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A B S T R A C T

The study of neural speech tracking (NST) has gained increasing attention in the field of auditory neuroscience in 
recent years. However, its contribution to speech perception in noise (SPiN), especially regarding aging and 
hearing loss, has yet to be fully explored. This systematic review examined NST in adults with and without 
hearing loss, focusing on its modulation by age, hearing impairment, and adverse acoustic conditions, as well as 
its relationship with behavioral SPiN performance. A systematic literature search identified studies using elec
troencephalography (EEG) or magnetoencephalography (MEG) to investigate NST in continuous speech pro
cessing under adverse acoustic conditions. Studies included participants with and without hearing loss, excluding 
those with neurological disorders. Various NST methods, including forward and backward modeling, coherence, 
and cross-correlation, were examined. Fifty-four studies met the inclusion criteria. Most studies focused on young 
adults, with fewer studies including older adults or individuals with hearing loss. Findings suggest that older 
adults exhibit increased NST compared to younger adults, potentially reflecting compensatory mechanisms for 
auditory processing declines. Similarly, hearing impairment was generally associated with enhanced NST, likely 
due to altered neural encoding and increased reliance on cognitive resources. The impact of adverse acoustic 
conditions, as reflected by the signal-to-noise ratio (SNR), on NST was predominantly negative, with NST 
decreasing as noise levels increased. However, some studies suggested a non-linear relationship, with NST 
peaking at intermediate SNRs. Furthermore, most studies reported a positive correlation between NST and SPiN 
performance, typically observed across individuals or conditions within homogeneous groups or pooled samples. 
While stronger tracking was generally associated with better behavioral outcomes, this relationship does not 
imply that higher NST always corresponds to better performance across different populations. Age and hearing 
loss appear to modulate NST, likely through both neural compensation and auditory processing adaptations. The 
complex effects of SNR on NST highlight the need for additional research to better understand its underlying 
mechanisms. Future studies should delve deeper into the interplay between aging, cognition, and auditory 
deficits in shaping NST, offering a more comprehensive understanding of speech processing in challenging 
acoustic environments.

1. Introduction

The study of auditory speech perception has been a topic of interest 
in electroencephalography (EEG) research for over 50 years. In the early 
70 s, research addressed subjects such as the effect of attention on the 
evoked response to speech sounds (Roth et al., 1970), the neural cor
relates of the lateralization of speech functions (Matsumiya et al., 1972; 

Morrell and Salamy, 1971), differences in neural responses between 
verbal and non-verbal stimuli (Buchsbaum and Fedio, 1970; Cohen, 
1971; Greenberg and Graham, 1970), and the effect of verbal meaning 
on EEG evoked potentials (Brown et al., 1973). A common feature of all 
these studies is the use of brief speech material such as syllables or 
monosyllabic words, with a narrow EEG signal analysis window 
restricted to the milliseconds corresponding to the length of these 
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stimuli, and neural responses averaged over multiple repetitions of the 
stimulation. This technique, known as auditory event-related potentials, 
has been used since then and has allowed researchers to address various 
questions related to speech perception. However, this technique is not 
suited to capture the extended neural response to the complex and dy
namic fluctuations in speech over time (Crosse, Di Liberto, et al., 2016) 
which include changes in both frequency and intensity, often referred to 
as spectro-temporal modulations.

In recent years, research on speech perception has begun to use 
continuous speech stimuli to characterize the neural impulse response in 
more ecological auditory scenarios as opposed to short speech stimuli 
(see a review by Brodbeck and Simon (2020)). Concurrently, new EEG 
and magnetoencephalography (MEG) response analysis techniques for 
continuous speech stimuli have emerged and are now well established in 
the scientific literature (see a review by Gillis, Van Canneyt, et al. 
(2022)). Recent neurophysiological evidence highlights that aging and 
hearing loss are not only associated with degraded temporal processing, 
but also with exaggerated cortical and subcortical envelope encoding 
(Herrmann and Butler, 2021), potentially due to neural disinhibition 
and central hyperactivity. These changes, which are particularly evident 
for low-frequency modulations, may contribute to altered speech 
perception in adverse conditions and warrant further exploration in 
continuous speech paradigms (McClaskey, 2024).

There is no consensus in the literature regarding the specific term to 
use when describing how the brain follows a long stream of speech, 
whether it is referred to as speech tracking, neural tracking of speech, 
phase coding, or neural entrainment to speech. Many of these terms are 
used interchangeably, but Obleser and Kayser (2019) emphasize dis
tinctions between them. For example, neural entrainment refers spe
cifically to the synchronization of neural oscillations with sensory 
inputs, while phase coding relates to the timing of neural activity rela
tive to the phase of the local field potential. Speech tracking and neural 
tracking, as Obleser and Kayser (2019) point out, are broader terms that 
encompass both quantitative and qualitative relationships between 
brain activity and speech stimuli, and they can be measured using 
methods like phase or power entrainment. Accordingly, we have chosen 
to use the term neural speech tracking (NST) since it captures the broader 
process of interest in this review, by which brain activity aligns with 
continuous speech, especially under adverse acoustic conditions.

Speech perception can be challenging when it occurs in the presence 
of various acoustic sources, such as environmental noise (i.e., energetic 
masking) or competing speech, whether from a single or multiple talkers 
(i.e., informational and energetic masking in the case of multiple talkers) 
(Brungart, 2001; Brungart et al., 2001; Culling and Stone, 2017; Frey
man et al., 2004, 2007). This latter situation is commonly referred to as 
the cocktail party problem (Cherry, 1953). In this review, we will use the 
acronym SPiN (Speech Perception in Noise) to refer to speech perception 
in the presence of any adverse acoustic signals. The location of the noise 
source relative to the target speech can further exacerbate listening 
difficulties to varying degrees (Arbogast et al., 2002; Freyman et al., 
2001, 1999). Additionally, differences in decibel (dB) levels between the 
target speech and the masking sound, referred to as the signal-to-noise 
ratio (SNR) (see Wang and Xu (2021) for a review on masking), are 
critical for speech intelligibility and comprehension and play a key role 
in evaluating the brain’s ability to track the speech signal in SPiN 
contexts.

SPiN difficulties present a significant challenge for many adults 
(Davis, 1989; Gilliver et al., 2013, 2015; Hannula et al., 2011; Tremblay 
et al., 2015). In addition to their negative psychological impacts, such as 
stress, anxiety, and depression, SPiN difficulties are also known to 
reduce social participation (Heine and Browning, 2002), which in turn 
leads to a higher risk of premature mortality, as shown in a 
meta-analysis by Holt-Lunstad et al. (2015). It is estimated that SPiN 
difficulties account for 5 to 15 % of all consultations in hearing-related 
health clinics (Pang et al., 2019).These difficulties can begin as early as 
the third decade of life (Jokinen, 1973) and are also observed in older 

adults without clinical hearing loss (Frisina and Frisina, 1997). As re
ported by Beck et al. (2018), approximately 12 to 15 % of adults with 
normal hearing thresholds have difficulty hearing and struggle to un
derstand speech in noise. This clinically distinct condition is known in 
the audiological and ear-nose and throat domain as the King-Kopetzky 
syndrome (King, 1954; Kopetzky, 1948; Pryce, 2006), or Obscure 
Auditory Dysfunction (Saunders and Haggard, 1989, 1992). More 
recently, the term hidden hearing loss has emerged in the literature, 
referring to cochlear synaptopathy, where it is thought that a deaf
ferentation occurs between inner hair cells and auditory nerve fibers. 
This condition is observed despite the presence of preserved outer hair 
cells, which produce normal hearing thresholds in pure tone audiometry 
but lead to significant speech-in-noise (SPiN) impairment (see a review 
by Liu et al. (2024)). SPiN difficulties are also present in the 
hearing-impaired population, generally characterized by audiometric 
thresholds elevated at or above 25 dB (CHABA, 1988; Helfer and Frey
man, 2008; Marrufo-Perez and Lopez-Poveda, 2022; Quist-Hanssen 
et al., 1978; Shapiro et al., 1972). For this population, hearing aid 
amplification provides only limited benefits (Healy and Yoho, 2016; 
Lavie et al., 2014). Taken together, evidence suggests that age and 
hearing loss are not the only contributing factors to SPiN difficulties and 
that other neurological factors might also be involved.

Neurological correlates of SPiN have been investigated through 
various methods, including MRI studies that highlight the impact of 
cortical structures on SPiN performance. Tremblay et al. found that 
decreased integrity in the arcuate fasciculus (Perron et al., 2021; 
Tremblay et al., 2018) and cortical thinning in regions of the dorsal 
speech stream including the superior temporal cortex, ventral premotor 
cortex and inferior frontal gyrus is associated with poorer SPiN 
(Tremblay et al., 2021), while Wong et al. (2008) demonstrated that 
higher noise levels were associated with increased left posterior superior 
temporal gyrus activity, correlating with decreased SPiN performance. 
In contrast, heightened activity in the right hemisphere was associated 
with better performance. Wong et al. (2009) further noted that 
improved SPiN performance in older adults was linked to increased 
activation in frontal and parietal regions, suggesting compensatory 
mechanisms for aging. Du et al. (2016) observed improved SPiN with 
increased activation in the left inferior frontal gyrus and precentral 
gyrus. In intracranial EEG studies, Berezutskaya et al. (2020) reported 
that the dorsal precentral cortex was particularly sensitive to speech 
compared to a mix of speech, music, and noise while Glanz et al. (2018)
reported that the left ventral premotor cortex showed consistent acti
vation during speech perception, regardless of whether the speech was 
presented in noise or in clear conditions. Finally, Mesgarani and Chang 
(2012) showed enhanced encoding of temporal and spectral aspects of 
attended speech in the superior and middle temporal gyri during a 
two-speaker task, and Nourski et al. (2024) linked better performance in 
degraded speech tasks to increased activity in the posterior superior 
temporal and precentral gyri. Taken together, these studies suggest a 
neurological contribution to SPiN difficulties, especially in dorsal speech 
stream regions. Although these studies provide valuable insights into the 
neural mechanisms of SPiN, it is important to note that most of them, 
apart from Glanz et al. (2018), used short speech stimuli. This limits 
their ability to fully capture the complexity of real-world speech 
perception, where speech is typically heard in a continuous stream. 
Therefore, the applicability of these findings to most everyday listening 
situations remains uncertain.

There is a growing interest in the literature in using various speech 
tracking techniques to study central auditory processing. However, to 
our knowledge, no review has yet explored how these methods can 
improve our understanding of SPiN difficulties in adults and older in
dividuals, particularly in relation to age-related changes, hearing loss, 
the impact of SNR on speech tracking, and the connection to behavioral 
data. In this review, we focused on studies that utilized continuous 
speech stimuli and included at least one comparative adverse acoustic 
condition. Given the similarities between EEG and MEG data and the 

D. Ratelle and P. Tremblay                                                                                                                                                                                                                   Hearing Research 466 (2025) 109367 

2 



fact that both can be analyzed using similar methods, we have chosen to 
include both techniques in this review. Young normal-hearing partici
pants, who are typically considered a reference group in comparative 
studies (Presacco et al., 2019), were included to provide a baseline for 
comparison with older adults with and without hearing loss, in order to 
highlight differences in NST across these populations.

The primary objective of this review was to provide an analysis of the 
literature on continuous speech tracking in adverse acoustic conditions 
among healthy adults with normal hearing or hearing loss. First, we 
aimed to descriptively evaluate the literature from a methodological 
standpoint. Second, we sought to assess the influence of adverse acoustic 
conditions on speech tracking, considering the various analysis tech
niques used, the populations studied, and the relationship between 
speech tracking and SPiN performances. Specifically, age (younger vs. 
older adults) and hearing status (normal hearing vs. hearing impaired) 
were considered as key variables of interest. Finally, we aimed to eval
uate the contribution of different speech tracking methods by analyzing 
their convergence in capturing neural processes underlying continuous 
speech processing in adverse acoustic conditions. Through this 
approach, we aimed to deepen the understanding of the neurological 
processes involved at the macroscopic level in continuous speech anal
ysis under adverse acoustic conditions, and to provide insights to guide 
future research.

2. Method

2.1. Search Strategy

We carried out a search of online databases on January 14, 2024, 
specifically PubMed and PsycNet, aiming to identify peer-reviewed 
studies that utilize EEG or MEG in the context of SPiN tasks, with a 
particular focus on NST to continuous speech methodologies. Intra
cortical EEG studies were not included because of our focus on neuro
logically healthy adults. The search strategy was designed to encompass 
a broad range of relevant studies while maintaining specificity. Key
words were selected based on their relevance to EEG or MEG, NST 
methodologies, and SPiN conditions:

PubMed
("Electroencephalography"[MeSH Terms] OR "EEG"[All Fields] OR 

"Magnetoencephalography"[MeSH Terms] OR "MEG"[All Fields]) AND 
("Speech Perception"[MeSH Terms] OR "Auditory Perception"[MeSH 
Terms] OR "Speech"[MeSH Terms] OR "speech tracking"[All Fields] OR 
"neural tracking"[All Fields] OR "speech envelope tracking"[All Fields] 
OR "phase coding"[All Fields] OR "neural entrainment"[All Fields] OR 
"neural speech tracking"[All Fields] OR "FFR"[All Fields]) AND 
("Noise"[MeSH Terms] OR "noisy environments"[All Fields] OR "white 
noise"[All Fields] OR "speech babble"[All Fields])

PsycNET
("Electroencephalography" OR "EEG" OR "Magnetoencephalography" 

OR "MEG") AND ("Speech Perception" OR "Auditory Perception" OR 
"Speech" OR "speech tracking" OR "neural tracking" OR "speech envelope 
tracking" OR "phase coding" OR "neural entrainment" OR "neural speech 
tracking" OR "FFR") AND ("Noise" OR "noisy environments" OR "white 
noise" OR "speech babble")

2.2. Selection Process

A preselection on the title and the abstract of all retrieved articles 
was performed independently by the two authors. The preselected ar
ticles were then independently assessed on the full text by the two au
thors. After full text assessment, the references of the selected articles 
were screened for additional articles, which were then independently 
assessed via the same preselection and selection processes. A web-based 
collaboration software platform that streamlines the production of sys
tematic and other literature reviews was used for this process 
(Covidence).

2.3. Selection Criteria

To be eligible for this review, studies were required to be peer- 
reviewed, quantitative in nature, and published in English. We 
imposed no restrictions on the publication date. The participants in 
these studies had to be neurologically healthy adults, including both 
younger and older individuals (i.e., without neurological, psychological, 
psychiatric, cognitive, or communication disorders), with normal 
hearing or hearing loss. Participants using hearing aids were included, 
but cochlear implant users were excluded. We selected EEG and MEG 
studies that analyzed NST in SPiN tasks using continuous speech stimuli 
(at least at the sentence level) with either male or female speakers. 
Eligible studies could include speech in the presence of spatially sepa
rated maskers, energetic maskers (e.g., white noise), or informational 
maskers (e.g., speech babble) employed at different SNR, specifically 
above 0 dB, at 0 dB, and below 0 dB. However, these studies were 
required to include natural human speech (i.e., non-synthetic speech) 
and at least one comparative condition (e.g., speech in quiet versus 
speech in noise, or speech in noise at one SNR level compared to 
another). Single case reports, case series, multiple case studies, and 
studies focused on technical, or engineering aspects were excluded.

2.4. Data Extraction

Data extraction was done independently by the first author and 
verified by a member of the laboratory or the second author. Discrep
ancies were solved by consensus. The following information was 
extracted for each study. 

• Group characteristics: This included the total number of partici
pants, their sex distribution, age range, and handedness. Additional 
details such as neurological health, cognitive status, and hearing 
status were also systematically extracted.

• Test conditions, stimuli, and SPiN tasks: Details on the mode of 
presentation, transducer type, presentation level, and whether 
soundproof booths were used were recorded. Characteristics of the 
target stimuli, their duration, the number of presentations, and 
repetitions were noted for both quiet and adverse acoustic condi
tions. The type of adverse conditions (e.g., competing talkers, multi- 
talker babble, noise, music), the use of spatialization techniques, and 
specific SNR values or individualized presentation levels were also 
documented. SPiN tasks were identified based on whether they were 
used to maintain participant engagement or to serve as a correlation 
measure.

• EEG and MEG NST methods and extracted features of the stim
uli: The methods used for NST were recorded, including their spe
cific applications and the neurophysiological data they analyzed. 
Features of the speech signal used in NST analysis were documented. 
The use of model-informed filtering methods, such as those simu
lating cochlear or subcortical processing, was also noted.

• Results from neural speech tracking methods: This included data 
on how age, hearing status, and SNR influenced NST. Associations 
between NST and behavioral data were also systematically reviewed.

3. Results

3.1. Study Selection

Online literature searches identified a total of 1102 studies matching 
the search terms: 450 in PubMed and 652 in PsycNet. After removing 
duplicates, 908 unique records remained, with an additional 11 articles 
identified from the bibliographies of the final selection of articles. Titles 
and abstracts were screened, and records not meeting the inclusion 
criteria were discarded (N = 816). All disagreements were resolved by 
consensus between the two authors. A full-text evaluation of the 
remaining 103 articles led to the exclusion of 49 articles that did not 
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meet the inclusion criteria for the systematic review, leaving 54 articles. 
In total, the systematic review included 54 studies conducted between 
2012 and 2024 (see Fig. 1). See Table 1 for a complete list of all included 
studies.

3.2. Group characteristics

3.2.1. Age, Number of Participants, Sex, and Laterality
Among all studies, 34 focused on young adults (range: 18–40 years 

old), 7 included both young and older adults (range: 20–82 years old), 7 
compared young and older adults in separate groups (range: 18–86 years 
old, with one of these study including a middle-aged group (range: 
39–60 years old), and 6 focused exclusively on older adults (range: 
51–88 years old) (see Fig. 2.A). By summing the number of participants 
reported across all studies, a total of 1276 presumed unique participants 
were included (excluding participant samples enrolled in multiple 
studies). However, the sex of participants was not specified in two 
studies, resulting in a count of 56.89 % female among the 52 studies that 
reported this information (see Fig. 2B). Regarding handedness, 25 
studies did not report participants’ handedness, 21 included only right- 
handed participants and 8 included both right- and left-handed partic
ipants (with left-handed individuals being the minority).

3.2.2. Neurological Health and Cognitive Status
Neurological health information was absent in 26 studies, while 28 

studies explicitly reported no neurological disorders. Of those, 14 were 
based on self-reporting. Similarly, speech or language disorders were not 
mentioned in 49 studies, while 5 studies mentioned the absence of such 
disorders, with 2 relying on self-reports. In terms of cognitive status, 40 
studies lacked information on this criterion, while 14 explicitly 
mentioned no cognitive disorders, 2 of which were based on self-report 
(see Fig. 2C). A total of 11 studies used at least one cognitive screening 
test including the Montreal Cognitive Assessment (MoCA) (Nasreddine 
et al., 2005) (cutoff score = 26: n = 7; cutoff score = 22: n = 3) or the 
Wechsler Abbreviated Scale of Intelligence (Zhu and Garcia, 1999) 
(cutoff score = 85: n = 4). Additionally, 12 studies included one or more 
cognitive measurements after meeting the inclusion criteria such as the 
Flanker Inhibitory Control and Attention Test (Eriksen and Eriksen, 
1974; Weintraub et al., 2013) (n = 5), the Flemish version of the Reading 
Span Test (Van den Noort et al., 2008) (n = 3), an auditory or visual 
Stroop (Cohen and Martin, 1975; Hammes, 1978) (n = 2), a Digit Span 

Test (Blackburn and Benton, 1957; Drozdick et al., 2012) (n = 4), a 
sentence span task (Lewandowsky et al., 2010) (n = 1), the Conners 
Continuous Auditory Test of Attention (Conners, 2014) (n = 1), a visual 
scanning and divided attention tasks (Zimmermann and Fimm, 2002) (n 
= 1), a tonal sequence manipulation task (Albouy et al., 2017; Foster 
et al., 2013) (n = 1) and the Word Reading Test (Eén-Minuut Test) (Brus 
and Voeten, 1973) (n = 1).

3.2.3. Hearing Status
Regarding hearing status, 40 studies included only normal-hearing 

participants, 11 included both normal-hearing (NH) and hearing- 
impaired (HI) participants, and 1 study focused exclusively on HI par
ticipants. No information on hearing status was available in 2 studies 
(see Fig. 2D). Hearing was assessed by at least one method in 31 studies: 
29 used pure-tone air conduction audiometry, with 4 of these also 
including bone conduction audiometry. One study used the Five Minutes 
Hearing Test (Koike et al., 1994), and another employed the Olden
burger Satztest, Hörtech, Germany (Wagener et al., 1999). In contrast, 
normal hearing was self-reported in 12 studies. A total of 6 studies 
explicitly compared NH and HI groups: in 5 of these, hearing impair
ment was determined using pure-tone audiometry criteria, while in one 
study it was based on SPiN difficulties. Additionally, 5 studies 
mentioned that HI participants used hearing aids. A clear definition of 
normal hearing, including threshold limits for specific frequencies, was 
provided in 20 studies, and 9 studies took interaural hearing threshold 
asymmetry into account.

3.3. Test Conditions, Stimuli, and SPiN Tasks

3.3.1. Test Conditions
The mode of presentation (i.e., monaural or binaural stimulation) 

was reported in most studies (n = 52). Binaural stimulation was 
employed in 46 studies, monaural stimulation in 4, and a combination of 
both in 2 studies. Transducers included earphones or headphones in 37 
studies, free-field presentation in 8 studies, and a combination of both 
methods in 1 study. Hearing aids were used as transducers in 1 study, 
while 7 studies did not specify the transducer type. The presentation 
level (i.e., sound intensity in decibels) was specified in 41 studies: 25 
studies used a fixed intensity, 13 studies applied a participant-adjusted 
comfortable level, and 6 studies adjusted the presentation level to ac
count for hearing loss using frequency-specific amplification. Among 

Fig. 1. Flow diagram illustrating the process of identification, screening, eligibility assessment, and inclusion of studies in the review.
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Table 1 
List of all studies included in the review, detailing participant and methodological key information.

Studies Technique N Age Hearing Status Target Stimuli Distractor Stimuli NST Method

Brodbeck et al. (2018) MEG 26 Y NH Audiobook Competing Talker FWD
Brodbeck et al. (2020) MEG 26 Y NH Audiobook Competing Talker FWD
Brown and Bidelman (2022) EEG 17 Y NH Audiobook Music FWD
Crosse, Di Liberto and Lalor (2016) EEG 42 Y NH Video Speech Noise BWD
Das et al. (2018) EEG 28 Y NH Audiobook Competing Talker 

Multitalker Babble
BWD

Decruy et al. (2019) EEG 54 Y/M/O NH Sentences 
Audiobook

Competing Talker 
Noise

BWD

Decruy, Lesenfants, et al. (2020) EEG 13 Y NH Sentences Noise FWD
Decruy, Vanthornhout and Francart (2020) EEG 28 Y + O NH/HI Sentences 

Audiobook
Competing Talker 
Noise

BWD

Desai et al. (2021) EEG 17 Y NH Sentences 
Video Speech

Competing Talker 
Music 
Noise

FWD

Destoky et al. (2019) MEG 
EEG

10 Y NH Audiobook Multitalker Babble BWD 
CHR

Ding and Simon (2012a) MEG 20 Y NH Audiobook Competing Talker FWD 
BWD

Ding and Simon (2012b) MEG 10 Y NH Audiobook Competing Talker FWD 
BWD

Ding and Simon (2013) MEG 10 Y NH Audiobook Noise FWD 
BWD

Ding et al. (2014) MEG 12 Y NH Audiobook Noise FWD
Etard and Reichenbach (2019) EEG 12 Y NH Audiobook Multitalker Babble FWD 

BWD
Fiedler et al. (2019) EEG 18 Y + O NH Audiobook Competing Talker FWD
Fuglsang et al. (2017) EEG 26 Y NH Audiobook Competing Talker 

Multitalker Babble
FWD 
BWD

Fuglsang et al. (2020) EEG 44 O NH/HI Audiobook Competing Talker FWD 
BWD

Gillis, Decruy, et al. (2022) EEG 28 Y + O NH/HI Audiobook Noise FWD
Hambrook and Tata (2019) EEG 17 Y NH Sentences Competing Talker C-C
Har-Shai Yahav and Zion Golumbic (2021) MEG 30 Y n/a Podcast 

Audiobook
Competing Talker FWD

Har-Shai Yahav et al. (2024) MEG 33 Y n/a Podcast Competing Talker FWD 
BWD

Hausfeld et al. (2021) EEG 20 Y NH Audiobook Competing Talker FWD
Karunathilake et al. (2023) MEG 34 Y/O NH Audiobook Competing Talker 

Multitalker Babble
FWD 
BWD

Keitel et al. (2018) MEG 20 Y NH Sentences Noise MI
Kong et al. (2014) EEG 8 Y NH Audiobook Competing Talker C-C
Kurthen et al. (2021) EEG 23 O NH + HI Audiobook Competing Talker 

Multitalker Babble
FWD

Lesenfants et al. (2019) EEG 19 Y NH Sentences 
Audiobook

Noise FWD

McHaney et al. (2021) EEG 19 O NH + HI Audiobook Competing Talker FWD
Mirkovic et al. (2019) EEG 31 O NH/HI Audiobooks Multitalker Babble C-C
Mohammadi et al. (2023) EEG 32 Y NH Sentences Noise PLV
Muncke et al. (2022) EEG 18 Y + O NH Sentences Competing Talker FWD
Panela et al. (2024) EEG 42 Y/O NH + HI Audiobook 

Podcast
Multitalker Babble FWD

Petersen et al. (2017) EEG 27 O NH + HI Audiobook Competing Talker C-C
Presacco et al. (2016a) MEG 32 Y/O NH Audiobook Competing Talker BWD
Presacco et al. (2016b) MEG 32 Y/O NH Audiobook Competing Talker BWD
Presacco et al. (2019) MEG 46 Y/O NH/HI Audiobook Competing Talker BWD
Puschmann et al. (2019) MEG 20 Y NH Audiobook Competing Talker BWD
Schmitt et al. (2022) EEG 101 O NH + HI Sentences Multitalker Babble 

Noise
C-C

Schubert et al. (2023) MEG 49 Y NH Audiobook Competing Talker FWD
Synigal et al. (2020) EEG 31 Y NH Audiobook Competing Talker FWD 

BWD
Vander Ghinst et al. (2016) MEG 20 Y NH Audiobook Multitalker Babble CHR
Vander Ghinst et al. (2019) MEG 20 Y NH Audiobook Multitalker Babble CHR
Vander Ghinst et al. (2021) MEG 26 Y NH/HI Audiobook Multitalker Babble CHR
Vanthornhout et al. (2018) EEG 24 Y NH Sentences Noise BWD
Verschueren et al. (2020) EEG 19 Y NH Sentences 

Audiobook
Noise FWD 

BWD
Wang et al. (2020) EEG 20 Y NH Audiobook Competing Talker FWD 

BWD
Wang et al. (2023) EEG 19 Y + O HI Audiobook Noise FWD 

BWD
Yasmin et al. (2023) EEG 39 Y NH Podcast Multitalker Babble FWD
Zan et al. (2020) MEG 32 Y/O NH Audiobook Competing Talker MI

(continued on next page)
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these, 3 studies reported different intensity levels for participants with 
normal hearing and those with hearing impairments. The presence of a 
soundproof booth was reported in 26 studies, while electromagnetic 
shielding for neurophysiological experiments (i.e., a Faraday cage) was 
mentioned in 33 studies.

3.3.2. Target Stimuli
The target continuous speech stimuli consisted of audiobooks 

(including stories and other narrative-type speech materials, which we 
grouped under the term ‘Audiobook’ due to their shared characteristics 
such as clear diction, well-structured narration, and consistent speech 
delivery) in 43 studies, isolated sentences in 12 studies, podcasts in 4 
studies, and speech from video material (dialogue from a children’s 
movie and conversational speech from a video featuring a man 
speaking) which we categorized as ‘Video Speech,’ in 2 studies. In 7 
studies, two different types of speech material were used. A total of 40 

studies included target speech stimuli presented in a quiet condition (i. 
e., in the absence of energetic or informational noise), and 14 studies did 
not have a quiet condition. Among these 40 studies, 37 provided in
formation on duration of individual trials, while information was partial 
or absent in 2 studies. The duration of single-trial stimuli in quiet con
dition ranged from 10 s to 14 min (m = 2.67 min; med = 1.02 min) for 
audiobooks (n = 33), from 1.5 s to 12.35 s (m = 3.84 s; med = 3 s) for 
sentences (n = 6), from 30 s to 7 min (m = 3.75 min; med = 3.75) for 
podcasts (n = 2), and the data from only one study using video stimuli 
was available where the duration was 1 min. The number of pre
sentations of target stimuli in quiet condition was reported in 32 studies 
but partially reported or absent in 8 studies. Fourteen studies included 
repetitions of the same speech material in their experiment where the 
number of repetitions ranged from 1 to 10 repetitions (m = 2.96; med =
2). The number of different presentations of stimuli in quiet condition 
ranged from 1 to 120 (m = 10.66; med = 4) for audiobooks (n = 30), 

Table 1 (continued )

Studies Technique N Age Hearing Status Target Stimuli Distractor Stimuli NST Method

Zhang et al. (2023) EEG 29 Y NH Audiobook Noise FWD 
BWD

Zinszer et al. (2022) EEG 24 Y NH Audiobook Noise FWD
Zoefel and VanRullen (2016) EEG 12 Y NH Audiobook Noise C-C
Zou et al. (2019) EEG 32 Y NH Audiobook Noise FWD 

BWD

Note. The table reports the number of participants included in each NST study after exclusions (N), along with the associated categories for age group (Y = young 
adults, M = middle-aged adults, O = older adults, Y/O = young and older adults in separate groups, Y + O = young and older adults combined in one group) and 
hearing status (NH = normal hearing, HI = hearing-impaired, NH/HI = normal hearing and hearing-impaired in separate groups, NH+HI = normal hearing and 
hearing-impaired combined in one group). The “Audiobook” category refers to stories or narrative speech materials, while “Video Speech” refers to speech extracted 
from audiovisual content. The table also indicates the neurophysiological technique used (EEG = electroencephalography, MEG = magnetoencephalography), the NST 
method applied (FWD = forward modeling, BWD = backward modeling, C-C = cross-correlation, CHR = coherence, PLV = phase locking value, MI = mutual in
formation). An extended version of this table including additional methodological details (the extracted speech features for NST analysis) is available in Supplementary 
Table S1.

Fig. 2. Description of the participants. (A) Distribution of the age groups targeted in the studies included in the review. (B) Proportion of male and female par
ticipants based on available data from 52 studies. (C) Reporting of cognitive status, neurological health, and speech/language disorders across the 54 studies. The 
category ‘Absence of Disorder Specified’ indicates that the authors explicitly stated the absence of disorders among participants, including cases where this absence 
was self-reported. The category ‘Not Reported’ signifies that no information was provided regarding the presence or absence of disorders. (D) Hearing status of 
participants across the 54 studies. NH refers to normal-hearing participants, while HI refers to hearing-impaired participants. This includes both self-reported and 
measured hearing levels.
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from 20 to 506 (m = 133.71; med = 40) for sentences (n = 7), and the 
data from only one study using podcasts and only one video stimuli was 
available where the number of presentations was 2 and 15 respectively. 
Fig. 3A illustrates the association between target and distractor types 
across all studies in this review.

3.3.3. Adverse Acoustic Conditions
As adverse acoustic condition, 29 studies used a competitive talker as 

the distractor (one or two competing talkers; otherwise, it was catego
rized as multi-talker speech babble), typically using the same speech 
material as the target (e.g., audiobooks, podcast, sentences). In 19 
studies noise was used (speech-weighted noise: n = 15; environmental 
noise: n = 1; movie soundtrack: n = 1; phase-specific noise: n = 1; pink 
noise: n = 1). Fourteen studies used multi-talker speech babble; the 
number of talkers was specified in 12 studies and ranged from 3 to 12 (m 
= 6.18; med = 6). Music was used as a distractor in 2 studies. Two 
different types of distractors were used in 8 studies (vocoded or syn
thetic speech was excluded if present). In 9 studies, listening conditions 
included factors influencing the spatial presentation or perception of 
sounds, such as physical separation of the sound source (n = 3), pre
senting the target and masker to opposite ears (n = 4), virtual separation 
using head-related transfer functions (n = 2), interaural time differences 
(ITD) (n = 1), and the use of directional or omnidirectional microphone 
settings in hearing aids (n = 1). Specific SNRs values were found in 34 
studies where the number of different SNR levels tested ranged from 1 to 
9 (m = 3.35; med = 3) and SNR levels ranged from − 12.5 to 12 dB SNR. 
In 9 studies individualized SNR values expressed in terms of speech 
reception threshold (SRT) or speech understanding percentage (SU %) 
were used where the number of conditions ranged from 1 to 6 (m = 3.44; 
med = 4) and the estimated SU % ranged from 6 % to 95 %. In 2 studies, 
both SNR and SU % values were used to define the level of difficulty in 
each condition. In 13 studies, no SNR or was specified. The duration of 
trials was specified in 52 studies, with partial or missing information in 2 
studies. For audiobooks, the duration of single trial ranged from 10 s to 3 
min (m = 87.5 s; med = 75 s) in noise (n = 11), from 16.69 s to 10 min (m 

= 3.77 min; med = 4.08 min) in multi-talker speech babble (n = 10), 
from 10 s to 4 min (m = 78.6 s; med = 78.6 s) in competing talker (n =
25) and was 2 min long in music (n = 1). For sentences, the duration of 
single trial ranged from 1.5 s to 10.34 s (m = 4.13 s; med = 3 s) in noise 
(n = 7), from 1.93 s to 3.6 s (m = 2.51 s; med = 2 s) in competing talker 
(n = 3), and was 10.34 s in multi-talker speech babble (n = 1). For 
podcasts, the duration of single trial ranged from 20.74 s to 44.53 s (m =
32.63 s) in competing talker (n = 2), and from 31.5 s to 7 min (m = 3.76 
min) in multi-talker speech babble (n = 2). The number of presentations 
was specified in 46 studies but partially reported or absent in 8 studies. 
For audiobooks, the number of presentations (without repetition) 
ranged from 2 to 240 (m = 42.27; med = 9.5) in noise (n = 11), from 3 to 
78 (m = 17; med = 8) in multi-talker babble (n = 10), from 3 to 360 (m =
36.64; med = 15) in competing talker paradigm (n = 25) and was 16 in 
music (n = 1). For sentences the number of presentations ranged from 30 
to 680 (m = 218.8; med = 190) in noise (n = 8), from 10 to 672 (m =
215.5; med = 90) in competing talker paradigm (n = 4), and was 30 in 
multi-talker babble (n = 1). For podcast, the number of presentations 
ranged from 3 to 20 (m = 11.5) in multi-talker babble (n = 2), and from 
15 to 72 (m = 43.5) in competing talker paradigm (n = 2). In 18 studies 
the same speech material in adverse acoustic condition was repeated 
where the number of repetitions of a single trail ranged from 1 to 14 (m 
= 2.83; med = 2).

3.3.4. SPiN Tasks
Although the terminology varies across studies, “speech intelligi

bility” typically refers to the recognition of individual words or short 
sentences, whereas “speech comprehension” or “understanding” gener
ally involves answering questions about the meaning or semantic con
tent of the speech material. In this review, 39 studies included tasks 
related to speech comprehension or understanding, while 29 studies 
focused on speech intelligibility or clarity (i.e., subjective ratings, 
number of words correctly reported). A word detection, sound detection, 
or word counting task was used in 9 studies. These tasks were designed 
to maintain participants’ attention on the stimuli or provide a 

Fig. 3. (A) Association between target type (left) and distractor type (right) across all experiments in all the studies in this review. Speech from video material (Video 
Speech) was associated with noise (n = 2) and music (n = 1). Sentences were associated with noise (n = 9), multitalker babble (n = 1), and a competing talker (n = 4). 
Audiobooks were associated with noise (n = 11), multitalker babble (n = 10), a competing talker (n = 25), and music (n = 1). Podcasts were associated with 
multitalker babble (n = 2) and a competing talker (n = 2). (B) Distribution of different types of SPiN tasks performed in NST experiments across the studies in this 
review. "Comprehension" tasks are sometimes referred to as speech understanding tasks in certain studies. "Intelligibility" encompasses tasks assessing speech clarity, 
while “Effort” refers to listening effort tasks. “Detection” includes speech, word, or sound detection tasks, and “Passive” corresponds to passive listening tasks.
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quantitative measure for correlation analysis with NST (see Section 
3.5.4 for details on tasks analyzed in relation with the NST). Listening 
effort or difficulty ratings were assessed in 8 studies, and 2 studies 
employed a passive listening paradigm (see Fig. 3B). In total, 25 studies 
featured two tasks, with the most common combination being compre
hension and intelligibility tasks (n = 20), and 3 studies included three 
tasks: comprehension, intelligibility, and listening effort or detection 
related tasks. Among all the studies, only 16 explicitly specified the 
exact response mode (i.e., verbal response or keyboard input). Addi
tionally, 10 studies used the Matrix Sentences test (e.g., Luts et al. 
(2014); Wagener (1998)), 5 used the Quick Speech-in-Noise test (Killion 
et al., 2004), and 3 used the Hearing in Noise Test (e.g., Hällgren et al. 
(2006); Nielsen and Dau (2009); Nilsson et al. (1994)). As these tests 
involve word or sentence recognition, they were categorized as speech 
intelligibility tasks in our analysis.

3.4. NST Methods and extracted features of the stimuli

3.4.1. NST Methods
A total of 35 studies using EEG and 20 studies using MEG met our 

inclusion criteria for NST analysis with continuous speech in noise, with 
one study employing both EEG and MEG. We identified six NST 
methods: forward modeling, backward modeling, cross-correlation, 
coherence, phase locking value, and mutual information. Forward 
modeling was used in 32 studies. This method typically relies on tem
poral response functions (TRFs) to predict the neurophysiological 
response (e.g., EEG or MEG) based on the spectro-temporal character
istics of the speech stimulus (Crosse, Di Liberto, et al., 2016; Crosse et al., 
2021). The accuracy of this prediction is typically assessed by quanti
fying how well the predicted neural response aligns with the recorded 
EEG or MEG signals. Various metrics can be derived from the TRF, 
including peak amplitude, power, and latency, which quantify the 
strength and temporal dynamics of NST. Backward modeling, applied in 
24 studies, involves reconstructing the speech stimulus (e.g., the speech 
envelope) from the neurophysiological response (Crosse, Di Liberto, 
et al., 2016; Crosse et al., 2021). The strength of NST in this approach is 
reflected in the reconstruction accuracy, which quantifies how well the 
reconstructed stimulus correlate with the original speech signal. For
ward and backward modeling were used together in 14 studies. 
Cross-correlation, employed in 6 studies, estimates the similarity be
tween two time-series, such as the speech envelope and the neural 

responses (e.g., EEG), as a function of temporal lag (e.g., Schmitt et al. 
(2022)). While primarily used to quantify NST strength via a correlation 
coefficient, this method can also estimate neural response latency by 
identifying the time lag at which the correlation is maximal. Coherence, 
used in 4 studies, measures the coupling strength between the speech 
signal and the neural response within specific frequency bands (Halliday 
et al., 1995). Higher coherence values indicate stronger NST at specific 
frequencies. Phase locking value was applied in 2 studies to quantify the 
consistency of phase alignment between two signals (Lachaux et al., 
1999), such as the speech envelope and neural oscillations, across 
different frequencies and time points (e.g., Mohammadi et al. (2023)). 
Higher phase locking values indicate stronger phase synchronization, 
reflecting a stronger NST. Mutual information, used in 2 studies, cap
tures the extent to which two events are mutually constraining (e.g., 
Keitel et al. (2018)). Higher mutual information values indicate stronger 
statistical dependency between the speech signal and neural responses, 
reflecting a stronger NST. See Fig. 4A for a summary of the NST methods 
used in this review.

3.4.2. Extracted Features of the Stimuli
To assess NST through the methods outlined above, specific features 

of the speech signal, such as the envelope, the spectrogram, or the timing 
of distinct linguistic units, must be extracted to enable meaningful 
comparisons with neurophysiological responses. The speech envelope 
represents the amplitude modulations over time, with peaks typically 
corresponding to prominent linguistic features, such as syllabic rhythm 
and word onsets. The vast majority of studies included in this review 
used the amplitude envelope of the speech signal as the primary acoustic 
predictor for NST analyses. Specifically, 53 studies extracted the enve
lope of the target speech. Of these, 28 also extracted the envelope of the 
distractor signal, and 11 extracted the combined envelope of the target 
and distractor signals. Notably, 5 studies extracted both the target en
velope and the combined target-distractor envelope, but not the dis
tractor envelope alone. The temporal alignment of distinct linguistic 
units (e.g., phrases, words, syllables, vowels, consonants, phonemes) 
was extracted for speech tracking analysis in 5 studies. The spectrogram 
of a speech signal represents the distribution of acoustic energy across 
frequencies over time. By averaging energy across frequency bands, the 
spectrogram can be used to derive a broadband amplitude envelope, 
though this term also applies to envelopes extracted directly from the 
waveform using, for example, Hilbert transform. Alternatively, the 

Fig. 4. (A) Distribution of NST analysis methods across the studies included in the review. (B) Speech features extracted for NST analysis across the 54 studies.
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spectrogram itself can be used directly as a multiband predictor to 
compute NST. Four of the studies included in this review computed 
speech tracking directly from the spectrogram, enabling the model to 
track frequency-specific temporal modulations rather than relying on a 
single amplitude envelope. In 7 studies, acoustic onset representations 
were derived from either the speech envelope or the spectrogram, 
typically by rectifying the temporal derivative to isolate positive tran
sitions, or by applying auditory models specifically designed to 
emphasize rapid increases in acoustic energy. Additionally, semantic 
features including word entropy, word surprisal, semantic violation, and 
semantic dissimilarity were incorporated in 3 studies (see Fig. 4B). 
Extracting the speech envelope generally involves low pass filtering the 
speech signal, while extracting the spectrogram often captures a broader 
range of frequencies. This extraction process aligns with established 
models of cochlear and subcortical auditory processing (e.g., Biesmans 
et al. (2017); Glasberg and Moore (1990); Irino and Patterson (2006); 
Patterson et al. (1988); Patterson et al. (1995); Yang et al. (1992)). This 
model-informed filtering was applied in 29 studies in this review. See 
Supplementary Table S1 for a detailed overview of the speech features 
extracted in each study.

3.5. Results from NST Methods

3.5.1. Age-Related Differences in NST
In this review, 14 studies included samples with an age range broad 

enough to examine age-related differences in NST. Of these, 7 studies 
included both young and older adults in a single group, 6 studies 
compared young and older adults in separate groups, and one study 
compared young, middle-aged, and older adults across three distinct 
groups. However, only 9 of these studies conducted specific analyses to 
investigate age-related differences in NST.

Five studies used backward modeling, all of which showed higher 
NST values for older participants across SNR conditions (Decruy et al., 
2019; Decruy, Vanthornhout, and Francart, 2020; Presacco et al., 2016a, 
2016b, 2019). In two of these studies, higher NST was found to be higher 
for both attended and unattended speech in older adults in most of the 
tested conditions (Presacco et al., 2016b, 2019). Notably, Decruy et al. 
(2019) reported that tracking remained stable from 17 to 50 years old, 
followed by a gradual increase with advancing age; this was the only 
study to include a distinct middle-aged group (aged between 39 and 60 
years old). Two studies used a forward model; one reported higher NST 
for older adults in all conditions (Panela et al., 2024), while the other 
found higher NST with aging only in noisy conditions (Gillis, Decruy, 
et al., 2022). One study employed both forward and backward models, 
reporting higher NST (in both models) in older adults for both attended 
and unattended speech (Karunathilake et al., 2023). Regarding the la
tency of the neural response, Gillis, Decruy, et al. (2022) observed that 
the N1 peak latency of spectrogram tracking significantly decreased 
with age in quiet conditions, although the age effect was not robust in 
the presence of background noise. Additionally, Karunathilake et al. 
(2023) analyzed averaged latencies across noise conditions and found 
that, compared to younger adults, older adults exhibited a significantly 
earlier M50TRF peak, no significant latency difference for the middle 
M100TRF peak, and a significantly delayed late M200TRF peak 
(reflecting early, middle, and late responses of the MEG TRF at ~50, 
100, and 200 ms, respectively). In one study using mutual information 
analysis, Zan et al. (2020) found that older adults exhibited significantly 
larger neural responses than younger adults across all three peaks of the 
temporal mutual information function MI50, MI100, and MI200 
(occurring at approximately 50 ms, 100 ms, and 200 ms, respectively) in 
both clean and noisy speech conditions. This exaggerated tracking was 
observed for both foreground and background speech. In addition, 
age-related differences in hemispheric lateralization were observed. 
Younger adults showed a significant right-lateralized response for the 
MI100 peak and a trend toward right-lateralization for MI200, while 
older adults exhibited more bilateral patterns. For MI200, a significant 

age-related difference was found suggestive of a reduced 
right-hemisphere dominance in older listeners.

In sum, most studies reported higher NST in older adults compared to 
younger adults, with largely consistent findings across NST methods. 
The details of the studies supporting the analysis of age-related differ
ences in NST are provided in Supplementary Table S2 and a summary of 
these findings is provided in Fig. 5A.

3.5.2. Hearing-Related Differences in NST
To investigate the effect of hearing impairment on NST, we focused 

on 11 studies that included both NH and HI participants. Among these, 5 
included NH and HI adults in one group, while the remaining 6 
compared NH and HI adults in separate groups. However, only 9 of these 
studies conducted specific analyses to examine the impact of hearing 
impairment on NST. An increase in NST associated with hearing loss was 
found in 5 studies: 1 used backward modeling (Decruy, Vanthornhout, 
and Francart, 2020), 1 used forward modeling (Gillis, Decruy, et al., 
2022), 2 employed cross-correlation (Mirkovic et al., 2019; Schmitt 
et al., 2022), and 1 used both forward and backward modeling with 
consistent outcome (Fuglsang et al., 2020). Conversely, 3 studies 
(Kurthen et al., 2021; Petersen et al., 2017; Presacco et al., 2019), using 
forward, cross-correlation, and backward modeling respectively, re
ported no increase in NST related to hearing loss. Additionally, one 
study (Vander Ghinst et al., 2021) using coherence analysis character
ized hearing impairment based on SPiN difficulties despite normal 
audiometric thresholds. This study found lower NST but a higher func
tional connectivity at 4–8 Hz between the auditory cortex and 
language/attention-related brain areas among SPiN-impaired partici
pants compared to NH participants using a coherence NST method. 
Regarding neural response latency, Gillis, Decruy, et al. (2022) reported 
that TRFs were delayed in HI compared to NH participants in the quiet 
condition. Furthermore, while NH participants exhibited a latency 
decrease as speech understanding improved in noise for all peaks of the 
TRF, this effect was only observed for the P2 peak of the spectrogram in 
HI participants.

In sum, hearing impairment based on audiometric thresholds was 
associated with higher NST in most studies, while one study suggested 
that hearing impairment characterized by SPiN difficulty in the presence 
of normal audiometric thresholds could be associated with lower NST. 
The details of the studies supporting the analysis of hearing status dif
ferences in NST are provided in Supplementary Table S3 and a summary 
of these findings is provided in Fig. 5B

3.5.3. Impact of SNR on Neural Speech Tracking
To investigate the general impact of SNR on NST, we first examined 

the 34 studies that included only younger adults. From this group, we 
excluded 10 studies where SNR values were not specified and 3 study 
lacking specific information on the effect of SNR on NST which left 21 
studies: 6 using a forward modeling (only); 3 using a backward modeling 
(only); 6 using forward and backward modeling; 1 using backward 
modeling and coherence (without information relative to SNR for the 
backward approach); 3 using coherence (only); 1 using cross- 
correlation; and 1 using phase locking value.

In studies using the forward modeling approach, 8 studies reported a 
general tendency of reduction in NST as noise increases (Decruy, 
Lesenfants, et al., 2020; Ding and Simon, 2013; Lesenfants et al., 2019; 
Verschueren et al., 2020; Wang et al., 2020; Yasmin et al., 2023; Zinszer 
et al., 2022; Zou et al., 2019). However, in three of these studies, NST 
increased at moderate noise levels but decreased at higher or lower noise 
intensities (Lesenfants et al., 2019; Yasmin et al., 2023; Zou et al., 2019). 
An absence of a clear relationship between SNR and NST was reported in 
3 studies using the forward approach (Brown and Bidelman, 2022; Ding 
et al., 2014; Zhang et al., 2023). In one of the studies using forward 
modeling, an increase in NST was observed as SNR decreased only for 
stimuli presented in the first language (L1) of participants (Zinszer et al., 
2022). Studies investigating the effect of SNR on the latency of forward 
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modeling responses consistently show that higher noise levels tend to 
delay neural response latency (Brown and Bidelman, 2022; Ding and 
Simon, 2013; Verschueren et al., 2020; Wang et al., 2020; Yasmin et al., 
2023; Zhang et al., 2023). However, Zhang et al. (2023) also reported 
that as SNR decreased, pre-onset semantic TRF latencies occurred pro
gressively earlier.

Studies using backward modeling consistently reveal a trend of 
decreasing NST as SNR decreases (Crosse, Di Liberto, and Lalor, 2016; 
Verschueren et al., 2020; Wang et al., 2020; Zou et al., 2019). However, 
Ding and Simon (2013) found that reconstruction of the underlying 
speech envelope remained stable until − 9 dB SNR, at which point it 
dropped. Earlier findings from the same group (Ding and Simon, 2012a) 
showed that, within a SNR range of ±8 dB, both forward models (using 
the spectrogram) and backward models (using the envelope) exhibited 
stable neural responses and reconstruction accuracy despite changes in 
relative intensity, supporting the existence of an object-based gain 
control mechanism. Zhang et al. (2023) showed that NST (reconstruc
tion accuracy) decreased with decreasing SNR at the acoustic level, 
while NST at the semantic level exhibited no significant variation across 
SNR levels. Interestingly, one study found that NST in quiet conditions 
was lower than at intermediate SNR levels. In this study, Das et al. 
(2018) demonstrated that both attended and unattended speech corre
lations were lower in quiet conditions compared to when noise was 
present. Neural tracking of attended speech decreased with lower SNR, 
while unattended speech tracking remained relatively stable. However, 
the separation between attended and unattended speech correlations 
diminished as SNR decreased.

Studies using coherence also consistently showed a trend of 
decreasing NST as SNR decreased (Destoky et al., 2019; Vander Ghinst 
et al., 2019, 2016). Similarly, Vander Ghinst et al. (2021) found that 
cortical tracking of attended speech declined with lower SNR in the <1 
Hz and 1–4 Hz bands (in NH participants). Interestingly, this study also 
revealed that, in the 4–8 Hz band, tracking peaked at intermediate SNRs 
(10 and 5 dB) and was weaker at both ends of the tested SNR continuum, 
such as quiet, 0 dB, and − 5 dB SNR. Studies using cross-correlation and 
phase locking value provided additional insights into the effects of SNR 
on NST. Kong et al. (2014) found no significant effect of SNR on NST for 
either attended or unattended speech. However, for unattended speech, 
N1 and P2 latencies were significantly delayed, and amplitudes were 
reduced compared to attended speech. In contrast, Mohammadi et al. 
(2023) reported that phase locking values were significantly lower at − 9 
dB compared to 0 dB for sentence stimuli. In sum, most studies involving 

young adults found that NST decreases as SNR decreases. The details of 
the studies supporting the analysis of SNR-related differences in young 
adults are provided in Supplementary Table S4.

Next, we examined the 6 studies that included only older adults. 
Among those, two studies did not specify SNR values and were excluded, 
leaving four studies for analysis. Among these, two studies used the 
forward method: one observed a decrease in NST as SNR decreased 
(McHaney et al., 2021), while the other found no specific SNR-related 
decrease but noted differences in NST based on the number of back
ground talkers (2 vs. 8) (Kurthen et al., 2021). The remaining two 
studies used the cross-correlation method, and both reported a decrease 
in NST as SNR decreased (Petersen et al., 2017; Schmitt et al., 2022). 
However, one study highlighted that this effect was significant only for 
babble noise, with no difference observed for pink noise (Schmitt et al., 
2022). Overall, most studies including older adults found that NST de
creases as SNR decreases, though the effects varied depending on the 
type of noise conditions. The details of the studies supporting the 
analysis of SNR-related differences in older adults are provided in Sup
plementary Table S5.

Next, we examined the 7 studies including both young and older 
adults (in one group). Of this set of study, 2 were excluded where SNR 
values were not specified NST which left 5 studies. Among those, 2 
studies included both NH and HI participants (Decruy, Vanthornhout, 
and Francart, 2020; Gillis, Decruy, et al., 2022). Importantly, these two 
studies used the same participant sample and therefore cannot be 
considered independent. Among these 5 studies (4 independent sam
ples), 1 study used backward modeling, 3 used forward modeling, and 1 
applied both methods. Despite a relatively large participant age range 
across these studies (from the 20 s to 80 s), only 2 (Decruy, Van
thornhout, and Francart, 2020; Gillis, Decruy, et al., 2022) provided 
specific analyses on the interaction between SNR, age, and NST. Both 
studies (same participant sample) reported higher NST with increasing 
age and more favorable SNRs. The remaining studies did not specifically 
analyze the effect of age but generally observed a decrease in NST as 
SNR decreased (Fiedler et al., 2019; Muncke et al., 2022; Wang et al., 
2023).

Finally, in the 7 studies that analyzed young and older adults in 
separate groups, only one explicitly included older adults with hearing 
impairment (Presacco et al., 2019). Using forward modeling, Panela 
et al. (2024) found no significant interaction between age, SNR, and 
NST. In this study, TRF amplitudes decreased in the early time window 
(0.03–0.06 s) in the presence of noise, while an increase was observed in 

Fig. 5. (A) Summary of age-related differences in NST between younger adults (YA) and older adults (OA) as a function of NST methods and analysis across the 7 
studies that examined this question. For further details, see Section 3.5.1 and Supplementary Tables S2. (B) Summary of hearing status-related differences in NST 
between normal-hearing (NH), hearing-impaired based on audiometric thresholds (HI), and hearing-impaired participants based on SPiN difficulties, as a function of 
NST methods and analysis across the 9 studies that examined this question. The symbols 〈 and 〉 indicate a lower or higher NST index for one population relative to 
the other, while = denotes no significant difference between the two groups. The abbreviations Att. and Unatt. refers to the NST of the attended and unattended 
speech respectively. The label “Latency Differences” refers to observed differences in the timing of neural responses as a function of age or hearing status. For further 
details, see Section 3.5.2 and Supplementary Tables S3.
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a later time window (0.09–0.13 s). In one study combining forward and 
backward modeling, Karunathilake et al. (2023) found that the M50TRF 
amplitude (an early prominent peak occurring around 50 ms in the TRF 
measured via MEG) decreased from quiet to noise for both age groups, 
with older adults showing a stronger reduction. The M100TRF ampli
tude (a peak occurring around 100 ms in the TRF) increased, while the 
M200TRF amplitude (a peak occurring around 200 ms in the TRF) 
decreased in older adults under noisy conditions, with no significant 
changes observed in younger adults. For both age groups, noise delayed 
the peak latencies of all three TRF components. Reconstruction accuracy 
of the attended talker envelope also declined significantly from quiet to 
noisy conditions in both groups. In the 4 studies using backward 
modeling, a stronger decline in NST with decreasing SNR was observed 
for older adults compared to younger adults (Decruy et al., 2019; Pre
sacco et al., 2016a, 2016b, 2019). Presacco et al. (2019) also noted that 
older adults with hearing impairment demonstrated a significant decline 
in reconstruction values with decreasing SNR, which was not observed 
in younger or NH older adults. Decruy et al. (2019) showed that the 
age-related increase in envelope tracking was greater than a linear trend 
would predict, and that this increase interacted with speech under
standing levels derived from individualized SNRs. This age-related in
crease was steeper for Matrix sentences than for audiobook materials 
and was significantly reduced at 0 dB SNR compared to the no-noise 
condition. The effect of age on envelope tracking was attenuated at 
lower speech understanding levels, corresponding to more challenging 
SNRs. Similarly, Zan et al. (2020) found that older adults exhibited 
significantly higher mutual information levels at all three peaks (MI50, 
MI100, MI200), across all SNRs, for both foreground and background 
speech. However, age modulated how MI200 responded to changes in 
SNR: in younger adults, MI200 remained stable for foreground speech 
but declined for background speech, whereas in older adults, MI200 
declined for foreground speech and increased for background speech.

In sum, most studies reported a decline in NST with decreasing SNR, 
with a stronger impact observed in older adults compared to younger 
adults. The details of the studies supporting the analysis of SNR-related 
differences between young adults and older adults are provided in 
Supplementary Tables S6 and S7.

3.5.4. Relation Between NST and Behavioral SPiN Tasks
Another important aim of this review was to examine the relation

ship between NST and behavioral outcomes from SPiN tasks. Of the 54 
studies included in the review, 25 studies did not explore this relation
ship, while the remaining 29 studies did. Not all SPiN task outcomes 
included in the studies were analyzed in relation to NST, as some tasks 
were only intended to maintain participants’ attention to the ongoing 
stimulus. The outcomes from these studies are detailed in Supplemen
tary Table S8. The tasks in these studies included speech intelligibility (n 
= 15), speech comprehension or understanding (n = 14), listening effort 
(n = 4), speech or sound detection (n = 3), and speech clarity (n = 2).

A positive association between speech intelligibility tasks and NST 
has also been found in many studies (Das et al., 2018; Ding and Simon, 
2013; Lesenfants et al., 2019; Vander Ghinst et al., 2016; Vanthornhout 
et al., 2018; Verschueren et al., 2020), with the effect being more pro
nounced in older adults, as shown by Karunathilake et al. (2023). In 
contrast, Presacco et al. (2016a, 2016b) found no significant correla
tions between QuickSIN scores and NST in either younger or older 
adults. Notably, both studies, along with Zan et al. (2020), were based 
on the same participant sample. Using a mutual information approach, 
Zan et al. (2020) reported a negative association between MI200 levels 
and QuickSIN performance in older adults. An inverse relationship has 
also been observed, where latency increases as intelligibility decreases, 
in several studies (Karunathilake et al., 2023; Yasmin et al., 2023). This 
was true only for sentences compared to stories in Verschueren et al. 
(2020), and the effect became more pronounced as noise levels 
increased, according to Zhang et al. (2023). In contrast, some studies 
found no significant relationships between NST and intelligibility 

(Kurthen et al., 2021; Mohammadi et al., 2023; Schmitt et al., 2022).
Several studies found a positive association between NST and speech 

comprehension/understanding (Decruy, Lesenfants, et al., 2020; Keitel 
et al., 2018; Kurthen et al., 2021; McHaney et al., 2021; Verschueren 
et al., 2020), with similar findings reported by Decruy et al. (2019), who 
observed that envelope tracking increased with speech understanding in 
middle-aged and older NH adults, and that this increase was steeper in 
older adults. This pattern was observed across both NH and HI partici
pants (Decruy, Vanthornhout, and Francart, 2020; Gillis, Decruy, et al., 
2022; Schmitt et al., 2022), and stronger for native language than sec
ond language (Zinszer et al., 2022). When considering the peak latency 
of the NST (TRF) in relation with comprehension, an inverse relation
ship was often observed where latency increased as comprehension 
decreased (Brown and Bidelman, 2022; Zhang et al., 2023). While this 
mechanism remained true for NH participants, Gillis, Decruy, et al. 
(2022) suggested that it may only apply to one peak (P2 of the spec
trogram tracking) in HI participants. Additionally, Etard and Reich
enbach (2019), reported that the maximum correlation between NST 
and comprehension occurs in the delta band between − 100 to 240 ms 
following stimulation. However, Har-Shai Yahav and Zion Golumbic 
(2021) found no significant relationship between comprehension per
formance and neural data.

When examining the relation between listening effort and NST, most 
studies found no association (Decruy, Vanthornhout, and Francart, 
2020; Schubert et al., 2023), or only a marginally significant negative 
relationship as reported by Mohammadi et al. (2023). However, Decruy, 
Lesenfants, et al. (2020) reported that when participants understood the 
sentences well, NST decreased with increasing self-reported effort and 
reaction times in a dual-task paradigm. Conversely, when speech was 
harder to understand, NST increased with greater effort.

In studies examining the relation between speech clarity and NST, 
Etard and Reichenbach (2019) showed that at 160 ms latency following 
stimulation, NST correlated most strongly with speech clarity. On the 
other hand, Zhang et al. (2023), (in supplementary analyses) revealed 
significant negative correlations between NST and clarity ratings, 
although these findings were not further elaborated in the main text.

In studies examining the relation between speech detection and NST, 
Crosse, Di Liberto and Lalor (2016) and Puschmann et al. (2019)
observed a significant positive relationship between NST and detection 
performance, although Crosse, Di Liberto and Lalor (2016) used a task 
that included visual stimuli. In contrast, Zou et al. (2019) found no 
significant relation between behavioral sound detection accuracy and 
NST under any condition.

In sum, most studies examining the relationship between behavioral 
performance and NST reported a positive association, where higher NST 
was linked to better task outcomes. Additionally, when response la
tencies were analyzed, many studies observed increased delays in neural 
responses corresponding to poorer behavioral performance.

4. Discussion

This review aimed to analyze the literature on NST during contin
uous speech processing in adverse acoustic conditions. Specifically, we 
focused on NST in relation to age, hearing loss, SNR, and SPiN perfor
mance. We found that most studies primarily focused on young adults 
without hearing impairments, while information on participants’ 
neurological and cognitive health was inconsistently reported. Audio
books were the most frequently used target material, and competing 
talkers were the most common adverse acoustic condition, with specific 
SNR values ranging from − 12.5 to 12 dB. SPiN tasks were predomi
nantly focused on speech intelligibility and comprehension. Most studies 
employed EEG to measure NST, with forward modeling being the most 
widely used method among the six identified approaches. NST primarily 
relied on the speech envelope, and more than half of the studies applied 
model-informed filtering to align with established auditory processing 
models. In sum, most studies comparing young and older adults reported 
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higher NST in older adults. Hearing impairment, as determined by 
audiometric thresholds, was associated with increased NST in most 
studies comparing NH and HI participants. Across studies, NST generally 
decreased as SNRs became less favorable, while the latency of the neural 
response tended to increase under the same conditions. Finally, most 
studies examining the relationship between behavioral performance and 
NST reported a positive association, where higher NST was linked to 
better SPiN task outcomes.

4.1. Underlying Mechanism of Age Differences in NST

The review highlights an underrepresentation of older adults in 
studies examining NST. While 34 studies focused exclusively on young 
adults, only 6 included older adults as the sole focus, 7 directly 
compared young and older cohorts, and another 7 included both young 
and older adults in a unique sample. However, in the 9 studies where the 
relation between age and NST was analyzed, all studies tended to 
demonstrate higher NST in older adults.

While Gillis, Decruy, et al. (2022), who used the same participant 
sample as Decruy, Vanthornhout and Francart (2020), were cautious in 
interpreting the enhanced NST in older adults (suggesting that the 
observed age effects might have been influenced by the three younger 
age-matched pairs) other studies have proposed various hypotheses to 
explain the NST enhancement associated with aging.

First, NST enhancement could be linked to an age-related imbalance 
between excitatory/inhibitory neural mechanisms mediated by gamma- 
aminobutyric acid (GABA) in the central auditory pathway, as suggested 
by Karunathilake et al. (2023), Panela et al. (2024), Presacco et al. 
(2016a, 2016b, 2019), and Zan et al. (2020). This hypothesis is sup
ported by findings from both animal studies (e.g., de Villers-Sidani et al. 
(2010), Hughes et al. (2010), Juarez-Salinas et al. (2010)) and human 
studies (e.g., Dobri and Ross (2021), Harris et al. (2022), Lalwani et al. 
(2019), Ross et al. (2020)). The resulting higher neural activity may 
contribute to diminishing temporal, spectral, and spatial precision, 
which in turn, could increase difficulties in SPiN tasks (Herrmann and 
Butler, 2021). This excitatory/inhibitory imbalance hypothesis is 
further supported by findings showing that older adults exhibit higher 
NST (Decruy et al., 2019) even for unattended speech, as reported by 
Decruy, Vanthornhout and Francart (2020), Karunathilake et al. (2023), 
Presacco et al. (2016b, 2019) and Zan et al. (2020) reinforcing the 
notion that reduced neural inhibitory mechanism efficiency may un
derlie age-related changes in auditory neural processing.

Secondly, age-related NST enhancement could be explained by 
redundant neural processing across cortical regions involved in speech 
comprehension, which might serve to compensate for reduced cortical 
connectivity, as suggested by Karunathilake et al. (2023), Presacco et al. 
(2016a, 2016b, 2019) and Zan et al. (2020). According to Peelle et al. 
(2010) this compensation involves increased activity in frontal regions 
outside the core sentence-processing network, which helps offset the 
reduced coherence between activated cortical areas in older adults.

Finally, the amplified age-related NST might reflect recruitment of 
additional cortical regions through top-down compensatory mecha
nisms as suggested by Karunathilake et al. (2023), Panela et al. (2024), 
Presacco et al. (2016a), and Zan et al. (2020) based on findings of prior 
research (Pichora-Fuller et al., 2016; Rumschlag et al., 2022; Vaden 
et al., 2015; Wild et al., 2012; Wong et al., 2010). Presacco et al. (2019)
emphasized that age, rather than peripheral hearing loss, appears to be 
the primary factor driving these enhanced cortical responses. The min
imal differences observed between HI and NH older participants, 
compared to younger NH individuals, suggest that the exaggerated NST 
in older adults cannot be solely attributed to hearing impairment.

Regarding the latency of neural responses, only two studies have 
reported findings. Both studies observed a decrease in the latency of 
early responses in older adults, specifically the N1 of the spectrogram in 
Gillis, Decruy, et al. (2022) and the M50TRF in Karunathilake et al. 
(2023). Karunathilake et al. (2023) suggested that this earlier response 

in older adults reflects an excitation/inhibition imbalance favoring 
excitation compared to younger adults. They also proposed that this 
early response might result from an increased mid-latency response 
amplitude (M100TRF), which could shorten the latency of the earlier 
peak. Additionally, Karunathilake et al. (2023) found that older adults 
exhibited a delayed mid-latency response (M100TRF) and a significantly 
delayed late-latency response (M200TRF) compared to younger adults. 
Supported by Parthasarathy et al. (2020), they suggested that older 
adults may compensate for degraded afferent input by over-relying on 
middle- and late-stage processing mechanisms, engaging additional 
cortical regions and compensatory strategies at later stages. Although 
Zan et al. (2020) reported enhanced mutual information amplitudes 
across all latencies (50, 100, and 200 ms) in older adults compared to 
younger ones, they did not report any latency differences between age 
groups. Visual inspection of the mutual information function time 
courses presented in the figures suggests similar peak timing across 
groups, indicating that the observed age-related effects are primarily 
driven by response magnitude rather than latency shifts. Future studies 
could examine whether the timing of mutual information peaks differs 
with age, as has been shown in TRF-based studies.

To sum up, this review underscores the underrepresentation of older 
adults in NST research, despite consistent findings that NST is higher in 
older adults. Higher NST in older adults has been linked to age-related 
excitatory/inhibitory imbalances, compensatory neural recruitment, 
and increased cortical activity outside core processing networks. These 
findings suggest that aging, rather than hearing loss alone, plays a key 
role in driving NST enhancement, highlighting the need for further 
research to disentangle the mechanisms underlying these changes and 
their implications for auditory processing and SPiN in older populations.

4.2. Underlying Mechanism of Hearing-Related Differences in NST

In addition to highlighting the underrepresentation of older adults in 
NST research, this review also reveals a significant scarcity of HI par
ticipants in studies examining NST. Only 11 studies included both NH 
and HI participants, and only 9 conducted specific analyses to examine 
the impact of hearing impairment on NST.

Hearing loss was associated with higher NST in a slight majority of 
these studies (n = 5). Decruy, Vanthornhout and Francart (2020)
highlighted that hearing loss has been associated with lower amplitude 
detection thresholds (Fullgrabe et al., 2003; Wallaert et al., 2017) and 
better sensitivity to suprathreshold modulations (Moore et al., 1996) in 
previous behavioral studies. They suggested that these findings may be 
linked to the enhanced NST observed in individuals with hearing loss in 
their study. They also specified that difference in participant-specific 
SNRs between NH and HI could not explain the effects since the same 
result was observed when SNRs were similar in both groups (e.g., fixed 
SNR condition). Fuglsang et al. (2020) pointed out that enhanced NST 
could be a peripheral inherited characteristic since damage to outer hair 
cells in presbycusis reduces cochlear compression (Ruggero and Rich, 
1991), resulting in steeper level-response functions and loudness 
recruitment (Moore and Oxenham, 1998) and may, in turn, enhance 
envelope synchrony in auditory nerve fibers (Kale and Heinz, 2010).

Most authors who observed enhanced NST in HI participants have 
interpreted this phenomenon as a potential compensatory mechanism, 
although each proposed different underlying explanations. Based on 
animal studies (Chambers et al., 2016; Hughes et al., 2010; Salvi et al., 
2016), Fuglsang et al. (2020) suggested that increased excitability of 
central neurons could help minimize sensitivity loss but could also lead 
to hyperactivity for mid- and high-level sounds. As for Decruy, Van
thornhout and Francart (2020), they suggested that enhanced NST in HI 
adults might reflect compensatory cortical processing to offset a 
potentially degraded subcortical response since hearing impairment 
have been associated with a higher interdependence between subcor
tical and cortical levels of the auditory system (Bidelman et al., 2014; 
Presacco et al., 2019).
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Based on previous findings suggesting that adults with hearing loss 
perform worse on cognitive tests and need more effort compared to NH 
individuals (Humes et al., 2013; Lin et al., 2011; Ohlenforst et al., 2017), 
Decruy, Vanthornhout and Francart (2020) proposed a compensatory 
cognitive hypothesis where HI adults might recruit additional neural 
resources to separate target speech from background noise. This hy
pothesis, however, was not directly supported by cognitive test results or 
self-reported effort ratings in the study, possibly due to limitations in the 
sensitivity of the measures used.

Gillis, Decruy, et al. (2022) proposed that HI listeners recruit addi
tional brain regions, such as frontal areas, to process degraded auditory 
input, an hypothesis supported by findings from Bidelman, Price, et al. 
(2019) and Campbell and Sharma (2013). Drawing on functional con
nectivity analyses by Bidelman, Mahmud, et al. (2019), which revealed 
that HI listeners exhibit “higher eccentricity” networks characterized by 
chain-like rather than star-like neural communication pathways, they 
suggested that this network structure may underlie the altered neural 
topographies and prolonged latencies observed in HI listeners. While 
these recruitment-based compensatory mechanisms offer some resil
ience, they appear to have limits under increasing noise conditions. 
Unlike NH listeners, whose response latencies increase as task demands 
grow, Gillis, Decruy, et al. (2022) observed that HI listeners’ latencies 
remain consistently delayed, indicating that their compensatory mech
anisms may already be operating at maximum capacity even under less 
challenging conditions.

Schmitt et al. (2022) found that enhanced NST as a function of 
hearing loss was primarily driven by responses occurring in an earlier 
time window (around 100 ms), which were linked to slow acoustic 
features, such as prosody and rhythm, that are particularly essential for 
older adults (Giroud et al., 2019; Meyer et al., 2018). However, since 
comprehension processes occur at a later stage and the association be
tween NST and comprehension became stronger as hearing loss pro
gressed, Schmitt et al. (2022) propose a compensatory mechanism 
where HI individuals increasingly rely on low-level acoustic features to 
support speech segmentation, which indirectly aids comprehension by 
mitigating the reduced audibility caused by hearing loss.

The hypothesis of a GABA-mediated inhibitory neurotransmission 
deficit leading to increased NST has also been linked to hearing loss, in 
addition to aging. Fuglsang et al. (2020) highlights Caspary’s studies 
(Caspary et al., 2013, 2008) which suggest this mechanism is associated 
with cochlear damage as well as aging. Similarly, normal aging is linked 
to auditory nerve fiber degeneration (Sergeyenko et al., 2013; Wu et al., 
2019), which can also increase central auditory system activity. This 
phenomenon, known as cochlear neuropathy (Viana et al., 2015), 
complicates the identification of a specific cause for increased NST 
(aging or hearing loss), as it can occur without clinical hearing loss in 
early stages.

Although age- and hearing-related neural changes such as reduced 
GABAergic inhibition and auditory nerve fiber loss have been well 
documented in animal models and post-mortem human studies, these 
mechanisms have not yet been directly linked to increased NST in living 
human participants. Future research should go beyond descriptive 
findings by testing mechanistic hypotheses using direct neurophysio
logical measures, for example by combining EEG or MEG with metabolic 
imaging techniques such as magnetic resonance spectroscopy (MRS) to 
estimate GABA concentrations (Puts and Edden, 2012), or positron 
emission tomography (PET) imaging of inhibitory neurotransmission 
(Andersson et al., 2019), although the latter remains costly and less 
accessible in most research settings.

4.3. SNR Modulates the NST Strength and Latency

When considering the effect of a decreasing SNR (increasing 
competing noise) in a SPiN task, a reasonable assumption is that the 
addition of noise progressively disrupts the synchrony between brain 
activity and the target speech signal. This is, in fact, what has been 

observed in most studies, regardless of the NST method used. However, 
in five studies involving NH younger adults, the relationship between 
SNR and NST appeared to be less straightforward. Lesenfants et al. 
(2019) identified an S-shaped relationship between SNR and NST in the 
theta band (4–8 Hz) for models based on low-level speech features (e.g., 
broadband envelope, spectrogram, and a combination of the 
time-aligned sequence of phonetic features and spectrogram). The 
maximum correlation was observed around 0 dB SNR, with reduced 
correlations at both higher and lower SNRs. In contrast, models based on 
higher-level speech features (e.g., time-aligned sequence of phonemes or 
binary phonetic features) in the delta (0.5–4 Hz) and theta bands 
exhibited a strictly monotonic increase in correlation as SNR improved. 
Similarly, Das et al. (2018) reported comparable results and suggested 
that the effort associated with top-down processes involved in SPiN tasks 
may enhance neural entrainment to the attended speech stream, 
resulting in stronger NST, particularly at mid-range SNRs. The reduction 
in NST observed in no-noise conditions likely reflects the absence of a 
need for such processes, whereas the lowest SNR conditions may over
whelm these mechanisms, also leading to reduced NST. Yasmin et al. 
(2023) provided a similar reasoning to explain the observed U-shape 
relationship between SNR and NST (TRF amplitude at the acoustic level) 
and stated that the increased negative amplitude toward mid-range 
SNRs may reflect increased attention or cognitive control for moder
ately masked, still intelligible speech whereas NST is reduced when 
masking reduces speech intelligibility beyond some point, at which 
point listeners essentially give up (Pichora-Fuller et al., 2016; Picou and 
Ricketts, 2018). This U-shape relationship, however, was not found 
when considering the semantic tracking where amplitude decreased 
only at low SNRs suggesting that the semantic TRF response is relatively 
robust to changes in babble-noise level as long as 50 % to 80 % of words 
are intelligible.

Zou et al. (2019) reported a divergence in the relationship between 
SNR and NST depending on both the stimulus representation and the 
TRF metric used. A U-shaped pattern emerged in the total power of the 
TRF weights (i.e., the waveform amplitude) only when the TRF was 
derived from the raw, non-normalized speech-noise mixture. This was 
interpreted as evidence for a contrast-dependent gain mechanism, 
whereby moderate noise levels amplify neural activity to compensate for 
reduced stimulus contrast. When the stimulus was 
amplitude-normalized or when the clean speech envelope was used, TRF 
amplitude decreased monotonically with decreasing SNR, reflecting a 
more direct effect of masking on neural encoding. The predictive power 
of the TRF (i.e., prediction accuracy) also declined monotonically with 
SNR across all stimulus types. Vander Ghinst et al. (2021) reported 
significantly higher coherence (mean across hemispheres) to the atten
ded speech stream at intermediate SNRs as well compared to extreme 
SNRs. This pattern was observed in the theta band for NH participants 
and some SPiN-impaired participants. The authors highlighted the 
critical role of theta band activity in speech perception, particularly in 
parsing continuous speech into discrete syllabic units and chunking 
acoustic features at the syllable timescale to support auditory stream 
formation (e.g., Ding et al. (2016); Hyafil et al. (2015); Riecke et al. 
(2015); Teng et al. (2018)). Although not explicitly mentioned by the 
authors, we speculate that the SNR-related phenomenon observed in this 
study may share similarities with the findings of Lesenfants et al. (2019)
discussed earlier, as both occur in the theta band and are based on 
low-level speech features. Overall, most studies converge toward a 
decreasing NST as SNR decrease but few studies demonstrate that the 
quieter conditions can also be associated with lower NST compared to 
intermediate SNR levels resulting in a U-shaped pattern of response (Das 
et al., 2018; Lesenfants et al., 2019; Vander Ghinst et al., 2021; Yasmin 
et al., 2023; Zou et al., 2019). This pattern does not appear to be tied to a 
specific NST method, as it was observed across diverse approaches 
including forward modeling (TRF amplitude (Yasmin et al., 2023; Zou 
et al., 2019) or prediction accuracy (Lesenfants et al., 2019)), backward 
modeling (Das et al., 2018), and coherence (Vander Ghinst et al., 2021). 
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It also emerged with both noisy and clean speech predictors (i.e., en
velope including noise or envelope of the clean speech) as well as in the 
presence of various distractor type such as noise (Lesenfants et al., 2019; 
Zou et al., 2019), multitalker babble (Vander Ghinst et al., 2021; Yasmin 
et al., 2023) or competing talker (Das et al., 2018) (see Table 1 and 
Supplementary Table S1 for details on the predictors under “Extracted 
Features”). It is important to note that using clean or noisy speech pre
dictors does not alter the auditory stimulation itself (i.e., participants 
always hear the noisy mixture). Rather, it influences the features used to 
model the neural response. Thus, when increased NST is observed at 
intermediate SNR levels even with clean predictors, as in Lesenfants 
et al. (2019), it suggests that mechanisms beyond low-level acoustic 
contrast, such as attention or listening effort, may also contribute. 
Although not included in the present review due to their use of synthetic 
speech, Herrmann (2025) also observed a similar U-shaped relationship 
at moderate to high SNRs under both attentive and passive listening 
conditions. This finding indicates that attention alone may not fully 
account for the observed pattern, and that additional mechanisms may 
be involved. However, the studies included in this review that reported a 
U-shaped relationship between NST and SNR share several common 
features: they all examined younger adults with normal hearing, 
employed a wide range of SNR conditions, and analyzed NST in the delta 
and theta frequency bands. A unique finding however is the increased 
NST as SNR decreased for stimuli presented in the L1 of participants in 
Zinszer et al. (2022). Since this study used a limited number of condi
tions (Q, 5, 0 dB SNR) a plausible scenario would be that the NST would 
decrease at lower NST, thus producing the U-shaped pattern discussed 
above.

Another important impact of SNR on NST is the delayed signal la
tency observed as SNR decreases. In younger adults, this phenomenon 
was identified by Brown and Bidelman (2022) who linked it to early 
processes in speech perception (also described by Crosse, Di Liberto and 
Lalor (2016), and Verschueren et al. (2020)) and theories of attentional 
load (Bendixen, 2014). Verschueren et al. (2020) suggested that the 
increase in latency with decreasing SNR could reflect either an 
enhancement of top-down processing or a decline in attention and 
listening effort. In Wang et al. (2020), the increased latency of the P2 
component with decreasing SNR was proposed to indicate greater dif
ficulty in perceiving attended speech amidst background noise (Ding 
and Simon, 2012a, 2014), as SNR had no effect on the ignored stream. 
Yasmin et al. (2023) observed that semantic tracking latencies were 
more robust to changes in SNR than acoustic tracking, suggesting that 
contextual information is more resilient to challenging listening condi
tions compared to acoustics and intelligibility. Zhang et al. (2023) found 
consistent results regarding the latency of acoustic TRFs, proposing that 
latency could serve as a sensitive marker for studying noisy speech 
processing, supported by findings from Ding and Simon (2013), 
Kaplan-Neeman et al. (2006), and Whiting et al. (1998). Additionally, 
they reported a unique finding related to pre-onset responses to word 
entropy at the semantic level, showing that peak latencies occurred 
earlier as noise levels increased. The authors suggested that this mech
anism might compensate for noise interference, drawing on semantic 
prediction studies (Mattys et al., 2012; Miller et al., 1951; Obleser and 
Kotz, 2010; Pickering and Gambi, 2018; Zekveld et al., 2011). Initiating 
pre-onset responses earlier and extending their duration would provide 
the brain with additional time to prepare for upcoming speech infor
mation, thereby enhancing the chances of successful comprehension. In 
studies including younger and older adults, Gillis, Decruy, et al. (2022)
observed that latency decreased with favorable SNRs in NH adults (as in 
Muncke et al. (2022)), but this effect was limited to one peak (P2 of the 
spectrogram) in HI adults. While the authors did not elaborate on this 
specific finding, they suggested that latency remains elevated across 
SNRs in HI listeners, as shown in Bidelman, Mahmud, et al., (2019), 
because they may already recruit extensive brain regions for speech 
understanding. As a result, their neural response latency does not further 
increase with additional noise, suggesting a limited compensatory 

capacity. Karunathilake et al. (2023) demonstrated that all TRF peaks 
(M50, M100, and M200) were significantly delayed under all conditions 
compared to quiet, for both younger and older adults. However, aging 
contributed more substantially to the peak delay from quiet to 0 dB in 
both the M100TRF and M200TRF. Supported by findings from Partha
sarathy et al. (2020), the authors suggested that older adults may rely 
more heavily on middle and late processing mechanisms to compensate 
for degraded afferent input.

A complementary perspective is offered by Brodbeck et al. (2020), 
who examined the effect of acoustic masking on response latency 
without explicitly manipulating SNR levels (i.e., in a competing talker 
paradigm) in NH young adults. They observed that masked onsets in 
continuous speech were associated with delayed cortical responses, 
regardless of whether the masked speech stream was attended or 
ignored. Importantly, they argue that such latency shifts do not result 
from a uniform degradation due to reduced SNR, but rather from a dy
namic, feature-specific delay reflecting the difficulty of recovering 
masked auditory objects. Moreover, they suggest that SNR cannot serve 
as a causal explanatory variable, since it presupposes prior stream 
segregation. This interpretation challenges traditional views of SNR as a 
direct determinant of neural response quality and instead supports a 
model in which the auditory system adaptively recovers relevant fea
tures, even from ignored streams, depending on their perceptual 
accessibility. These findings reinforce the idea that cortical latency shifts 
may reflect active object-level processing rather than passive signal 
degradation (Ding and Simon, 2012a). In a related line of research, 
Brodbeck et al. (2018) examined the NST at the acoustic and lexical 
levels (same participants as in Brodbeck et al. (2020)). Their results 
show that while responses to acoustic onsets were observed for both 
attended and unattended speech streams, lexical predictors such as word 
onsets accounted for neural responses only in the attended stream. This 
dissociation highlights a distinction between early auditory processing 
and higher-level linguistic analysis. It suggests that low-level acoustic 
features can be tracked automatically, even in unattended speech, 
whereas the extraction of lexical-semantic information is modulated by 
attention. These findings are consistent with the ELU model (Ronnberg 
et al., 2013), which posits that early speech processing involves 
RAMBPHO, a Rapid, Automatic, Multimodal Binding of PHOnological 
information that operates pre-attentively to match incoming input with 
phonological representations in long-term memory. However, when 
speech input is degraded or masked, as in a competing talker paradigm, 
RAMBPHO alone may not be sufficient to achieve lexical access. In such 
cases, attention and object-level integration may be required to support 
higher-level, lexico-semantic processing.

To conclude, the relationship between SNR and NST is complex, 
though most studies, regardless of the NST method, report lower NST as 
SNR declines, though exceptions highlight potential U-shaped or task- 
dependent patterns influenced by cognitive and neural processing de
mands. Further, SNR impacts response latency, with increasing noise 
generally causing delayed neural responses. Future research should 
further explore these effects to better understand auditory and speech 
processing in challenging listening conditions across different pop
ulations, where evidence is more limited and more complex.

4.4. Behavioral SPiN Outcome is Likely to be Reflected in the NST

The data summarized in this review suggest that behavioral SPiN 
performance is generally reflected in the quality of NST, regardless of 
the method used. Only a minority of studies examining this relationship 
(n = 10) reported no significant effects with respect to one or more 
behavioral tasks. This lack of association does not appear to be driven by 
the type of SPiN task, as it was observed across comprehension tasks 
(Har-Shai Yahav and Zion Golumbic, 2021) , intelligibility tasks 
(Mohammadi et al., 2023; Presacco et al., 2016a, 2016b; Schmitt et al., 
2022; Vander Ghinst et al., 2016; Verschueren et al., 2020), tasks related 
to listening effort (Decruy, Vanthornhout, and Francart, 2020; Schubert 
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et al., 2023), and speech detection tasks (Zou et al., 2019). When dis
cussed, these null findings are often attributed to limitations in the 
behavioral measures themselves, such as lack of sensitivity or 
misalignment with the speech material used in the neural task. For 
instance, the absence of correlation with QuickSIN performance in 
Presacco et al. (2016a, 2016b) may stem from the fact that the behav
ioral test and the neural tracking analysis were based on different speech 
materials.

Furthermore, in some studies, behavioral performance data were 
embedded within the SNR values. This occurs when subject-specific 
SNRs are derived from SRT values, which can then be used to estimate 
a percentage of speech understanding, comprehension or intelligibility 
(Decruy, Lesenfants, et al., 2020; Decruy et al., 2019; Decruy, Van
thornhout, and Francart, 2020; Gillis, Decruy, et al., 2022; Keitel et al., 
2018; Lesenfants et al., 2019; Mirkovic et al., 2019; Muncke et al., 2022; 
Petersen et al., 2017; Vanthornhout et al., 2018; Verschueren et al., 
2020; Wang et al., 2023). In such cases, the relationship between 
behavioral performance and NST likely mirrors the relationship between 
SNR and NST. However, specific analysis addressing this question 
concluded that NST is related to changes in speech understanding that 
cannot be solely explained by changes in SNR, thereby reinforcing evi
dence of a genuine relationship between NST and SPiN capacity (Decruy 
et al., 2019; Decruy, Vanthornhout, and Francart, 2020). It is also worth 
noting that several studies using subject-specific SNRs based on SRTs 
refer to their outcome measures as reflecting “speech understanding” or 
“comprehension”. However, since SRTs are typically derived from 
intelligibility tasks (i.e., word recognition or recall), we believe that 
such outcomes more accurately reflect speech intelligibility.

Additionally, we observed similar general trends across studies (i.e., 
increased NST associated with positive outcomes in behavioral tasks and 
increased latency associated with negative outcomes) when comparing 
results from younger and older adults, with and without hearing loss. 
However, Karunathilake et al. (2023) identified finer-grained differ
ences between younger and older adults. Specifically, they found that 
stronger early M50TRF amplitudes were associated with better speech 
intelligibility scores, and this effect was more pronounced in older 
adults. Conversely, smaller late M200TRF amplitudes were linked to 
poorer speech intelligibility scores exclusively in older adults. In line 
with the findings of Wingfield and Grossman (2006) the authors pro
posed an age-related compensatory mechanism for speech intelligibility, 
specifying that it is primarily active during the late stages of speech 
processing. Interestingly, these results align with the findings of Kurthen 
et al. (2021) where the late response TRF300 significantly predicted 
accuracy in a comprehension task. Specifically, larger amplitudes (more 
positive values) were associated with better accuracy in a comprehen
sion task in older adults (mean age = 70.96 years). Also consistent with 
this finding are the results of Schmitt et al. (2022) who suggested that 
the effect of cross-correlation was primarily observed in the later time 
window (around 200 ms). Specifically, a one-unit increase in 
cross-correlation was associated with a 15 % increase in the odds of 
responding correctly in a comprehension task, also in older adults (mean 
age = 70.52 years). However, this narrative does not align with Zan 
et al. (2020) who found a negative association between NST (mutual 
information late peak MI200) and speech intelligibility (QuickSIN) 
scores in older adults using the same participant sample and dataset as 
Presacco et al. (2016a, 2016b). The behavioral and neural measures 
relied on different speech and distractor materials, creating a mismatch 
that may have limited the comparability between NST and behavioral 
outcomes.

Decruy et al. (2019) reported that, on an individual level, envelope 
tracking increased with better speech understanding, suggesting that 
NST reflects the quality of speech encoding within listeners. However, 
the idea that NST increases with age and hearing loss, two factors known 
to reduce SPiN abilities, while also being associated with better behav
ioral performance may appear paradoxical. In the same study, the au
thors reported that envelope tracking was higher in older adults even 

when speech understanding or SNR was matched with younger partic
ipants. They suggested that this enhancement may not reflect improved 
speech encoding, but rather the degree of difficulty experienced during 
processing, indicating that stronger neural responses can also signify 
increased listening effort rather than better perceptual outcomes. This 
interpretation was partially corroborated in a subsequent study by the 
same group (Decruy, Lesenfants, et al., 2020), which found that the 
relationship between NST and effort depended on the level of speech 
understanding, whereas another study from the same authors (Decruy, 
Vanthornhout, and Francart, 2020) found no significant association 
between NST and self-reported effort.

Taken together, the reviewed studies indicate a consistent relation
ship between SPiN capacity and NST, with stronger tracking generally 
associated with better SPiN performance. Although a few studies re
ported null effects, these were often attributed to methodological limi
tations associated with the task. Evidence suggests that NST reflects not 
only SNR-driven changes but also unique aspects of speech under
standing, particularly in older adults, where late-stage neural responses 
(e.g., M200TRF and TRF300) appear critical for compensatory pro
cessing. These findings highlight the complex interplay between neural 
and behavioral measures, emphasizing the importance of considering 
both early and late neural dynamics in understanding speech intelligi
bility across the lifespan.

5. Conclusion

This review highlights the interplay between NST and speech pro
cessing in adverse listening conditions, emphasizing its modulation by 
age, hearing loss, and SNR. The evidence points to a robust relationship 
between NST and behavioral SPiN performance, with most studies 
finding that better NST is associated with improved task outcomes. Age- 
related differences in NST are consistently observed and may reflect 
compensatory mechanisms, such as greater reliance on late-stage and 
top-down processing, increased listening effort, and recruitment of 
additional cortical regions. However, the absence of longitudinal evi
dence limits the robustness of these interpretations. Similarly, hearing 
loss appears to amplify NST, potentially as a peripheral or central 
compensation for degraded auditory input, but these conclusions, being 
derived from cross-sectional data, should also be approached with 
caution. Lastly, while NST generally decreases as SNR worsens, specific 
patterns such as U-shaped or monotonic relationships highlight the 
complexity of these effects and their potential dependence on the task, 
methodology, and participant characteristics. Together, these findings 
underline the potential of NST as a sensitive marker of auditory and 
linguistic processing in challenging acoustic environments, offering a 
foundation for future research to further explore its mechanisms and 
implications.
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