al., 2020;
Dimitrijevic et al., 2019; McHaney et al., 2020), non-native speech (Song & lverson, 2018), and
fast speech rate (Miller et al., 2019). The impact of allotted response time on listening effort under
challenging listening conditions has not been assessed by indexing neural encoding of temporal

envelope of speech, yet such a method can present the opportunity to reveal whether or not such
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demands impact the fidelity of the neural signal in response to speech. By comparison to the
original analyses of Kemp et al. (2019), these new analyses offer the potential to evaluate the
relationship between cortical representations of high-level semantic and low-level acoustic

processing under the same conditions.

The TRACE model of speech perception (McClelland & Elman, 1986) and the Ganong
effect (Ganong, 1980) emphasize the importance of lexical context in establishing acoustic
approximations for deconstructing ambiguous sound or phonetic environment. Susceptibility to
Ganong effect exhibits greater reliance on top-down semantic processing, which has shown to
influence the bottom-up perception of speech in challenging listening conditions (Lam et al.,
2017). Thus, it is plausible that the processing of lower-level acoustic cues, such as the temporal
envelope, is influenced by lexical/semantic processing as a result of increased task demand in
challenging listening conditions. Altering the time given to process the response choices has been
shown to affect semantic processing (Kemp et al., 2019) mediated by greater top-down constraints
resulting from task demand. However, it is unknown if top-down constraints imposed by increased
task demand modulate the bottom-up encoding of acoustic landmarks in speech, such as acoustic

temporal envelope of speech.

Neural/cortical tracking of the temporal envelope of speech has been used to study
segmentation of speech (Ding et al., 2016; Ding & Simon, 2014), where the temporal envelope of
speech is mapped on to the neural electroencephalography (EEG) to derive a correlation metric.
The envelope to EEG mapping across various time lags yields the Temporal Response Function
(TRF), which has peaks similar to the event-related potentials obtained for auditory stimuli
(Fiedler etal., 2017, 2019). While a few studies suggest that cortical tracking of temporal envelope
of speech changes with listening effort (Dimitrijevic et al., 2019; Song & Iverson, 2018) others do
not (Decruy et al., 2020; Miller et al., 2019), indicating inconsistencies in the literature on the
effects of task demand on cortical tracking of temporal envelope of speech. Thus, the aim of the
current study is to determine differential impact of varying task demand (varying time given to
process response choices) on bottom-up lower-level acoustic cues (i.e., cortical tracking of
temporal envelope of speech) and its relationship with the top-down higher level semantic
processing (i.e., N400 amplitudes) under challenging listening conditions (i.e., individualized
signal-to-noise ratio). We hypothesized that with increasing task demands, listeners will weigh

semantics more than acoustics, which will result in increased N400 amplitudes and reduced
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cortical tracking of temporal envelope of speech when decreased time is allotted to process
response choices. Alternatively, listeners may not weigh acoustic processing differently based on

task demand, resulting in modulation of semantic processing only.
Method
Participants

Electroencephalography (EEG) datasets from thirty adults (13 males & 17 females) in the
age range of 19 to 39 years (mean age = 22.83 years, SD = 4.65 years) were included from Kemp
et al. (2019). All participants were right-handed monolingual speakers of English with normal
hearing (hearing thresholds below 20 dB HL from 500 Hz to 8 kHz; ANSI, 2010) and normal or
corrected-to-normal vision (Snellen, 1862). The mean education level of the participants was
partial college. Mean education level of their caregivers was also partial college, a proxy variable
to participant’s childhood socio-economic status. A neuropsychological battery was administered
to assess nonverbal intelligence using the Test of Nonverbal Intelligence — 4™ Edition (Brown et
al., 2010), receptive and expressive language via the Listening and Speaking Vocabulary and
Grammar subtests of the Test of Adolescent and Adult Language — 3 Edition (Hammill et al.,
1994), and inhibitory executive function assessed by the Stroop: Color and Word Test (Golden et

al., 2003). All participants performed within normative limits on each task (Kemp et al., 2019).
Paradigm

Complete details of the experimental paradigm are available in Kemp et al. (2019). Briefly,
EEG was recorded while the participants listened to a total of 300 English sentences (stimulus
duration: mean = 3.44 seconds, min = 1.76 seconds, max = 6.12 seconds), half of which were high
cloze probability sentences, where the last word had a high probability of occurrence (e.g., Joe
watched TV sitting on the couch), and the other half were low cloze probability sentences, where
the last word had less probability of occurrence (e.g., Joe watched TV sitting on the swings).
Listening difficulty was increased with the addition of background babble. The babble level for
each individual was determined prior to recording EEG as the level of four-talker babble that
resulted in 70.7% correct sentence recognition performance. Babble was presented continuously

at that level for each individual throughout EEG acquisition. Sentence stimuli were presented at
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62 dB SPL, and the signal-to-noise ratios (SNR) varied from -0.5 to -8 dB across participants. This

resulted in effortful conditions where all participants performed equally on speech recognition.

Participants listened to each sentence and responded by choosing the target word from a
choice of four visually presented word choices (the three foils rhymed with the target word). The
time window for which the choices were displayed on the screen was operationally termed the
response time deadline (RTD). Listening effort was further manipulated by varying RTDs, adding
to the task demand. RTD was either 400 ms (short), 700 ms (mid), or 1000 ms (long). The
experiment was conducted in 12 blocks, with one RTD per block. Participants were informed about
the RTD (short, middle, long) before starting each block in order to prepare them for the task
demands in each block.

EEG processing and analysis

EEG recorded from 32 electrodes (Biosemi Active-Two system, Netherlands) along with
three ocular electrodes was pre-processed offline using EEGLAB v14.1.2 (Delorme & Makeig,
2004) in MATLAB R2019b (MathWorks Inc., Natick, Massachusetts, USA). EEG was re-
referenced to the average of right and left mastoid electrodes. Re-referenced EEG was down
sampled to 128 Hz. The resampled EEG was then band-pass filtered from 1-15 Hz using a non-
casual FIR filter with hamming window having high pass and low pass filter order of 846 and 424
Hz, respectively. Spherical spline interpolation was used to substitute electrode activity when
activity of a specific electrode across the entire time window exceeded the activity of the adjacent
electrodes by more than three standard deviations. Artifact subspace reconstruction was performed
using approximately 60 seconds of clean EEG segments (identified by manual inspection) as
implemented in EEGLAB (Mullen et al., 2015) to remove artifacts, such as sudden bursts and
drifts. The acoustic waveform for each sentence was aligned with the respective EEG epoch based
on a window from -1 to 6 seconds time-locked to the onset of each sentence. Epochs with voltages
greater than +100uV were rejected. Independent component analysis was carried out on the

epoched EEG to remove the ocular, EKG, and muscular artifacts.
Estimation of Temporal Response Functions (TRFs)

Temporal response functions were obtained from multivariate linear ridge regression

analysis using the mTRF toolbox v1.4 (Crosse et al., 2016). TRFs are regression coefficients as a
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function of neural latency. The regression coefficients quantify the relationship between the
temporal speech envelope and the EEG. Higher absolute TRF magnitude indicates a stronger
relationship between the speech acoustics and the EEG, thus indicating greater cortical tracking of
the temporal envelope of speech (Crosse et al., 2016; Lalor & Foxe, 2010). TRFs were evaluated
for encoding the first derivative of the temporal envelope of speech, which emphasizes the acoustic
edges (phoneme/syllable onsets & offsets) in the speech envelope. The multiband speech temporal
envelope was derived by filtering the sentence waveforms with a gammatone filter bank consisting
of 16 filters spaced contiguously on an equivalent rectangular bandwidth (ERB) scale from 250 to
8000 Hz (Slaney, 1998). The absolute value of the temporal envelope at the output of each filter
was obtained by applying the Hilbert transform. The absolute value at the output of each of the 16
bands was raised to a power of 0.6, which mimics the compression characteristics of the normal
inner ear (Vanthornhout et al., 2018), which has the effect of reducing temporal envelope cues. It
is known that the acoustic cues are distorted by the presence of simultaneous competing sounds
(Cooke, 2006; Drullman, 1995). Given that onsets of the stimulus contribute more to the EEG
signal than steady-state portions, studies investigating cortical tracking of the temporal envelope
of speech in presence of noise have advocated the derivative method where the acoustic edges or
onsets of the signal are enhanced using first-derivative of the temporal envelope (Fiedler et al.,
2017, 2019).

TRFs were estimated by mapping the derivatives of speech temporal envelope onto the
EEG using forward mapping. Forward mapping was done using leave-one-out cross validation
(Crosse et al., 2016; Di Liberto et al., 2015; McHaney et al., 2020). Time lags from -100 to 450
ms were considered for TRF estimation. EEG signals obtained for all RTD conditions across all
electrodes were used for selecting the ridge regularization parameter. The optimal ridge parameter
between 2%!2-20 across conditions was estimated using cross validation. The similarity between
EEG and the TRF predicted from the derivative of the stimulus temporal envelope was estimated
using Pearson’s product moment correlation and considered as the cortical tracking measure (r).
Cortical tracking measures were estimated using leave-one-out cross-validation, where the TRFs
across all conditions were averaged to predict the EEG in the left-out trial. TRFs were trained by
pooling across all RTD conditions since the total stimulus duration (summed across all sentences)
within each RTD condition was too low to estimate TRFs. This process was reiterated to obtain

the cortical tracking measure for every sentence presented. The cortical tracking measures across
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all electrodes for all sentences were separately averaged for each RTD condition. To examine if
the cortical tracking measures were above-chance, cortical tracking for mismatched sentence and
EEG pairs was performed using 1000 random permutations and the 95" percentile of the
distribution was determined as the chance level.

N400 Mean Amplitudes

In Kemp et al. (2019), visual inspection of the data revealed that the N400 was most
prominent over centroparietal electrode sites, consistent with previous studies (e.g., Kutas &
Federmeier, 2011). Mean amplitudes were averaged across these electrodes (CP5, CP6, C3, C4,
P7, P8, P3, P4, PO3, PO4, O1 & 02) within a typical N400 time window of 350 - 750 ms (see
Kemp et al., 2019 for details). N400 mean amplitudes for low and high probability sentences for

each RTD were considered separately.

Statistical Analysis

The cortical tracking (r) of the temporal envelope and the N400 effect (difference in mean
N400 amplitude between low cloze and high cloze probability sentences) across different RTDs
were compared using repeated-measure ANOVAs. N400 mean amplitudes for two cloze (low and
high) sentences across RTDs were compared using a separate repeated-measure ANOVA to
establish correspondence between the current post-processing procedures and those used by Kemp
etal. (2019). The TRFs obtained across three RTD conditions were compared using point-to-point-
wise t-tests. The change in N400 mean amplitudes across the three RTD conditions (slope),
separately for low and high cloze probability, and the change in cortical tracking (r) across the
three RTD conditions (slope) were estimated by fitting a linear model. The relationships between
the N400 mean amplitude and cortical tracking slopes were examined using Spearman’s Rank
correlation coefficient. Spearman’s Rank correlation was used considering the lower number of
data points and the variability among the data points. Partial correlations using Spearman’s Rank

correlation coefficient were carried out to control for the effect of SNR. Alpha was set at p < 0.05.
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Results
Temporal Response Functions

The temporal response functions (waveforms) derived across three different RTDs (400
ms, 700 ms, and 1000 ms) along with the scalp topographies (insets) are shown in Figure 1A.
Temporal response functions show peaks at post stimulus lags, flat baselines and peak scalp
topography consistent with the expected neural activity. The fronto-central scalp distribution of
the cortical tracking of speech envelope (Figure 1B) is consistent with cortical auditory event-
related potentials. Point-to-point-wise t-tests did not show significant differences among TRFs
obtained for any RTD condition (p > 0.05). There was a significant and strongly positive
correlation between cortical tracking of speech envelope among all the three RTD conditions [400
& 700 (p =0.73, p =< 0.001), 400 & 1000 (p = 0.79, p =< 0.001), 700 & 1000 (p = 0.76, p =<
0.001); Figure 1D]. The relative stable cortical tracking of the speech temporal envelope derived
across different RTDs is consistent with the lack of significant effect of RTD on cortical tracking
[F(2,58) = 0.704, p = 0.499]. Figure 1B illustrates means and individual subject data. Seven out of
thirty participants had cortical tracking values less than chance values. To ensure validity of these
results, analyses were repeated without these participants. Figure 1C illustrates the individual
cortical tracking values for participants whose TRFs were below chance levels. Excluding
participants with below-chance cortical tracking values did not change results [RTD: F(2, 44) =
0.982, p = 0.383], further validating the findings. Therefore, these participants were included in
correlational analyses.
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A. Temporal Response Functions (TRFs) B. Cortical tracking (r) and its Scalp distribution
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Figure 1. A. Mean temporal response functions (TRFs) in 400 ms, 700 ms and 1000 ms response
time deadline (RTD) conditions averaged across all the electrodes. The shaded regions represent
standard error of mean. The scalp topographies of the positive and negative peaks of TRFs for
the three RTDs are shown above and below positive and negative peaks respectively. B.
Boxplots of cortical tracking (r) values across 400 ms, 700 ms & 1000 ms RTD conditions
averaged across all the channels. The middle line of the box represents median, top and bottom
lines represents 25" and 75" percentile of the data, respectively. The dot inside the box represent
the mean. The open circle represents individual participant data. Above the boxplot are scalp
distributions of cortical tracking (r) values across three RTDs. C. Dot plot of cortical tracking (r)
for each individual across 400 ms, 700 ms & 1000 ms RTD conditions. The red dashes for each
subject indicate the 95" percentile of the chance distribution. D. Scatterplots of the correlation
among cortical tracking (r) at 400, 700 and 1000 ms RTD. The correlation coefficient and the p-
value are provided for each of the scatterplots.
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Relationship between cortical tracking of speech envelope and semantic processing

Comparing N400 mean amplitudes for high and low cloze probability sentences across
RTDs showed a significant effect of RTD [F(2,58) = 5.133, p = 0.013] and cloze [F(1,29) = 11.04,
p = 0.02] and no interaction between cloze and RTD condition [F(2,58) = 0.115, p = 0.892],
replicating the results of Kemp et al. (2019). Correlations between the change in, or slope of, N400
amplitudes between RTDs and the cortical tracking index between RTDs revealed no significant
correlations between N400 amplitude slope and cortical tracking slope for either low probability
(p = -0.07, p = 0.73) or high probability sentences (p = 0.07, p = 0.72). Additional partial
correlational analyses between N400 amplitude and cortical tracking slopes controlling for the
effect of SNR yielded similar results; no significant correlations for low (p = -0.06, p = 0.78) or

high (p = 0.33, p = 0.13) probability sentences.
Discussion

The current study evaluated differential processing of acoustic and semantic cues and their
interplay during the varying task demands, i.e., changing response time deadlines under
challenging listening condition, in the presence of four-talker babble. The effects and complements
of two neural signatures (cortical tracking of temporal envelope of speech and the N400 response)
during challenging listening conditions with varying task difficulty were assessed. Results indicate
that cortical tracking of temporal envelope of speech and semantic processing are differentially
affected by task difficulty. Cortical tracking of temporal envelope of speech remains stable across
varying task difficulty while semantic processing varies as a function of change in task difficulty.

TRFs showed peaks that were consistent with previous literature (Ding & Simon, 2012;
Fiedler et al., 2017, 2019; Miller et al., 2019). TRFs were similar across all RTDs and had similar
scalp distributions, indicating no effect of increased task demand (i.e., shorter RTDs) on cortical
tracking of temporal envelope of speech. These results are in line with Miller et al. (2019), who
reported no correlation between neural tracking and listening effort as measured by subjective
ratings and pupil dilation. Their task demands were varied using linguistic complexity (subject-
verb-object occurrence) and speech rate (fast and slow). While linguistic complexity did not have
any effect, speech rate did have a significant influence on neural tracking of temporal envelope of

speech. The results of the present study, along with those of Muller et al. (2019), indicate that
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differences in the cortical tracking of temporal envelope of speech are evident only when the

listening demands vary in terms of acoustics.

Further support for this pattern is found by Decruy et al. (2020), where cortical tracking of
temporal envelope of speech varied across different levels of speech understanding but was not
confounded by the listening effort. Song and lverson (2018) reported similar findings, with
differences in cortical tracking of temporal envelope of speech for conditions where acoustic
properties varied, including stimuli presented in multiple languages by multiple speakers.
Dimitrijevic et al. (2019) used stimuli manipulated with noise presented to adults with cochlear
implants, also reporting differences in cortical tracking of temporal envelope of speech between
conditions. Together with the current findings, these studies reveal that the cortical tracking of
temporal envelope of speech appears to be influenced by task demands and/or listening effort only
when the demand is manipulated in terms of acoustic properties of the stimulus, consistent with

an emerging perspective.

Given that previous studies have shown the effect of SNR on cortical tracking of temporal
envelope of speech (Decruy et al., 2020; Dimitrijevic et al., 2019; Lesenfants et al., 2019;
Vanthornhout et al., 2018), a limitation of our experiment was that SNR was individualized.
However, there were no correlations between semantic and acoustic processing across RTDs, even
after controlling for the effects of SNR. The SNR did not show any relationship with the cortical
tracking of temporal envelope of speech at any of the RTDs, which indicates that the acoustic cues
were perceived and represented similarly, irrespective of the acoustic degradations when matched
for speech understandability, and not modulated by task demand.

While neural tracking of temporal envelope of speech is not altered by RTDs, semantic
processing was greater for the shorter RTD compared to longer RTD (Kemp et al., 2019). This
indicates distinct neural processes for semantics and cortical tracking of acoustic temporal
envelope that can be differentially manipulated in a single task and measured via EEG.
Furthermore, semantic processing changes as a function of task demands do not appear to be
associated with the cortical temporal envelope tracking. According to the TRACE model
(McClelland & Elman, 1986), acoustic and phonetic word boundaries are filled in based on the
semantic contexts, especially when acoustic cues are ambiguous, thus giving greater weight to

semantic processing in challenging listening situations. The current findings support this model,
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indicating that listeners weigh higher-level semantic cues differentially depending on the listening
condition. When higher level semantic cues are available, lower-level acoustic cues are engaged
equally across listening conditions. The current results are in line with studies examining the effect
of high and low cognitive load conditions on phoneme restoration in single word contexts, which
suggest reduced reliance on acoustic cues in extracting the lexical output during high cognitive
load conditions (Mattys et al., 2014; Mattys & Wiget, 2011). Higher-level semantic processing is
dominant when listening difficulty is increased (e.g., short RTD or low cloze conditions), which
requires higher cognitive resources, such as increased attentional resources. Reliance on acoustic
cues is dominant only when the demand is exclusively bound to properties of the acoustic signal
(e.g., timing, spectral characteristics). Taken together, the current findings suggest independence
between domain-specific systems of audition and language in challenging listening environments,
and that with increases in listening difficulty, listeners increasingly rely on semantic processing,

without changing their reliance on the acoustic temporal envelope processing.
Conclusions

The current study examined relationships between the two neural signatures, cortical
tracking of temporal envelope of speech and N400, while listening to semantically altered
sentences in the presence of a demanding task (varying RTDs) under challenging listening
conditions (individualized SNR). While task difficulty modulated semantic processing, it did not
modulate cortical tracking of temporal envelope of speech, indicating distinct processes for
semantics and acoustics in challenging listening environments. Acoustic and semantic networks
are domain-specific and may act independently of one other, with task demands inducing changes
specific to the respective processes of each network. Top-down higher-level semantic processing
may override bottom-up lower-level acoustic processing when the demanding task is not domain

specific.
Acknowledgements

We would like to acknowledge the support from the Michigan State University College of
Communication Arts and Sciences Research Fellowship awarded to Amy Kemp, and the Richard
and Nancy Heiss Endowment awarded to Amanda Hampton Wray. We are thankful to Nike
Gnanateja for his support with analysis routines. Also, we would like to thank the participant pool

in the study from Michigan State University.


https://doi.org/10.1101/2021.01.22.427847
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.22.427847; this version posted January 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

ANSI (2010). S3.21-2010, Methods for Manual Pure-tone Threshold Audiometry. American
National Standards Institute, New York.

Benikos, N., Johnstone, S. J., & Roodenrys, S. J. (2013). Varying task difficulty in the Go/Nogo
task: The effects of inhibitory control, arousal, and perceived effort on ERP components.
International Journal of Psychophysiology, 87(3), 262-272.
https://doi.org/10.1016/j.ijpsycho.2012.08.005

Brown, L., Sherbenou, R. J., & Johnsen, S. K. (2010). Test of Nonverbal Intelligence, Fourth
Edition (TONI-4). Pro-Ed, Inc.

Cooke, M. (2006). A glimpsing model of speech perception in noise. The Journal of the Acoustical
Society of America, 119(3), 1562—-1573. https://doi.org/10.1121/1.2166600

Crosse, M. J., Di Liberto, G. M., Bednar, A., & Lalor, E. C. (2016). The Multivariate Temporal
Response Function (mTRF) Toolbox: A MATLAB Toolbox for Relating Neural Signals
to Continuous Stimuli. Frontiers in Human Neuroscience, 10.
https://doi.org/10.3389/fnhum.2016.00604

Decruy, L., Lesenfants, D., Vanthornhout, J., & Francart, T. (2020). Top-down modulation of
neural envelope tracking: The interplay with behavioral, self-report and neural measures
of listening effort. The European Journal of Neuroscience.
https://doi.org/10.1111/ejn.14753

Delorme, A., & Makeig, S. (2004). EEGLAB: An open source toolbox for analysis of single-trial
EEG dynamics including independent component analysis. Journal of Neuroscience
Methods, 134(1), 9-21. https://doi.org/10.1016/j.jneumeth.2003.10.009

Di Liberto, G. M., O’Sullivan, J. A., & Lalor, E. C. (2015). Low-Frequency Cortical Entrainment
to Speech Reflects Phoneme-Level Processing. Current Biology: CB, 25(19), 2457—-2465.
https://doi.org/10.1016/j.cub.2015.08.030

Dimitrijevic, A., Smith, M. L., Kadis, D. S., & Moore, D. R. (2019). Neural indices of listening
effort in noisy environments. Scientific Reports, 9(1), 1-10.
https://doi.org/10.1038/s41598-019-47643-1

Ding, N., Chatterjee, M., & Simon, J. Z. (2014). Robust cortical entrainment to the speech
envelope relies on the spectro-temporal fine structure. Neurolmage, 88, 41-46.
https://doi.org/10.1016/j.neuroimage.2013.10.054


https://doi.org/10.1101/2021.01.22.427847
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.22.427847; this version posted January 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Ding, N., Melloni, L., Zhang, H., Tian, X., & Poeppel, D. (2016). Cortical tracking of hierarchical
linguistic structures in connected speech. Nature Neuroscience, 19(1), 158-164.
https://doi.org/10.1038/nn.4186

Ding, N., & Simon, J. Z. (2012). Emergence of neural encoding of auditory objects while listening
to competing speakers. Proceedings of the National Academy of Sciences, 109(29), 11854—
11859. https://doi.org/10.1073/pnas.1205381109

Ding, N., & Simon, J. Z. (2014). Cortical entrainment to continuous speech: Functional roles and
interpretations. Frontiers in Human Neuroscience, 8.
https://doi.org/10.3389/fnhum.2014.00311

Drullman, R. (1995). Temporal envelope and fine structure cues for speech intelligibility. The
Journal  of the Acoustical Society of America, 97(1), 585-592.
https://doi.org/10.1121/1.413112

Drullman, R., Festen, J. M., & Plomp, R. (1994). Effect of reducing slow temporal modulations
on speech reception. The Journal of the Acoustical Society of America, 95(5), 2670-2680.
https://doi.org/10.1121/1.409836

Fiedler, L., Wéstmann, M., Graversen, C., Brandmeyer, A., Lunner, T., & Obleser, J. (2017).
Single-channel in-ear-EEG detects the focus of auditory attention to concurrent tone
streams and mixed speech. Journal of Neural Engineering, 14(3), 036020.
https://doi.org/10.1088/1741-2552/aa66dd

Fiedler, L., Wéstmann, M., Herbst, S. K., & Obleser, J. (2019). Late cortical tracking of ignored
speech facilitates neural selectivity in acoustically challenging conditions. Neurolmage,
186, 33-42. https://doi.org/10.1016/j.neuroimage.2018.10.057

Ganong, W. F. (1980). Phonetic categorization in auditory word perception. Journal of
Experimental Psychology: Human Perception and Performance, 6(1), 110-125.
https://doi.org/10.1037/0096-1523.6.1.110

Golden, C. J., Freshwater, S. M., & Golden, Z. (2003). Stroop Color and Word Test. Stoelting Co.

Hammill, D. D., Brown, V. L., Larsen, S. C., & Widerholt, J. L. (1994). Test of Adolescent and
Adult Language, Third Ed. (TOAL-3) (3rd ed.). Pro-Ed, Inc.

Kemp, A., Eddins, D., Shrivastav, R., & Hampton Wray, A. (2019). Effects of Task Difficulty on

Neural Processes Underlying Semantics: An Event-Related Potentials Study. Journal of


https://doi.org/10.1101/2021.01.22.427847
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.22.427847; this version posted January 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Speech, Language, and Hearing Research, 62(2), 367-386.
https://doi.org/10.1044/2018 JSLHR-H-17-0396

Lalor, E. C., & Foxe, J. J. (2010). Neural responses to uninterrupted natural speech can be extracted
with precise temporal resolution. European Journal of Neuroscience, 31(1), 189-193.
https://doi.org/10.1111/j.1460-9568.2009.07055.x

Lam, B. P. W., Xie, Z., Tessmer, R., & Chandrasekaran, B. (2017). The Downside of Greater
Lexical Influences: Selectively Poorer Speech Perception in Noise. Journal of Speech,
Language, and Hearing Research: JSLHR, 60(6), 1662-1673.
https://doi.org/10.1044/2017_JSLHR-H-16-0133

Lesenfants, D., Vanthornhout, J., Verschueren, E., Decruy, L., & Francart, T. (2019). Predicting
individual speech intelligibility from the cortical tracking of acoustic- and phonetic-level
speech representations. Hearing Research, 380, 1-9.
https://doi.org/10.1016/j.heares.2019.05.006

Mattys, S. L., Barden, K., & Samuel, A. G. (2014). Extrinsic cognitive load impairs low-level
speech  perception.  Psychonomic  Bulletin &  Review, 21(3), 748-754.
https://doi.org/10.3758/s13423-013-0544-7

Mattys, S. L., & Wiget, L. (2011). Effects of cognitive load on speech recognition. Journal of
Memory and Language, 65(2), 145-160. https://doi.org/10.1016/j.jm1.2011.04.004

McClelland, J. L., & Elman, J. L. (1986). The TRACE model of speech perception. Cognitive
Psychology, 18(1), 1-86. https://doi.org/10.1016/0010-0285(86)90015-0

McHaney, J. R., Gnanateja, G. N., Smayda, K. E., Zinszer, B. D., & Chandrasekaran, B. (2020).
Cortical Tracking of Speech in Delta Band Relates to Individual Differences in Speech in
Noise Comprehension in Older Adults. Ear and Hearing, Publish Ahead of Print.
https://doi.org/10.1097/AUD.0000000000000923

Mullen, T. R., Kothe, C. A. E., Chi, Y. M., Ojeda, A., Kerth, T., Makeig, S., Jung, T.-P., &
Cauwenberghs, G. (2015). Real-time neuroimaging and cognitive monitoring using
wearable dry EEG. IEEE Transactions on Biomedical Engineering, 62(11), 2553-2567.
https://doi.org/10.1109/TBME.2015.2481482

Maller, J. A., Wendt, D., Kollmeier, B., Debener, S., & Brand, T. (2019). Effect of Speech Rate
on Neural Tracking  of  Speech. Frontiers in Psychology, 10.
https://doi.org/10.3389/fpsyg.2019.00449


https://doi.org/10.1101/2021.01.22.427847
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.22.427847; this version posted January 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Peelle, J. E. (2018). Listening Effort: How the Cognitive Consequences of Acoustic Challenge Are
Reflected in Brain and Behavior. Ear and Hearing, 39(2), 204-214.
https://doi.org/10.1097/AUD.0000000000000494

Shannon, R. V., Zeng, F.-G., Kamath, V., Wygonski, J., & Ekelid, M. (1995). Speech Recognition
with Primarily Temporal Cues. Science, 270(5234), 303-304.
https://doi.org/10.1126/science.270.5234.303

Shannon, R. V., Zeng, F.-G., & Wygonski, J. (1998). Speech recognition with altered spectral
distribution of envelope cues. The Journal of the Acoustical Society of America, 104(4),
2467-2476. https://doi.org/10.1121/1.423774

Slaney, M. (1998). Auditory Toolbox (2.0) [Matlab]. Interval Research Corporation.
https://engineering.purdue.edu/~malcolm/interval/1998-010/

Smith, Z. M., Delgutte, B., & Oxenham, A. J. (2002). Chimaeric sounds reveal dichotomies in
auditory perception. Nature, 416(6876), 87-90. https://doi.org/10.1038/416087a

Snellen, H. (1862). Probebuchstaben zur Bestimmung der Sehschérfe. Utrecht : Van de Weijer.

Song, J., & Iverson, P. (2018). Listening effort during speech perception enhances auditory and
lexical processing for non-native listeners and accents. Cognition, 179, 163-170.
https://doi.org/10.1016/j.cognition.2018.06.001

Vanthornhout, J., Decruy, L., Wouters, J., Simon, J. Z., & Francart, T. (2018). Speech
Intelligibility Predicted from Neural Entrainment of the Speech Envelope. Journal of the
Association for Research in Otolaryngology, 19(2), 181-191.
https://doi.org/10.1007/s10162-018-0654-z


https://doi.org/10.1101/2021.01.22.427847
http://creativecommons.org/licenses/by-nc-nd/4.0/

