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Abstract

B The envelope of a speech signal is tracked by neural activity
in the cerebral cortex. The cortical tracking occurs mainly in
two frequency bands, theta (4-8 Hz) and delta (1-4 Hz). Track-
ing in the faster theta band has been mostly associated with
lower-level acoustic processing, such as the parsing of syllables,
whereas the slower tracking in the delta band relates to higher-
level linguistic information of words and word sequences. How-
ever, much regarding the more specific association between
cortical tracking and acoustic as well as linguistic processing
remains to be uncovered. Here, we recorded EEG responses
to both meaningful sentences and random word lists in differ-
ent levels of signal-to-noise ratios (SNRs) that lead to different
levels of speech comprehension as well as listening effort. We

INTRODUCTION

When listening to speech, cortical activity tracks the low-
frequency amplitude modulation (envelope) of the
speech signal (Ding, Melloni, Zhang, Tian, & Poeppel,
2015; Ding & Simon, 2013; Giraud & Poeppel, 2012; Pasley
etal.,, 2012). This cortical tracking plays a functional role in
speech processing. In multitalker listening situations, for
instance, the cortical tracking of target speech is modu-
lated by selective attention (O’Sullivan et al., 2015;
Rimmele, Zion Golumbic, Schroger, & Poeppel, 2015;
Kerlin, Shahin, & Miller, 2010) and by the intelligibility of
distractor speech (Dai, McQueen, Terporten, Hagoort, &
Kosem, 2022): The cortical tracking increases when atten-
tion is focused on the target stream and decreases when
distractor intelligibility increases. Moreover, stimulating
the auditory cortex through the transcranial alternating
current with signals that are derived from the speech enve-
lope can modulate and even enhance the comprehension
of speech in background noise (Keshavarzi, Kegler, Kadir,
& Reichenbach, 2020; Riecke, Formisano, Sorger, Baskent,
& Gaudrain, 2018; Wilsch, Neuling, Obleser, & Herrmann,
2018; Zoefel, Archer-Boyd, & Davis, 2018).
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then related the neural signals to the acoustic stimuli by com-
puting the phase-locking value (PLV) between the EEG record-
ings and the speech envelope. We found that the PLV in the
delta band increases with increasing SNR for sentences but
not for the random word lists, showing that the PLV in this fre-
quency band reflects linguistic information. When attempting
to disentangle the effects of SNR, speech comprehension,
and listening effort, we observed a trend that the PLV in the
delta band might reflect listening effort rather than the other
two variables, although the effect was not statistically signifi-
cant. In summary, our study shows that the PLV in the delta
band reflects linguistic information and might be related to lis-
tening effort. |l

The cortical tracking of speech in different frequency
bands presumably relates to different aspects of speech
perception. In particular, tracking in the delta frequency
band (1-4 Hz) was found to correspond to word-level,
phrasal, and acoustic prosodic features; and that in the
theta band (4-8 Hz), to syllabic features (McHaney,
Gnanateja, Smayda, Zinszer, & Chandrasekaran, 2021;
Peelle, Gross, & Davis, 2013). However, the precise roles
of speech tracking for lower-level acoustic as well as
higher-level linguistic processes are still debated. Some
studies argued that neural speech tracking is restricted
to the processing of acoustical cues (Millman, Johnson,
& Prendergast, 2015; Howard & Poeppel, 2010; Nourski
et al., 2009), whereas others suggested that nonsensory
linguistic information, such as semantic and syntactic
information, increased cortical tracking of the speech
envelope (Meyer et al., 2018; Peelle et al., 2013; Peelle &
Davis, 2012; Luo & Poeppel, 2007; Ahissar et al., 2001).

The impact of linguistic information on cortical speech
tracking emerged, for instance, from studies that
reported increased cortical tracking of connected speech
compared to control stimuli, such as noise-vocoded
unintelligible speech (Rimmele et al., 2015; Peelle
et al., 2013), time-reversed speech (Molinaro & Lizarazu,
2018; Gross et al., 2013), or speech in a foreign language
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(Ding et al., 2015). In particular, Ding and colleagues
(2015) demonstrated that, during listening to connected
speech, cortical activity tracks the linguistic structures at
different hierarchical levels such as words, phrases, and
sentences if the participants understood the speech. The
cortical responses to the sentential and phrasal informa-
tion were, however, absent in participants who did not
understand the language, despite the acoustic stimuli
being the same.

To what extent background noise impacts the cortical
tracking of the speech envelope remains debated. Ding
and Simon (2013) showed that the neural tracking of tar-
get speech is relatively insensitive to the level of back-
ground noise, but others reported that target speech
tracking significantly decreased as the level of noise pro-
gressively increased (Vander Ghinst et al., 2016, 2019;
Petersen, Wostmann, Obleser, & Lunner, 2017). The latter
effect might emerge because noise reduces speech intel-
ligibility through the energetic or informational masking
of target speech (Wang & Xu, 2021) and makes speech
recognition challenging by affecting the segregation and
selection of acoustic speech streams from background
noise.

Dimitrijevic, Smith, Kadis, and Moore (2019) showed
that cortical speech tracking quantified by speech—brain
coherence (in the range of 2—5 Hz) is related to the level
of listening effort that participants expend in a digits-in-
noise task. In particular, low speech-brain coherence
was associated with higher listening effort. They also
found that the correct identification of digits was related
to increased speech—brain coherence. Decruy, Lesenfants,
Vanthornhout, and Francart (2020) also tested the hypoth-
esis that speech tracking is modulated by the amount of
listening effort in a speech-in-noise task with different
levels of signal-to-noise ratios (SNRs) but found no signif-
icant association of the latter to delta-band speech track-
ing. However, they reported that self-reported listening
effort could explain a small part of intersubject variability
in the theta-band cortical tracking of the speech envelope.
Specifically, they reported that, when speech understand-
ing was above 50%, envelope tracking decreased with
increased effort. On the other hand, when speech com-
prehension was below 50%, the opposite relation was
observed, that is, higher envelope tracking was associated
with enhanced effort.

In this study, we further examined the effect of back-
ground noise level and linguistic information on the neural
tracking of speech. In particular, we sought to disassociate
the influence of linguistic content on the putative relation
between listening effort and cortical speech tracking. To
this end, we measured behavioral responses as well as
EEG to two types of speech stimuli that differed in their
linguistic content: meaningful sentences and random
word lists. Both types of stimuli were presented in differ-
ent levels of background noise to yield variability in speech
comprehension and listening effort. We used the phase-
locking value (PLV) to quantify speech-brain phase
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locking and investigated the temporal dynamics of this
value at different frequencies.

METHODS
Participants

Participants were 32 healthy native Danish speakers (two
left-handed, 13 women, mean age = 24 = 3 years) with
normal hearing and no history of neurological defect, psy-
chiatric illness, or use of psychotropic medication. All gave
written informed consent and were compensated finan-
cially for their participation. The number of participants
was selected based on previous studies on the effect of
listening effort on neural responses (Decruy et al., 2020;
Dimitrijevic et al., 2019). The study was conducted in
accordance with the Declaration of Helsinki and was
approved by the ethics committee of Northern Jutland,
Denmark (N-20200061).

Stimuli

Two types of speech stimuli with different linguistic infor-
mation were used: sentences and random word lists. Sen-
tences were obtained from the DANTALE II database
(Wagener, Josvassen, & Ardenkjaer, 2003). This database
consists of 150 sentences. Each sentence was generated
by a random combination of the alternatives of a base list.
The base list consisted of 10 sentences, each containing a
subject, verb, numeral, adjective, and object with the same
syntactical structure but semantically unpredictable (e.g.,
in English: “Ulla owns five red jackets”). All sentences were
recorded by a female native Danish speaker at a sampling
rate of 44.1 kHz. The duration of the sentences varied
from 1.85 to 2.52 sec (2.22 = 0.12 sec).

Random word lists were created that had neither
sentence-level semantic content nor syntactic structure.
Each sentence of the base list was split into five words,
yielding 50 different words. A natural pause after each
word was kept by selecting the duration of individual
words from the beginning of the given word up to the
beginning of the next word. Word lists were created by
randomly combining five words from the list of 50 words
(e.g., in English: “rings get nine fourteen sold”). The
duration of all word lists was between 1.58 and 2.71 sec
(2.20 =0.16 sec), comparable to that of the sentences,
thus avoiding a confound of different durations between
the two types of stimuli that could occur otherwise
(Kolozsvari et al., 2021).

Both types of speech material were read with normal
sentence prosody. We verified that there were accordingly
no significant differences in prosody between sentences
and word lists (Figure 2). In particular, the onset time of
the words was indistinguishable between the two types
of speech material (see below for statistics). For example,
the mean onset time of the second word in the sentences
was 451 msec (after speech onset), and in the word lists, it
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was 443 msec. There were a few significant differences
between sentences and word lists in the average envelope,
namely, in the time intervals of 0-258 and 1340-1720 msec
(p < .001, analyzed by cluster-based permutation ¢ test).
Although not ideal, the prosodic difference between sen-
tences with syntactic structure and word lists without
structure is inherent and acceptable, given that word
onsets are not significantly different. No significant differ-
ence was observed in the envelope power spectrum (p >
.05) between the sentences and the word lists.

The audio files were then masked by speech-shaped
noise at SNRs of —9, —6, —3, and 0 dB by varying the inten-
sity of the speech while keeping the background noise
constant. Speech-shaped noise was created based on the
long-term power spectrum of speech. The SNR was com-
puted from the ratio of the power of the speech signal to
the power of the noise level. The intensity of the speech at
the different SNRs was computed in MATLAB, and the
sound was presented through MATLAB as well. The vol-
umes were determined based on the comfort level of a
few select normal-hearing participants, and none of the
participants found the volume to be uncomfortable.

Experimental Design and Stimulus Presentation

The experiment consisted of eight blocks, each with a ran-
domly assigned level of SNR (=9 dB, —6 dB, —3 dB, 0 dB)
and one of the two speech types (sentences or word lists).
For each block, 25 trials were recorded. Each trial began
with background noise, lasting 3 sec plus a random inter-
val of 0-1 sec, during which participants were asked to
focus on a fixation cross on a screen in front of them. This
was followed by a stimulus, in which speech was presented
in the presence of background noise. After the speech pre-
sentation, the fixation cross was maintained while back-
ground noise continued for about 3 sec. Finally, this was
followed by a response interval in which all corpus items
from the base list appeared on the screen ona 10 X 5 grid
(Word X Category). The participants were asked to use a
mouse to select the words in order that matched those
they had heard. After each block (25 trials), participants

were asked to rate their level of listening effort on a 1-10
scale using the NASA Task Load Index (Hart & Staveland,
1988) and then were given a 3-min rest.

The experiment was run using custom code in MATLAB
(R2021b, MathWorks Inc.). All sounds were played
through a soundcard (Scarlett 2i2 2nd Gen), and the pre-
sentation was controlled using the Psychophysics Toolbox
(PTB-3). The audio signal was presented diotically through
insert earphones (a-JAYS Three). Before the main experi-
ment, participants heard some example speech in each
condition and were familiar with all procedures (Figure 1).

EEG Recording and Processing

The EEG data were acquired using a g.Hlamp biosignal
amplifier (g.tec medical engineering GmbH) with 64 chan-
nels. Electrodes were placed on a cap according to the
International 10-20 system. The EEG was recorded at a
sampling rate of 1200 Hz using the left earlobe (Al) as a
reference. During recordings, all electrode impedances
were kept below 5 kQ. The experiment was carried out
in an electromagnetically shielded room.

The EEG data processing was carried out using a cus-
tomized MATLAB script and EEGLAB toolbox (Delorme
& Makeig, 2004). The data were band-passed between
0.5 and 40 Hz using a third-order zero-phase Butterworth
filter and were then resampled to 256 Hz. Portions of data
contaminated by artifacts (high-amplitude short-time
activities produced by head and eye movements) were
detected and corrected automatically using the Artifact
Subspace Reconstruction algorithm (Mullen et al., 2013)
in EEGLAB. Independent component analysis (ICA) was
then carried out to remove cardiac and muscle artifacts.
The independent components derived by ICA were
labeled using ICLabel (Pion-Tonachini, Kreutz-Delgado,
& Makeig, 2019) as implemented in EEGLAB. Components
that belonged to the artifact classes (cardiac and muscle)
with a probability above 50% were visually examined and
intended to be removed. On average, 6 of 62 components
were removed per block for each participant. Three EEG
channels from one participant were removed before ICA

Figure 1. Experimental
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Figure 2. Temporal and spectral characteristics of the speech material. (A) Word onset time for each individual word in the sentences and word lists.
(B) The average amplitude of the speech envelope in the sentences (blue) and word lists (red). (C) Power spectrum (0-15 Hz) of the speech
envelope for the two speech types. Shaded areas around the curves reflect the standard deviation.

because of a high muscle artifact level and were interpo-
lated using spline interpolation after ICA in the EEGLAB
toolbox. Data were rereferenced to the average reference
(Gabard-Durnam, Leal, Wilkinson, & Levin, 2018). For fur-
ther analysis, each trial was epoched from 0 sec (onset of
speech) to 2 sec. EEG data of two participants were
excluded from further analysis because of an internal fail-
ure of the amplifier during recording.

Speech-Brain PLV

Speech stimuli were downsampled from 44.1 kHz to
1200 Hz. The envelope of each stimulus was calculated
separately in MATLAB using the Hilbert transformation.
The resulting signals were downsampled to 256 Hz.
Figure 2B and C shows the average envelope signal and
envelope power spectrum over trials and participants for
sentences and word lists for the condition of 0-dB SNR
(the mean envelope and power spectrum for all SNRs were
approximately the same for each speech type).
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We used the PLV (Lachaux, Rodriguez, Martinerie, &
Varela, 1999), implemented in BESA Research, to quantify
the phase locking between the speech envelope and the
neural oscillations in different frequencies and at different
time points. This measure has been used in previous stud-
ies to study cortical speech tracking (Molinaro et al., 2021;
Gross etal., 2013). The PLV measures the degree to which
the phase relationship between speech envelope and neu-
ral oscillations is consistent over experimental trials:

PLV(t.f ) = ‘1 / N ijﬂ ei(d)i’%’/ )= w) , where N is the

number of trials (here 25), ™ (¢,/) is the phase of the
speech envelope, and ¢**°(¢,f) is the phase of the EEG
signal at time # (measured relative to the speech onset)
and frequency f. To calculate the phase of the speech
envelope and all EEG signals at each frequency, the
epoched data were transformed into a time—frequency
representation using a complex demodulation method
implemented in BESA Research. Complex demodulation
consisted of two steps. First, the time-domain signal was
multiplied with a complex exponential at the frequency of
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interest f, and second, a low-pass finite impulse response
filter isolated the energy near frequency f (Hoechstetter
et al., 2004). The data were processed for time points from
0 to 2 sec poststimulus and frequencies between 1 and
20 Hz with a time—frequency sampling of 100 msec /
0.5 Hz. Furthermore, following Peelle et al. (2013), in
calculating cerebro-acoustic coherence, for each partici-
pant, we used 100 random pairings of speech envelopes
with EEG signal, which we average to produce random
PLVs as a baseline for each condition. Then, the baseline
PLVs were subtracted from the true PLVs (i.e., correct
speech-brain pairing).

Statistical Analysis

To test the effect of SNR and speech type on speech com-
prehension and listening effort, a two-way repeated-
measures ANOVA was used. Because the homogeneity
of variance was violated, Greenhouse—Geisser correction
was applied to ANOVA, and Wilcoxon tests were used for
pairwise comparisons. All statistical analyses for behavioral
data were conducted by IBM SPSS Statistics 27. For multi-
ple testing problems, false discovery rate (FDR) correction
was applied.

To compare the mean onset time of individual words in
speech between sentences and word lists, an independent
samples ¢ test was used. A cluster-based permutation ¢ test
(paired, two-tailed, with 5000 permutations, cluster entry
criterion [alpha]; p = .05) was used to test differences in
the average envelope amplitude and spectrum between
sentences and word lists. To compare the PLVs (averaged
over different frequencies and over different points of
interest) between sentences and word lists, cluster-based
permutation ¢ tests (paired, two-tailed, with 5000 permu-
tations, alpha = .05, neighbor channel distance; 4 cm)
were run for each SNR. As multiple tests were conducted,
FDR-corrected p values for each SNR were reported. To

test the effect of SNR on speech-brain phase locking, PLVs
of sentences and word lists were submitted to separate
cluster-based permutation ANOVA tests. Cluster-based
permutation tests solve the multiple comparison prob-
lems that arise from comparing 62 electrodes and prevent
inflated false-positive rates (Maris & Oostenveld, 2007). To
test for a potential interaction effect of SNR and speech
type, the PLVs of electrodes belonging to both significant
clusters of SNR and speech type were averaged per condi-
tion and participant. On these data, we calculated a 2
(Speech Types) X 4 (SNR Levels) repeated-measures
ANOVA (as in IBM SPSS Statistics 27). BESA Statistics 2.1
was used for cluster-based permutation testing.

We investigated the association between the listening
effort scores with speech-brain PLV for each speech type
using a linear mixed-effect model (LMM). The fixed-effect
part of the LMM consisted of SNR, speech intelligibility,
and listening effort, whereas the random-effect part
included the variable participant.

RESULTS
Behavioral Performance

The mean intelligibility and mean listening effort scores
are shown in Figure 3. A two-way repeated-measures
ANOVA was conducted to analyze potential differences
across SNRs and speech types in the scores for speech
intelligibility and listening effort. The results for intellig-
ibility showed a significant interaction between Speech
Type and SNR, F(3, 70.4) = 13.59, p < .001, nj, = .30,
a significant main effect of Speech Type, F(1, 31) =
290.60, p < .001, nf) = .90, and a significant main effect
of SNR, F(3, 93) = 456.62, p < .001, ), = .93.

Pairwise comparisons were conducted to compare the
scores for sentences with those for word lists at the same
SNR level and the scores for different SNRs within each

A

100 i E‘.'} ] }
< 80 ¢ ¥ }f' {
2 60 {} ’ :r ¢ "
5 f 3{ -

° 2ol i ’ * Sentences
= v * Word lists
.

SNR (dB)

B
10} on . o
{:}} .:F: B .
+ ¥ 4 i- ™ ] 9
(@) 81 e © “~ ﬁ. ° o2 r
= | Fa o % *
o 6 o I K S X
.E :. ol 1@ .f .‘
GC) % .o o.‘ N o J
» . P
i . K L’
O 1 1 1
-9 -6 -5 0
SNR (dB)

Figure 3. Behavioral responses. (A) The intelligibility of words increases with increasing SNR, for both sentences and word lists. Intelligibility is
higher for sentences than for lists of random words. Dots show the results from individual participants, and the error bars show the standard
deviation. (B) Listening effort is higher for word lists than for sentences and decreases for both types of speech stimuli with a higher SNR.
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Figure 4. Time—frequency analysis of phase locking between the speech envelope and neural activity. The phase locking was quantified through
PLVs computed for a time interval of 0-2 sec and a frequency from 1 to 20 Hz. (A) PLVs obtained for sentences at the four SNRs. (B) PLVs obtained for

random word lists at the same SNRs.

speech type. All comparisons yielded statistically signifi-
cant differences (p < .001, FDR-corrected), showing
lower intelligibility for word lists than for sentences at
the same SNR levels and increasing intelligibility for
increasing SNR for both speech types. The observed inter-
action effect indicates the amount of decrease/increase in
the intelligibility scores depends on speech types. In other
words, increasing SNR from —9 dB to 0 dB was shown to
increase intelligibility in sentences to the saturation level
(~98%). However, in word lists, this value increased only
to 84%, indicating that the effect of SNR on intelligibility
depends on speech type.

Similar analyses were conducted for self-reported lis-
tening efforts. The results showed a significant main
interaction effect, F(2.47, 76.8) = 12, p < .001, 0, = .28,
a significant effect of Speech Type, F(1, 31) = 176.60,
p < .001, né = .85, and a significant main effect of SNR,
F(2.76, 85.8) = 180, p < .001, 07, = .85. All pairwise
comparisons were statistically significant (p < .001,
FDR-corrected), showing higher listening effort for word

1306 Journal of Cognitive Neuroscience

lists than for sentences at the same SNR levels and
decreasing listening effort scores by increasing SNR for
both speech types. The interaction effect demonstrates
that the effect of SNR on listening effort scores differs
across speech types. Particularly, increasing SNR by 3-dB
steps from —9 dB to 0 dB decreased listening effort more
for sentences than word lists at each step.

Phase Locking between Speech and
Brain Responses

We computed PLVs between the speech envelope and the
brain activity for sentences and word lists at various SNRs
across different frequencies (1-20 Hz) and time points
(0-2 sec; Figure 4). PLVs were averaged across the delta
(1-4 Hz) and theta (4-8 Hz) frequency bands for each
condition. The PLVs in the theta band showed no signifi-
cant difference between conditions. Therefore, only the
PLVs in the delta band were further assessed. Figure SA
shows two distinct peaks for the PLVs in the delta band,
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the first one from 0 to 500 msec and a second from 600 to
1100 msec.

Furthermore, the PLVs (difference between true and
random) within each of these time intervals were averaged
across the time points (0-500 and 600-1100 msec) and
were submitted to separate cluster-based ¢ tests to test
the difference between sentences and word lists at each
SNR. No significant differences were found for the first
peak (p > .05) at all SNRs. For the second peak, we
observed a significant difference between sentences and
word lists at 0-dB SNR on frontal electrodes (AF4, Fz, F2,
F4, and Fc2; p = .028, FDR-corrected) and centro-parietal
electrodes (CP5, CP3, P3, and P7; p = .035, FDR-corrected,
Figure 5C). No significant differences were found for other
SNRs (p > .05).

To test the potential effect of SNR on the PLVs obtained
for both sentences and word lists, the averaged PLVs were
submitted to separate cluster-based permutation ANOVA
tests. A significant main effect (p = .024) was obtained for
sentences with a cluster of parietal electrodes (CP5, CP3,

P5, P3, and PO3). No significant main effect of SNR was
observed for word lists (p > .05). Post hoc analysis
revealed an increased PLV for sentences at 0 dB than at
—9dB (p = .002; Figure 5D).

For testing a potential interaction effect of Speech Type
and SNR, the PLVs of electrodes CP5, CP3, and P3, which
belong to both clusters of significant differences between
responses to sentences and to words lists at the SNR of 0
dB and between responses at the SNR of 0 and —9 dB,
were averaged (Figure 6A). The averaged PLV was submit-
ted to a two-way repeated-measures ANOVA. A significant
interaction effect of Speech Type and SNR was found, F(3,
87) = 8.50,p < .001, T]IZD = .23. A significant main effect of
Speech Type emerged as well, F(1, 29) = 10.27, p = .003,
nf) = .26, but no significant main effect of SNR (p > .05).
Post hoc analysis revealed that PLVs were higher for sen-
tences than for word lists at the SNR of 0 dB (p = .008,
FDR-corrected) and —6 dB (p = .008, FDR-corrected)
and that PLVs were lower at the SNR of —9 dB than 0 dB
in sentences (p = .004, FDR-corrected).

Sentences
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— -6 dB
——9 dB

1 1.5 2

C 0dB
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, \ True PLV

PLV (True — Random)

B Word lists
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Figure 5. PLVs in the delta frequency band (1-4 Hz). (A, Top) PLVs for the correct speech—brain pairing (solid line) and random PLVs (incorrect
speech-brain pairing; dashed line) obtained for sentences averaged over all 62 electrodes and over all participants for the four different SNRs. The
gray-shaded area shows a time interval of interest 600-1100 msec. (A, Bottom) Topographies of the PLVs (difference between true and random PLV)
in the delta band averaged over the time interval of interest and all participants for different SNRs. (B, Top) PLVs for the speech stimuli consisting of
random words averaged over electrodes and participants. (B, Bottom) The topographies for the PLVs in the delta band averaged over the time
interval of interest and participants. (C) Clusters of electrodes at which the PLVs were significantly different for the sentences and word lists at an SNR
of 0 dB occurred for centro-parietal electrodes (black stars) and frontal electrodes (blue stars). (D) Statistical differences for the PLVs for sentences
between the SNR of 0 dB and the SNR of —9 dB emerged at the centro-parietal electrodes (black stars; F is the F value for the post hoc test after the
significant effect of SNR regarding PLVs for sentences). Topography plots in C and D were generated in BESA Statistics 2.1.
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Figure 6. (A) Mean PLVs in the delta band at electrodes CP5, CP3, and P3 for responses to sentences and word lists for different SNRs. Significant
differences emerge between the SNR of —9 dB and the SNR of 0 dB for responses to sentences as well as between responses to sentences and to
word lists at the SNR of —6 and 0 dB (*p < .05). (B) LMM for PLVs in response to sentences. The shaded areas represent the 95% confidence interval.
Results showed only a marginally significant effect of listening effort (p = .006).

To investigate the relationship between listening effort
and delta PLV, we computed an LMM with SNR, listening
effort, and intelligibility as the fixed-effect terms and par-
ticipant as a random effect. The LMM detected a marginally
significant effect of listening effort (p = .06). It further
showed that SNR (p = .13) and intelligibility (p = .98)
were insignificant in sentences (Figure 6B). No significant
effects were found for word lists.

DISCUSSION

This study investigated the effect of background noise and
linguistic information on the phase locking between neu-
ral activity and the speech envelope in a speech-in-noise
recognition task. We found significant interaction effects
between SNR and speech type (sentences and word lists)
regarding speech intelligibility, subjective listening effort,
and the phase locking between delta-band neural activity
and the speech envelope.

For behavioral data, we found that the effect of SNR on
intelligibility and on listening effort depends on the
speech type. In particular, increasing SNR increased the
intelligibility score for sentences more than it did for
word lists. For listening effort, increasing SNR reduced

1308  Journal of Cognitive Neuroscience

the effort more for sentences than word lists. As expected
from previous studies on low- and high-predictability
sentences (Wilson, McArdl, Watt, & Smith, 2012; Bilger,
Nuetzel, Rabinowitz, & Rzeczkowski, 1984), our results
showed overall lower intelligibility and greater listening
effort for word lists than for sentences, demonstrating
the benefit of linguistic information conveyed by gram-
mar and meaning for sentences. Indeed, the syntactic
rules in sentences assist in grouping words into phrases,
facilitating speech recognition and understanding
(Ghitza, 2017; Baddeley, Hitch, & Allen, 2009). Semantic
associations allow words to be combined into conceptual
chunks and convey meaning at the sentence level
(Bonhage, Fiebach, Bahlmann, & Mueller, 2014). Linguis-
tic information has accordingly been shown to reduce
cognitive load in sentence recognition and memory
maintenance compared to random word lists, in line with
our findings (Bonhage, Meyer, Gruber, Friederici, &
Mueller, 2017).

Regarding the neural data, our analysis of the PLV
between the speech envelope and the EEG recordings
showed significant effects in the delta frequency band.
Two distinct peaks in the PLVs at the time interval of 0—
500 and 600-1100 msec after speech onset were observed
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for sentences. The first peak that emerged for both true
and random PLVs may be an evoked response to the onset
of speech. Therefore, no differences between sentences
and word lists were observed for this peak. Nonetheless,
significantly higher speech—brain phase locking in the
time interval of 600-1100 msec was observed for sen-
tences than for word lists at the SNR of 0 and —6 dB. This
might be related to the top—down control of the phase
locking by high-level linguistic processing. Sentences were
made up of subject, verb, numeral, adjective, and object
structure. The increased speech-brain phase locking for
sentences compared to word lists starts approximately
500 msec after speech onset, which is comparable to the
onset of the second word (verb) of the sentences, which is
about 451 msec (comparably, in word lists, the second
word occurs approximately 443 msec after speech onset
but did not yield an elevated PLV).

The increased PLV at this latency for sentences might be
related to the cortical tracking of subject—verb structures
in a sentence reported by Ding and colleagues (2015).
They demonstrated that the cortical response gradually
decreased within the noun phrase and then showed a
transient increase after the onset of the verb phrase. This
indicates that cortical activity is entrained into linguistic
structures that are constructed internally, based on syntax
(Ding et al., 2015; Peelle et al., 2013). Indeed, other
studies also showed delta-band speech tracking relates
to the encoding of syntactic information in connected
speech (Meyer & Gumbert, 2018; Molinaro & Lizarazu,
2018). For example, Lu, Jin, Pan, and Ding (2022) and
Coopmans, de Hoop, Hagoort, and Martin (2022) studied
the influence of sentential structure on neural tracking of
word sequences and found a significantly stronger delta-
band neural response to regular sentences than to word
lists, suggesting that delta-band neural responses are
modulated by the compositional meaning of sentence
structures.

The interaction between SNR and speech type was
characterized by the different effects of SNR on the
PLV in response to sentences and word lists. In sen-
tences, greater PLV values were observed at the SNR
of 0 dB than at the SNR of —9 dB. The coupling between
brain activity and speech is presumably reduced by noise
through energetic masking (Dimitrijevic et al., 2019).
Speech-shaped noise matches the long-term spectral
properties of the speech signal, and the spectrotemporal
energies overlap in a combination of speech and noise.
When the SNR is low, the amplitude (energy) of the
noise will dominate the neural representation in the
auditory nervous system, resulting in the poor neural
representation of the target signal (Wang & Xu, 2021;
Brungart, 2001).

Our LMM model results showed that the lowest p value
emerged for the listening effort, indicating a trend for PLV
to reflect the listening effort, although this variable was not
statistically significant. Despite the lack of significance, this
trend corroborates with the literature (Decruy et al., 2020;

Dimitrijevic et al., 2019), showing that speech tracking
decreases with listening effort.

In this study, the experimental conditions were pre-
sented using a block design paradigm. This paradigm
allows manipulating task demands across blocks to iden-
tify neural responses associated with specific processes,
but it also has some disadvantages. In each block, partici-
pants could anticipate the type of stimulus (sentences and
random word lists) and the level of SNR in subsequent tri-
als. Therefore, they might systematically change their level
of attention and effort across conditions, impacting both
the behavioral and neural data (Humphries et al., 2006).

Conclusion

In this study, we examined the effect of background noise
level and linguistic information on speech—brain coupling
during speech-in-noise recognition. Results showed an
interaction between SNR and linguistic information on
the phase locking between neural activity in the delta band
and the amplitude modulation in speech. Increased PLVs
for sentences as compared to random word lists were
observed, indicating that linguistic structure increases
the PLVs. A decrease in PLVs at the SNR of —9 dB com-
pared to the SNR of 0 dB in sentences emerged as well,
likely indicating a disruption in acoustic properties by
energetic masking that reduces speech tracking. Last but
not least, the PLV for sentences showed a decreasing trend
with increasing listening effort, indicating that listening
effort might be decoded from brain activity, although
the trend needs to be substantiated with larger-scale
studies.
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ment of Artificial Intelligence in Biomedical Engineering, Impe-
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Diversity in Citation Practices

Retrospective analysis of the citations in every article pub-
lished in this journal from 2010 to 2021 reveals a persistent
pattern of gender imbalance: Although the proportions of
authorship teams (categorized by estimated gender iden-
tification of first author/last author) publishing in the Jour-
nal of Cognitive Neuroscience (JoCN) during this period
were M(an)/M = 407, W(oman)/M = .32, M/W = .115,
and W/W = .159, the comparable proportions for the arti-
cles that these authorship teams cited were M/M = .549,
W/M = 257, M/W = .109, and W/W = .085 (Postle and
Fulvio, JoCN, 34:1, pp. 1-3). Consequently, JoCN encour-
ages all authors to consider gender balance explicitly when
selecting which articles to cite and gives them the oppor-
tunity to report their article’s gender citation balance.
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