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Abstract 

Older people with hearing problems often experience difficulties understanding speech in the presence of 

background sound. As a result, they may disengage in social situations, which has been associated with 

negative psychosocial health outcomes. Measuring listening (dis-)engagement during challenging listening 

has received little attention thus far. We recruit normal-hearing human adults (both sexes) and investigate 

how speech intelligibility and engagement during naturalistic story listening is affected by the level of 

acoustic masking (12-talker babble). In Experiment 1, we observed that word-report scores were above 

80% for all but the lowest SNR (-3 dB SNR) we tested, at which performance dropped to 54%. In 

Experiment 2, we calculated inter-subject correlation (ISC) in electroencephalography (EEG) data to 

identify dynamic spatial patterns of shared neural activity evoked by the stories. ISC followed a similar 

overall quadratic pattern as intelligibility data, however comparing ISC and intelligibility directly 

demonstrated that word-report performance declined more strongly with decreasing SNR compared to ISC. 

Observing significant ISC despite the presence of background noise suggests that participants were able to 

remain engaged despite missing segments of the story during especially difficult SNRs. Our work provides 

a novel approach to observe speech intelligibility and listener engagement using ecologically valid spoken 

materials which can be used to investigate (dis)engagement in older adults with hearing impairment.   

 

Keywords: naturalistic stimuli; hearing; speech intelligibility; engagement; inter-subject correlation 
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Significance Statement  

Individuals who frequently experiencing listening challenges may disengage in social situations, which puts 

them at risk for social isolation and negative health outcomes. Measuring the extent to which listeners 

engage during listening when background sound is present may improve our ability to detect people who 

are at risk of social isolation before it manifests. We utilize ecologically valid spoken stories to investigate 

how acoustic masking reduces intelligibility and listening engagement, using inter-subject correlation as a 

neural signature of engagement. We found that healthy listeners continue to engage with listening material 

even under adverse listening conditions and reduced speech intelligibility, although engagement is less 

when the level of background sound is high.  
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Introduction 

Many listening environments we encounter contain background masking sounds (Olsen, 1998; Smeds et 

al., 2015) that can lead to listening challenges for a significant proportion of people aged 50 and older 

(Frisina and Frisina, 1997; Gordon-Salant, 2006). People who frequently experience listening difficulties 

may avoid environments with increased levels of background noise, which puts them at increased risk for 

social isolation (Dawes et al., 2015; Palmer et al., 2016) and negative psychosocial and physical health 

outcomes (Pichora-Fuller et al., 2015; Wayne and Johnsrude, 2015). However, social isolation is likely 

subsequent to within-situation disengagement; a coping mechanism to reduce cognitive demand. A person 

may temporarily “zone out” in conversational situations because continuous listening is too difficult 

(Heffernan et al., 2016; Herrmann and Johnsrude, 2020a, 2020b). A greater understanding of the listening 

conditions under which a person may disengage, and development of quantitative measures of within-

situation disengagement, may improve our ability to diagnose hearing problems before social isolation 

manifests. 

Two factors are likely critical for listening engagement (Herrmann and Johnsrude, 2020b). First, 

engagement depends on degree to which a listener perceives a situation to be difficult to hear in (Brehm 

and Self, 1989; Richter, 2013; Wright, 2014; Pichora-Fuller et al., 2016; Herrmann and Johnsrude, 2020b). 

An individual may disengage if they believe speech comprehension will be impossible (Eckert et al., 2016; 

Richter, 2016; Peelle, 2018). Second,  a person who is intrinsically motivated to listen, for example, because 

they enjoy a conversation (Matthen, 2016), may engage in listening despite background sound (Pichora-

Fuller et al., 2016; Herrmann and Johnsrude, 2020b). However, typical investigations of speech 

comprehension involve listening to isolated sentences (Davis and Johnsrude, 2003; Duncan and Aarts, 

2006; Obleser et al., 2007) that lack a topical thread and are not very interesting (e.g., He buttoned his shirt). 

Such materials are not well suited to investigate listening engagement which likely evolves at time scales 

beyond individual sentences (Mandler and Goodman, 1982). Spoken stories, in contrast, involve event 

descriptions along a topical thread, are intrinsically motivating to a listener, and are common in everyday 
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life (Dunlop and Walker, 2013). Utilizing engaging spoken stories under varying levels of acoustic masking 

may thus provide a fruitful avenue to investigate listening disengagement. 

Engagement can be measured behaviorally through assessment of an individual’s experience 

(Busselle and Bilandzic, 2008, 2009; Dmochowski et al., 2014; Kuijpers et al., 2014; Herrmann and 

Johnsrude, 2020a). However, behavioral assessment of engagement typically requires the listener to 

retroactively introspect about their experiences (Herrmann and Johnsrude, 2020a). In contrast, neural 

activity recorded using functional imaging or electroencephalography (EEG) may provide a real-time 

window into engagement. Naturalistic materials such as a movie or a spoken story lead to synchronized 

patterns of neural activity across individuals that scale with the degree of engagement (Hasson et al., 2010; 

Yeshurun et al., 2017; Nastase et al., 2019; Nguyen et al., 2019). The strength of synchrony across 

individuals, quantified as inter-subject correlation (ISC; Hasson et al., 2004, 2008; Dmochowski et al., 

2012, 2014), is stronger when stimuli are captivating or exciting (Hasson et al., 2010; Schmälzle et al., 

2015), and is predictive of behavioral measures reflecting engagement (Dmochowski et al., 2014). 

Conversely, ISC is reduced when individuals do not attend to naturalistic materials (Ki et al., 2016) or when 

stimuli are unstructured or temporally scrambled (Hasson et al., 2008b; Dmochowski et al., 2012).  

In the current study, we utilize spoken stories to investigate how challenging listening situations 

affect speech intelligibility and story engagement. In Experiment 1, we assess intelligibility of spoken 

stories with varying levels of 12-talker babble using a novel paradigm in which the acoustic quality of the 

story changes periodically. In Experiment 2, we record EEG in another group of individuals while they 

listen to the same stories used in Experiment 1 and investigate ISC as a neural signature of engagement. 

Experiment 1: Examining story intelligibility and engagement  

In Experiment 1, we investigate the extent to which participants understand spoken stories with varied 

levels of 12-talker babble using a novel speech-intelligibility paradigm. We further assess overall listening 

engagement behaviorally using a narrative absorption scale (Kuijpers et al., 2014) that we have previously 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 25, 2021. ; https://doi.org/10.1101/2021.03.25.437022doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.25.437022
http://creativecommons.org/licenses/by-nd/4.0/


NEURAL SIGNATURES OF STORY LISTENING UNDER ACOUSTIC MASKING  6 
 

 

adapted for use with spoken stories (Herrmann and Johnsrude, 2020). We aim to use speech intelligibility 

ratings from Experiment 1 in conjunction with Experiment 2, which investigates neural signatures of story 

engagement, to assess the extent to which story engagement depends on speech intelligibility.  

Materials and Methods 

Participants 

Eighty-two individuals (mean: 28.8 years; age-range: 18-36 years; 51 males 31 females) without self-

reported hearing loss, neurological issues, or psychiatric disorders participated in Experiment 1. All 

participants were recruited from the Amazon Mechanical Turk online participant pool (MTurk; 

https://www.mturk.com/) via the participant sourcing platform Cloud Research (previously TurkPrime; 

Litman et al., 2017). Participants provided informed consent and the study protocol was approved by the 

University of Western Ontario’s Research Ethics Board (REB #112574). Each individual received financial 

compensation of $6 USD following completion of the study ($10 CAD hourly rate). Twenty-one additional 

individuals participated in the study but were not included either due to a technical error during data 

recording (N=2), reporting hearing aid usage or constant ringing in at least one ear (N=9), not wearing 

headphones during the study (N=3), or submitting random one-word answers to all questions on the 

intelligibility task (N=7). Online research can be subject to increased levels of random responders as 

experimenters have limited control over the testing environment. However, the evidence indicates that  

online studies generally replicate findings of in-person data collection (Gosling et al., 2004; Buhrmester et 

al., 2011; Mason and Suri, 2012; Berinsky et al., 2014; Thomas and Clifford, 2017; Buchanan and Scofield, 

2018).  

Acoustic stimulation and procedure 

Four stories were selected from the story-telling podcast The Moth (https://themoth.org): Reach for the 

Stars One Small Step at a Time (by Richard Garriott, ~13 min), The Bounds of Comedy (by Colm O’Regan, 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 25, 2021. ; https://doi.org/10.1101/2021.03.25.437022doi: bioRxiv preprint 

https://www.mturk.com/
https://themoth.org/
https://doi.org/10.1101/2021.03.25.437022
http://creativecommons.org/licenses/by-nd/4.0/


NEURAL SIGNATURES OF STORY LISTENING UNDER ACOUSTIC MASKING  7 
 

 

~10 min), Nacho Challenge (by Omar Qureshi, ~11 min), and Discussing Family Trees in School Can Be 

Dangerous (by Paul Nurse, ~10 min). Each story had 12-talker babble noise added as a masker. Babble 

noise was derived using the masker materials from the Revised Speech in Noise (R-SPIN) test (Bilger, 

1984). Individual 5-s babble noise snippets were randomly selected from a total set of 100 and concatenated 

to equal the length of each story. The signal-to-noise ratio (SNR) was pseudo-randomly varied 

approximately every 30 to 33 s throughout each story (32, 30, 33, and 30-s, respectively, for the four 

stories). Five SNRs were chosen: clear, +12, +7, +2, and -3 dB signal-to-noise ratio (SNR) relative to a 12-

talker babble masker. SNR was manipulated by adjusting the dB level of both the story and masker. This 

ensured that the overall sound level remained constant throughout a story and was similar for all stories. 

Three versions of SNR condition order were generated for each story in order to ensure that specific parts 

of a story were not confounded with a specific SNR. Within each version, SNR was varied pseudo-randomly 

such that a particular SNR could not be heard twice in succession. Four 30, 33, or 30-s segments per SNR 

were presented for stories by O’Regan, Qureshi, and Nurse, respectively, and five 32-s segments per SNR 

were presented for the longest story by Garriott. 

 

Figure 1. Schematic representation of the speech intelligibility task. Participants listened to a spoken 
story (black) masked with different levels of 12-talker babble noise (grey). A fixation cross was displayed 
on the computer screen throughout the study and changed colors to communicate which parts of the spoken 
story participants would need to recall. The fixation cross turned yellow 2-s prior to the beginning of a test 
phrase/sentence, cueing the participant to prepare for intelligibility testing. The fixation cross turned green 
during the phrase/sentence participants would be asked to report back. The story stopped with the offset of 
the test phrase/sentence, at which point participants would report back the phrase/sentence. The story 
resumed once a response was submitted. 

For each story, phrases/sentences ranging from 4 to 8 words (range of durations: 0.62–3.6 s) were 

selected for intelligibility testing. These test phrases/sentences did not occur during the transition period 
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from one SNR to the next (for approximately 5-s before, and 1-s after, the SNR transition). Four phrases 

per 30–33-s segment were selected, resulting in 100 phrases for the story by Garriott, and 80 for each of 

the other three stories. Two of the four selected phrases per 30–33-s segment were used as one intelligibility 

test set, whereas the other two of the four selected phrases were used as a second intelligibility test set (5 

or 4 segments × 5 SNRs × 2 phrases/sentences × 2 intelligibility test sets = 100 or 80 phrases). Having two 

test sets ensured that the observed intelligibility effects were not confounded by specific phrases/sentences. 

The experiment was conducted online, using custom written JavaScript/html and jsPsych code 

(Version 6.1.0, a high-level JavaScript library used for precise stimulus control; de Leeuw, 2015). The 

experiment code was stored at an online Gitlab repository (https://gitlab.pavlovia.org) and hosted via 

Pavlovia (https://pavlovia.org/). During the main experiment, each participant listened to one pseudo-

randomly selected story (Garriott: N = 21; O’Regan: N = 22; Qureshi: N = 20; Nurse: N = 19). SNR order 

and intelligibility test set were randomly assigned. A black fixation cross was presented at the center of the 

screen throughout the story. The fixation cross turned yellow two seconds prior to the beginning of a test 

phrase/sentence, cueing the participant to prepare for intelligibility testing (see Figure 1). The fixation cross 

then turned green for the duration of the test phrase in the story, indicating to the participant the phrase they 

would be asked to report back. The story stopped with the offset of the test phrase, and an input text box 

appeared on the screen. Participants were asked to type their answer into the text box, after which the story 

resumed from the beginning of the sentence most recently heard (allowing for story continuation). After 

the story ended, participants answered questions that assessed comprehension and rated statements about 

their story listening experiences (see Table 1). 

In order to familiarize participants with the intelligibility task, a brief practice block was presented 

prior to the main experiment. Participants heard a ~3-min story (a shortened version of A Shoulder Bag to 

Cry On by Laura Zimmerman), without added babble noise, and performed 12 trials of the intelligibility 

task (2 trials per 30-s segment). 
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Online research quality assurance measures 

Participants completed two initial listening tasks at the very beginning of the online session. First, 

participants listened to a 15-s stream of pink noise normalized to the same root-mean-square amplitude as 

the stories and were instructed to adjust their volume to a comfortable listening level. Participants had the 

option to replay the noise if they needed additional time to adjust their volume. This task ensured that 

participants had an opportunity to adjust their volume to a comfortable level prior to the intelligibility task, 

after which they were instructed to not make further adjustments. 

Second, participants completed a headphone-check procedure to determine whether participants 

were wearing headphones as instructed (cf. Woods et al., 2017). Participants performed a tone 

discrimination task (6 trials; ~2 minutes total duration), in which they determined which of three 

consecutive 200-Hz sine tones was the quietest. The three tones differed such that one was presented at the 

comfortable listening level, one at –6 dB relative to the other two tones, and one at the comfortable listening 

level with a 180° phase difference between the left and right headphone channels (anti-phase tone). This 

task is straightforward over headphones, but difficult over loudspeakers, because the pressure waves 

generated from an anti-phase tone interfere if heard through loudspeakers (Woods et al 2017). If they were 

listening through loudspeakers, they would likely falsely select the anti-phase tone as the quietest tone. No 

participants were excluded solely on the basis of performance on this test, however, it did provide a metric 

which could flag potentially non-compliant online subjects.  

Assessment of intelligibility 

We calculated the proportion of correctly reported words for each SNR (Clear, +12, +7, +2, -3), across the 

three versions of the four stories. Different or omitted words were counted as errors, but minor misspellings 

and incorrect grammatical number (singular vs. plural) were not. Word-report performance was assessed 

using a repeated-measures analysis of variance (rmANOVA) with SNR (Clear, +12, +7, +2, -3 dB SNR) as 

a within-subjects factor. In addition, we fit a quadratic function to the proportion of correctly reported words 
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as a function of SNR (treating them as equally spaced) for each participant. The estimated linear and 

quadratic coefficients from the fit were tested against zero using one-sample t-tests. A significant difference 

from zero would indicate that word-report performance changed linearly and/or quadratically as a function 

of SNR. 

Assessment of story comprehension 

Story comprehension was assessed using 8 statements, which either correctly or incorrectly described an 

element from the story the participant heard. Participants were asked to categorize each statement as true 

or false. Comprehension performance was calculated as the proportion of statements categorized correctly. 

Comprehension was statistically examined using a one-sample t-test which tested scores against chance-

level performance of 0.5. 

Assessment of story engagement, enjoyment, and motivation 

Following the assessment of story comprehension, we also assessed how much participants were engaged 

with the story, how much they enjoyed the story, and how motivated they were to listen. In order to assess 

story engagement, we utilized a narrative absorption scale (NAS; Kuijpers et al., 2014) adapted previously 

for spoken stories (Herrmann and Johnsrude, 2020a). The NAS contains statements along four dimensions 

(attention, emotional engagement, mental imagery, and transportation; Kuijpers et al., 2014; Herrmann and 

Johnsrude, 2020), which participants rated on a 7-point scale, where ‘1’ referred to completely disagree and 

‘7’ referred to completely agree (Table 1). Participants also rated statements about enjoyment and listening 

motivation on the same 7-point scale (Table 1). Rating scores for each statement were averaged separately 

for narrative absorption (NAS), enjoyment. Ratings for NAS and enjoyment were statistically examined in 

separate one-sample t-tests which tested ratings against a neutral response (test value: 4). Given that 

motivation was assessed using a single question (Table 1), the data remain ordinal rather than continuous. 

Motivation was therefore assessed using a one-sample Wilcoxon signed-rank test, which tested ratings 

against a neutral response (test value: 4). 
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Table 1. Statements of the narrative absorption scale (NAS), enjoyment, and motivation 

Dimension Statement 

Attention (NAS) When I finished listening I was surprised to see that time had gone by so fast. 
Attention (NAS) When I was listening I was focused on what happened in the story. 
Attention (NAS) I felt absorbed in the story. 
Attention (NAS) The story gripped me in such a way that I could close myself off for things that 

were happening around me. 
Attention (NAS) I was listening in such a concentrated way that I had forgotten the world around me. 
Emotional engagement 
(NAS) 

When I listened to the story I could imagine what it must be like to be in the shoes 
of the main character(s). 

Emotional engagement 
(NAS) 

I felt sympathy for the main character(s). 

Emotional engagement 
(NAS) 

I felt connected with the main character(s) of the story. 

Emotional engagement 
(NAS) 

I felt how the main character(s) was/were feeling. 

Emotional engagement 
(NAS) 

I felt for what happened in the story. 

Mental imagery (NAS) When I was listening to the story I had an image of the main character(s) in mind. 
Mental imagery (NAS) When I was listening to the story I could see the situations happening in the story 

being played out before my eyes. 
Mental imagery (NAS) I could imagine what the world in which the story took place looked like. 
Transportation (NAS) When I was listening to the story it sometimes seemed as if I were in the story world 

too. 
Transportation (NAS) When listening to the story there were moments in which I felt that the story world 

overlapped with my own world. 
Transportation (NAS) The world of the story sometimes felt closer to me than the world around me. 
Transportation (NAS) When I was finished with listening to the story it felt like I had taken a trip to the 

world of the story. 
Transportation (NAS) Because all of my attention went into the story, I sometimes felt as if I could not 

exist separate from the story. 
Enjoyment I thought it was an exciting story. 
Enjoyment I thought it was an enthralling story. 
Enjoyment I listened to the story with great interest. 
Enjoyment I thought the story was beautiful. 
Enjoyment I thought the story was presented well. 
Motivation I was motivated to listen to the story. 

Assessment of the relationship between measures of engagement, enjoyment, and motivation 

To characterize the relationship between behavioral ratings of absorption (NAS), enjoyment, motivation, 

and story comprehension, we calculated correlations (Pearson) between these behavioral measures. 
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Experimental design and statistical analysis 

Statistical analyses were conducted using IBM SPSS Statistics for Windows (v24) and MATLAB. Details 

of the specific variables and statistical tests for each analysis can be found in analysis subsections for each 

measure. In general, effects were examined either using a rmANOVA, paired-samples t-tests, or one-sample 

t-tests. Behavioral ratings that were considered were ordinal, not continuous, were analyzed using non-

parametric tests for either one sample (Wilcoxon signed rank test) or independent sample comparisons 

(Wilcoxon rank sum). Significant effects were followed up using t-tests, with multiple comparisons 

corrected using the false discovery rate (FDR; Benjamini and Hochberg, 2016). FDR corrected p-values 

are reported as pFDR. Effect sizes are reported as partial eta squared (η2
p) for rmANOVAs and requivalent (re; 

Rosenthal and Rubin, 2003), for t-tests. Greenhouse-Geisser corrected p-values are reported when 

sphericity assumptions have not been met (reported as pGG). This experiment was not preregistered. Data 

are available upon reasonable request. 

Results and Discussion 

Story comprehension, motivation, and enjoyment are high despite speech masking 

Performance on comprehension questions after each story was significantly above chance (M = .80, se = 

.02; t81 = 14.79, p = 1 × 10-24, re = .85), which suggests participants were able to grasp details from each 

story despite the varying SNRs and performing the speech intelligibility task while listening to each story. 

We also examined participants’ level of story engagement by testing mean ratings for NAS, 

enjoyment, and motivation against a rating of 4 (neutral response). Scores on the NAS were not significantly 

different from a neutral response (p = .832), but enjoyment (t81 = 2.87, p = .005, re = .3) and motivation (V 

= 2103, p = 5 × 10-11) ratings were higher than the neutral point (see Figure 2a). This suggests that although 

participants were ambivalent regarding whether they were fully immersed in the story they heard, they 

appeared to enjoy listening to the story and were motivated to do so. These findings are somewhat 
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inconsistent with previous research on story engagement (Herrmann and Johnsrude, 2020a), which found 

engagement to be high and largely unaffected by moderate noise levels. The presence of the intelligibility 

task during story listening may have altered the listening experience such that engagement was reduced to 

enable detail-oriented listening to ensure participants could report back specific words when prompted. 

 

Figure 2. Behavioral measures of story comprehension, engagement, and intelligibility. (a) Mean 
ratings of the statements comprising the narrative absorption scale (NAS), and those assessing enjoyment 
and motivation. Ratings were provided on a 7-point Likert scale, where ‘1’ refers to completely disagree 
and ‘7’ refers to completely agree. (b) Mean proportion of correctly reported words plotted as a function of 
SNR (clear, +12, +7, +2, -3 dB).  The black line corresponds to a quadratic function fit to the proportion of 
correct words reported. (c) Correlation matrix depicting the correlation (Pearson) between behavioral 
measures of story comprehension, engagement, and intelligibility. Error bars reflect the standard error of 
the mean. *p < 0.05.   

Story intelligibility declines quadratically as SNR decreases 

For the intelligibility task, the proportion of correctly reported words declined with decreasing SNR (F4,324 

= 176.5, p = 2.98 × 10-38, η2
p = .69; see Figure 2b), as predicted (Bronkhorst, 2000; Brungart, 2001; Brungart 

et al., 2001; Duncan and Aarts, 2006). We further characterized the effect of SNR on story intelligibility by 

fitting a quadratic function to the word-report data. Both the linear (t81 = -15.07, p = 3.28 × 10-25, re = .86) 

and the quadratic coefficient (t81 = -13.65, p = 1.05 × 10-22, re = .83) were significantly smaller than zero, 

suggesting that intelligibility was relatively stable at most SNRs but declined most drastically at the lower 

SNRs. We then compared intelligibility at successive pairs of SNRs to identify the SNR at which a 

significant drop in performance occurred. Intelligibility was comparable between the Clear and +12 dB 

SNR conditions (pFDR = .077), but declined from +12 to +7 dB SNR (t81 = 3.33, pFDR = .002, re = .35), +7 to 
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+2 dB SNR (t81 = 5.7, pFDR = 3.71 × 10-7, re = .54), and +2 to -3 dB SNR (t81 =14.94, pFDR = 2.22 × 10-24, re 

= .86).  

Relating intelligibility and behavioral measures of engagement and comprehension 

In an effort to quantify how intelligibility may relate to engagement and comprehension measures, we 

calculated correlations between intelligibility (averaged across SNRs), NAS, motivation, enjoyment, and 

comprehension scores (see Figure 2c). We found that intelligibility was significantly correlated with 

motivation (r80 = .33, pFDR = .004) and comprehension scores (r80 = .50, pFDR = 6.7 ×10-6), such that better 

word-report performance was associated with higher levels of motivation to listen and better comprehension 

of the stories. We did not find a significant correlation between intelligibility and NAS (r82 = .10, pFDR = 

.381) or intelligibility and enjoyment scores (r80 = .16, pFDR =.223), suggesting that enjoyment/engagement 

with the story and understanding the specific words spoken during the story may be independent (cf. 

Herrmann and Johnsrude, 2020). 

We also found a significant correlation between NAS and enjoyment (r80 = .77, pFDR = 3.9 ×10-16), 

and NAS and motivation (r80 = .55, pFDR = 3.4 ×10-6), suggesting that higher levels of engagement were 

associated with greater enjoyment of the stories and motivation to listen. We also found a significant 

relationship between enjoyment and motivation (r80 = .48, pFDR = 1.6 ×10-5), and enjoyment and 

comprehension (r80 = .26, pFDR = .029). This indicates that enjoyment was associated with greater 

motivation to listen and better comprehension. No relationship was observed between NAS and 

comprehension (r80 = .11, pFDR = .381), or between motivation and comprehension (r80 = .12, pFDR = .367). 

The results of Experiment 1 suggest that participants were able to maintain a relatively high level 

of story comprehension and were generally motivated and enjoyed listening to the stories despite the 

presence of the babble masker. Further, speech intelligibility was relatively good at all SNRs except for the 

lowest SNR. The intelligibilty and engagement data obtained in this experiment will be used to interpret 

the results of Experiment 2, which investigates neural signatures of engagement. 
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Experiment 2: Examining inter-subject correlation during story listening 

In Experiment 2, we investigate how neural signatures of engagement with spoken stories are affected by 

12-talker background babble noise at different SNRs. We use inter-subject correlation (ISC), a neural 

measure of synchronized neural activity across participants, which is thought to be driven by engagement 

and shared experience (Hasson et al., 2010; Yeshurun et al., 2017; Nastase et al., 2019; Nguyen et al., 2019), 

to identify and characterize different neural components of engagement (Hasson et al., 2008; Dmochowski 

et al., 2012). 

Materials and Methods 

Participants 

Thirty-nine individuals (mean: 20.3 years; age-range: 18-32 years; 19 males 20 females) without hearing 

loss, neurological issues, or psychiatric disorders participated in Experiment 2. All participants were 

recruited from Western University or the surrounding community of London, Canada. All participants 

provided written informed consent and were financially compensated with $10 CAD per hour. The study 

was conducted in accordance with the Declaration of Helsinki, the Canadian Tri-Council Policy Statement 

on Ethical Conduct for Research Involving Humans (TCPS2-2014), and approved by the local Health 

Sciences Research Ethics Board of the University of Western Ontario (REB #112015). Five additional 

individuals participated but were not included either due to an issue with sound delivery (N =2), or a 

technical error during data recording (N=3).   

Acoustic stimulation and procedure 

The experiment was conducted in a single-walled sound-attenuating booth (Eckel Industries). Sounds were 

delivered through Sennheiser (HD 25 Light) headphones at a comfortable listening level, using a Focusrite 

Scarlett 2i4 external soundcard controlled by a PC (Windows 10) and Psychtoolbox (Version 3) in 

MATLAB (R2017b). 
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Stimuli were the same four stories used Experiment 1, with the same SNRs (Clear, +12, +7, +2, -

3) and the same three versions of SNR condition order per story.  

 

Figure 3. Stimulus design for Experiment 2. Participants listened to four consecutive spoken stories 
(black) masked with varied levels of 12-talker babble noise (grey); two of the SNRs are shown here. Each 
SNR lasts for ~30-33 sec (see text for details). 

EEG was recorded while participants listened to each of the four stories consecutively (see Figure 

3). Story version and story order were counterbalanced across participants. After each story, 

comprehension, story engagement, motivation, and enjoyment were assessed, and these data analyzed, as 

in Experiment 1. After listening to all four stories, participants completed a resting block, where they sat 

quietly for six minutes with their eyes open while EEG was recorded. This block was used as a baseline for 

ISC analyses of story listening. 

EEG recording and preprocessing 

EEG was recorded from 64 active electrodes (Ag/AgCl) placed on the scalp using an electrode cap and two 

additional electrodes placed on both mastoids, with spacing on the scalp according to the 10/20 system 

(Biosemi ActiveTwo system). During data recording, all electrodes were referenced to a feedback loop of 

two electrodes, a common mode sense (CMS) active electrode and a driven passive electrode (see 

www.biosemi.com/faq/cms&drl.htm). EEG was recorded at 1024 Hz with an online low-pass filter of 208 

Hz to focus on cortical sources.  

All pre-processing was carried out offline using MATLAB software, the Fieldtrip toolbox 

(Oostenveld et al., 2011), and custom scripts. EEG data were re-referenced to the average of the signal from 

both mastoids. EEG data were then notch-filtered at 60 Hz to attenuate line noise, and then high-pass (0.5 
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Hz, 3429 points, Hann window) and low-pass filtered (22 Hz, 211 points, Kaiser window). EEG data were 

also downsampled to 256 Hz. Artifacts due to eye movements (saccades, blinks) and muscle activity were 

removed using independent components analysis (Makeig et al., 1996). To further exclude additional 

artifacts from subsequent analyses, data segments in which the EEG signal changed by more than 80 µV 

within a 0.2-s period in any channel were set to 0 µV (cf. Dmochowski et al., 2012, 2014; Cohen and Parra, 

2016). 

Inter-subject correlation 

We quantified inter-subject correlation (ISC) using correlated component analysis (CCA; Dmochowski et 

al., 2012; Parra et al., 2019), a signal decomposition method that identifies a set of electrode weights (i.e., 

spatial filters) yielding a linear combination of electrode activation (components) maximally correlated 

across participants. CCA can uncover patterns of neural activity that would not be possible with an 

electrode-to-electrode correlation method (Dmochowski et al., 2012; Cohen and Parra, 2016; Ki et al., 

2016). For mathematical details of the method see (Parra et al., 2019), for available MATLAB scripts see 

(https://www.parralab.org/isc/), and for the adapted version of the MATLAB scripts used in the current 

study see (https://osf.io/tv7kg/). We calculated the components for each story individually to enable leave-

one-out analyses (see below), such that spatial filter calculations are independent from subsequent analyses 

(see also Crosse et al., 2016; Herrmann et al., 2018; Broderick et al., 2019). In line with previous work, we 

restrict our analysis to the three components with highest overall ISC for each story (cf. Dmochowski et al., 

2012, 2014; Cohen and Parra, 2016; Ki et al., 2016), because they show consistent spatial projections onto 

the scalp across stories (see Figure 4, left panel). 

Separately for each of the three components (i.e., spatial filters), component weights for one story 

were multiplied with participants’ EEG data for the other three stories. Spatially filtered data for the three 

stories were then concatenated, leading to one response time course which reflects the component’s 

underlying sources (cf. Crosse et al., 2016; Broderick et al., 2019). This was repeated for all 4 stories, 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 25, 2021. ; https://doi.org/10.1101/2021.03.25.437022doi: bioRxiv preprint 

https://www.parralab.org/isc/
https://osf.io/tv7kg/
https://doi.org/10.1101/2021.03.25.437022
http://creativecommons.org/licenses/by-nd/4.0/


NEURAL SIGNATURES OF STORY LISTENING UNDER ACOUSTIC MASKING  18 
 

 

resulting in four spatially filtered EEG time courses for each component, per participant (4 concatenated 

datasets × 3 components =12 spatially filtered time courses). All ISC analyses described in subsequent 

paragraphs were calculated using data from this leave-one-out approach. ISC values were subsequently 

averaged across the four leave-one out iterations for each component. 

For an overall ISC analysis independent of SNR conditions, each participant’s time course was 

correlated with the time course of each of the other participants, resulting in N-1 correlations per participant. 

ISC for a unique participant was calculated as the mean across these N-1 correlation values. In order to test 

whether story listening led to higher ISC than resting state activity in these ‘story-listening’ networks, the 

EEG data from the resting block were projected through each story’s spatial filters using the leave one-out 

approach described above. Resting ISC was calculated similarly to story-listening ISC. Mean story-

listening ISC was compared to resting ISC using a paired sample t-test, separately for each of the three 

components. Note that results from using surrogate-data testing (Lancaster et al., 2018), by circularly 

shifting response time courses of participants, mirrored results from the resting-state contrasts.  

To examine ISC as a function of SNR, we concatenated EEG segments with the same SNR using 

data from the leave-one-out approach. This resulted in a single EEG time series for each participant, SNR 

condition, and spatial-filter component. Separately for each SNR, each participant’s time course was 

correlated with the time course of each of the other participants who heard the same story version (i.e., 

same order of SNR conditions), and subsequently averaged across the resulting N-1 correlations for each 

subject. We analyzed ISC using rmANOVAs with SNR (Clear, +12, +7, +2, -3 dB) as one within-subjects 

factor, separately for each of the three components. We also fit a quadratic function to ISC values, separately 

for each participant, to assess whether the effect of SNR on ISC could be quantified as linear or quadratic.  

Linear and quadratic coefficients were against zero using a one-sample t-test. 
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Assessment of the relationship between inter-subject correlation and behavioral measures 

To characterize the relationship between inter-subject correlation and behavioral ratings of absorption 

(NAS), enjoyment, motivation, and story comprehension, we calculated correlations (Pearson) between 

overall ISC for each of the three components and these behavioral measures. 

Comparison of ISC and speech intelligibility  

In order to directly compare word-report performance in Experiment 1 with inter-subject correlation during 

story listening in Experiment 2, we transformed both word-report scores and ISC values to z-scores. We 

restricted our analysis to the component with the highest ISC (Component 1, see Figure 4, right panel). We 

also fit a quadratic function to z-scored word-report and ISC values, separately for each participant. To 

assess the extent to which linear and quadratic coefficients differed for word-report and ISC data, we 

conducted two separate independent t-tests, with experiment measure (intelligibility [Exp 1], ISC [Exp 2]) 

as the grouping variable. To capture how each non-clear SNR condition (+12, +7, +2, -3 dB) changed 

relative to the clear condition, we calculated difference scores between each SNR level and the clear 

condition, separately for word-report scores and ISC values. Resulting values were submitted to a mixed 

design ANOVA with measure (intelligibility, ISC) as the between-subjects variable and SNR (+12, +7, +2, 

-3 dB) as the within-subjects variable.  

Results and Discussion 

Comprehension and engagement are high despite story masking 

For story comprehension, similar to Experiment 1, participants’ performance was significantly higher than 

chance level performance (M = .86, se = .01; t38 = 28.77, p = 2.1 × 10-27, re =.98), indicating that they 

attended and grasped details from the stories despite the varying babble masker. 
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Table 2. Mean engagement (NAS), enjoyment, and motivation ratings for Experiment 1 and 2 

 NAS Enjoyment Motivation 

 M ± s.e. M ± s.e. M ± s.e. 

Experiment 1 3.98 ± 0.12 4.35 ± 0.12 5.11 ± 0.11 

Experiment 2 4.5 ± 0.14 5.23 ± 0.17 5.59 ± 0.18 

 

We examined participants’ level of story engagement by testing mean ratings for each engagement 

category (NAS, enjoyment, motivation) against a rating of 4 (neutral response). In contrast to Experiment 

1, scores on the NAS (t38 = 3.62, p = .001, re = .51), enjoyment (t38 =7.28, p = 1.02 × 10-8, re = .76), and 

motivation (t38 = 8.9, p = 7.6 × 10-11, re = .82), were all significantly higher than a neutral response (see 

Table 2). This indicates that participants were engaged, enjoyed the stories, and felt motivated to listen. As 

a follow-up, we directly compared behavioral ratings between Experiment 1 and 2 using either separate 

independent t-tests (NAS, enjoyment) or a Wilcoxon rank sum test (motivation), with Experiment as the 

grouping factor (Experiment 1, Experiment 2). We found that narrative absorption (t119 = 2.7, pFDR = .008, 

re= .24),  enjoyment (t119 = 4.14, pFDR = 2 × 10-4, re= .35), and motivation (Z = 2.77, pFDR = .008) were higher 

in Experiment 2 compared to Experiment 1 (Table 2), perhaps because Experiment 2 was in person, whereas 

Experiment 1 was on line.  

Inter-subject correlation is higher during active listening compared to rest 

Figure 4 (left panel) shows the scalp projections of the first three components (Parra et al., 2005): 

topographical distributions are consistent with previous work (Dmochowski et al., 2012, 2014; Cohen and 

Parra, 2016; Ki et al., 2016). The first component has a fronto-central scalp distribution, which is consistent 

with a source in auditory cortex (Näätänen and Picton, 1987; Picton et al., 2003), but may also reflect 

contributions from frontal cortex. The second component has a parietal scalp distribution, suggesting a 

source in parietal cortex or posterior auditory cortex. The third component shows a parieto-occipital peak 
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with frontal polarity reversal. For each component we observed ISC that, while appearing small, were 

within an expected range reported previously (Dmochowski et al., 2012, 2014; Ki et al., 2016). ISC was 

stronger during story listening compared to rest for all three components (Component 1: t38 = 31.6, p = 7.3 

× 10-29, re = .98; Component 2: t38 =19.6, p = 1.7 × 10-21, re = .95; Component 3: t38 =16.7, p = 4.6 × 10-19, re 

= .94; see Figure 4, right panel). ISC for surrogate data (generated by circularly shifting participants’ time 

courses during the stories) also yielded significantly lower ISC values compared to un-shifted (story 

listening) data for each component. That the ISC was stronger during story listening compared to rest for 

the three strongest spatial components suggests that it is driven by patterns of shared neural activity evoked  

by the stories.  

Figure 4. Overall inter-subject correlation. Left 
panel: Scalp projections of the three most 
correlated components. Right panel: Overall ISC is 
plotted as a function of component number 
(Component 1, Component 2, Component 3) and 
listening condition (active: listening to stories; rest: 
relaxing with eyes open). Dots represent data points 
for individual participants. Black solid lines 
indicate means. The thin, dashed line marks ISC of 
zero. *p < 0.05.   

 

 

Inter-subject correlation declines quadratically as SNR decreases 

In order to examine whether ISC is affected by SNR, we conducted an rmANOVA. Consistent with 

behavioral performance from Experiment 1, we observed that ISC declined with decreasing SNR for all 

three components (Component 1: F4,152 = 20.64, p = 1.3 × 10-13, η2
p = .35; Component 2: F4,152 = 18.66, p = 

1.7 × 10-12, η2
p = .33; Component 3: F4,152 = 3.22, p = .014, η2

p = .08; Figure 5a). We further characterized 

the effect of SNR on ISC by fitting a quadratic function to ISC values and analyzing the resulting 

coefficients. For Component 1, the linear (t38 = -6.9, p = 3.2 × 10-8, re = .75) and quadratic (t38 = -4.86, p = 

2 × 10-5, re = .62) coefficients were significantly smaller than zero (Figure 5b). For Component 2, we also 
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found a significant linear (t38 = -7.14, p = 1.6 × 10-8, re =.76) and quadratic (t38 = -5.53, p = 2.5 × 10-6, re = 

.67) trend. Finally, we only found a significant linear trend for Component 3 (t38 = -3.2, p = .003, re = .46). 

The presence of quadratic trends in Components 1 and 2 suggests that ISC remained fairly stable at higher 

SNRs, but decreased most substantially at the lowest SNRs.  

 

Figure 5. Inter-subject correlation as a function of SNR. (a) Mean ISC plotted as a function of SNR 
(clear, +12,+7,+2,-3 dB) and component (Component 1, Component 2, Component 3). (b) Mean quadratic 
(left panel) and linear coefficients (right panel) are plotted as a function of component. Grey dots represent 
data for individual participants. Error bars reflect the standard error of the mean. *p < 0.05.   

We then compared ISC at successive pairs of SNRs to identify the point at which a significant drop 

in ISC occurred. For Component 1, ISC strength did not differ between Clear and +12 dB SNR (pFDR = 

.859), or between +12 and +7 dB SNR (pFDR = .703), but decreased significantly from +7 to +2 dB SNR 

(t38 = 2.7, pFDR = .02, re = .4), and from +2 to -3 dB SNR (t38 = 5.7, pFDR = 5.2 × 10-6, re = .68). An identical 

pattern was observed for Component 2, such that ISC strength did not differ between Clear and +12 dB 

SNR (pFDR = .452), or between +12 and +7 dB SNR (pFDR = .498), but decreased significantly from +7 to 

+2 dB SNR (t38 = 2.54, pFDR = .03, re = .38), and from +2 to -3 dB SNR (t38 = 4.72, pFDR = .0001, re = .61). 

No differences were observed between successive SNRs for Component 3 after correcting for multiple 

comparisons (pFDR >.14). Neural ISC is thought to index the degree of engagement with naturalistic 

materials (Hasson et al., 2010; Yeshurun et al., 2017; Nastase et al., 2019; Nguyen et al., 2019), and our 

data may thus suggest that a listener remains engaged during naturalistic listening when about 10% of words 
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are heard incorrectly (+7 dB SNR) but starts disengaging when approximately 20% of words are missed 

(+2 dB SNR). 

Finally, we compared the SNR condition with the lowest ISC (-3 dB SNR) to ISC during rest to 

determine whether the reduced synchronization observed for the most challenging listening condition was 

still greater than average synchronization during rest. We observed stronger ISC during the -3 dB SNR 

condition for Component 1 (t38 = -21.44, pFDR = 2.4 × 10-22, re = .96), Component 2 (t38 = -17.74, pFDR = 8.4 

× 10-20, re = .94), and Component 3 (t38 =-11.49, pFDR = 6.2 × 10-14, re =.88). Therefore, while engagement 

was significantly reduced at -3 dB relative to the other less challenging SNRs, observing stronger ISC at -

3 dB compared to rest may suggest participants were still somewhat engaged. These results are consistent 

with previous behavioral work suggesting that listeners continue to engage with spoken stories despite the 

presence of background masking and reduced speech intelligibility (Herrmann and Johnsrude, 2020. 

Relating inter-subject correlation and behavioral measures of engagement and comprehension 

Correlations between overall ISC for each component (Component 1, Component 2, Component 3) and 

behavioral ratings of absorption (NAS), enjoyment, motivation, and story comprehension were not 

significant after correcting for multiple comparisons (r37 < .3, pFDR > .22). 

Consistent with Experiment 1, we found a significant correlation between NAS and enjoyment (r37 

= .81, pFDR = 6.6 × 10-9), and NAS and motivation (r37 = .70, pFDR = 4 × 10-6). Higher levels of absorption 

were associated with greater enjoyment of the stories and motivation to listen. We also found a significant 

relationship between enjoyment and motivation (r37 = .86, pFDR = 5.8 × 10-11): enjoyment was associated 

with greater motivation to listen. NAS did not correlate with story comprehension (r37 =.21, pFDR = .192), 

and no other significant correlations were found (r37 <.23, pFDR >.36).  

Assessing the relative effect of SNR on intelligibility and inter-subject correlation 

We directly compared the relative effect of SNR on intelligibility and inter-subject correlation by fitting a 

quadratic function to mean-normalized (z-score) word-report scores and inter-subject correlation values for 
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the component with the strongest ISC (Component 1; see Figure 6a), and comparing the resulting 

coefficients. We observed no difference between quadratic coefficients for word-report scores and ISC for 

Component 1 (p = .21), suggesting similar quadratic patterns are present in both measures. We utilized a 

Bayesian independent t-test to determine the likelihood that the quadratic coefficients are indeed equal, but 

found weak evidence for this (B10 = 0.42). Additionally, we observed larger linear coefficients for the 

intelligibility task relative to ISC (t119 = 4.71, p = 7 × 10-6), suggesting that speech intelligibility declined 

more strongly with SNR than neural story engagement measured as ISC (Figure 6b).  

In order to capture how SNR may differentially affect intelligibility and ISC we calculated 

difference scores, separately for mean-normalized (z-score) word-report and ISC, between each SNR and 

the clear condition and analyzed the result using an ANOVA. The relative change from clear for both 

measures decreased significantly as SNR decreased (effect of SNR: F3,357 = 197.5, p = 1.8 × 10-75), but the 

decline from 2 to -3 dB SNR was larger for word report than for ISC (Task × SNR interaction: F3,357 =  

5.99, p = .001, η2
p = .05; WS contrast: F1,119 =7.76, pFDR = .01, η2

p = .06; Figure 6c).  

 

Figure 6. Normalized measures of intelligibility and inter-subject correlation. (a) Mean normalized 
word report (Exp 1) and ISC (Exp 2: Component 1) are plotted as a function of SNR (clear, +12, +7, +2, -
3 dB). Solid lines correspond to a quadratic function fit to normalized means. (b) Mean quadratic (left 
panel) and linear coefficients (right panel) are plotted as a function of experiment measure (intelligibility, 
ISC). Grey dots represent data for individual participants. (c) The change in normalized word-report (z-
score) and ISC for each SNR relative to clear. Error bars reflect standard error of the mean. *p < 0.05.   
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General Discussion 

We investigated how acoustic masking affects speech intelligibility, engagement, and neural activity during 

listening to spoken stories. In Experiment 1, we observed that that speech intelligibility quadratically 

declined with decreasing SNR, such that intelligibility was high and relatively stable (80% or higher) at all 

but the lowest SNR, at which declines in word report to ~55% accuracy were noted. In Experiment 2, inter-

subject correlation (ISC), a neural signature of engagement, exhibited a similar quadratic pattern and 

decreased most substantially for the lowest SNR, but speech intelligibility declined more rapidly with SNR 

than engagement (ISC). Our study suggests that engagement with naturalistic, spoken stories does not 

change even under adverse listening conditions that reduce intelligibility by approximately 10%.  

Story comprehension and overall engagement remain high despite background noise 

In both experiments, participants scored well above chance on the comprehension questions which indicates 

they were able to encode details from the stories despite regular changes in the level of background noise. 

Participants’ self-rated story absorption in Experiment 1 (our behavioral measure of engagement) was 

neutral, but they reported being motivated and enjoyed listening to the stories. In Experiment 2 participants 

reported increased levels of absorption, enjoyment, and motivation relative to neutral, which is consistent 

with previous research suggesting engagement and motivation are largely impervious to moderate levels of 

noise (Herrmann and Johnsrude, 2020a). In addition, participants in Experiment 2 reported higher levels of 

absorption, enjoyment, and motivation relative to Experiment 1 (see Table 2).  

The reason for differences in behavioral engagement metrics between experiments may be 

manifold. Engagement with narrative materials requires individuals to generate and maintain mental models 

of events, situations, and characters (Zwaan et al., 1995; Mar and Oatley, 2008; Oatley, 2016; Zwaan, 

2016). Disruptions to mental model generation and maintenance may reduce engagement with a narrative 

(Busselle and Bilandzic, 2009). In Experiment 1, stories were briefly discontinued about every 10-20 

seconds and participants performed the intelligibility task, whereas stories were played without interruption 
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in Experiment 2. Moreover, Experiment 1 was conducted as an online experiment, whereas Experiment 2 

was conducted in-lab with possibly fewer distractions for participants. Generation and maintenance of a 

mental model may thus have been more disrupted in Experiment 1 than 2, leading to lower narrative 

absorption scores in Experiment 1 (Table 2). Alternatively, the different levels of reported engagement 

between the two experiments may reflect differences in listening strategy. The word-report task in 

Experiment 1 may have led listeners to adopt a detail-oriented listening strategy to ensure they could report 

back specific words when prompted. In contrast, the absence of a dual task in Experiment 2 may have 

motivated a ‘gist’ or ‘global’ listening strategy (Harding et al., 2007), where individuals understand the 

message but may not be certain of the exact words spoken. The conditions of Experiment 2, in which people 

listened without a secondary intelligibility task, is more similar to real life, and suggests that, consistent 

with previous work (Herrmann and Johnsrude, 2020a), engagement with spoken stories is unaffected even 

if a listener misses 10% of words.  

Speech intelligibility declines quadratically with decreasing signal to noise ratio 

We utilized spoken stories masked with varied levels of background noise to approximate naturalistic 

listening conditions and found that speech intelligibility decreased as the SNR decreased. This is consistent 

with previous studies investigating how speech intelligibility changes with increasing speech degradation 

or masking with short speech utterances, such as disconnected sentences (Davis and Johnsrude, 2003; 

Duncan and Aarts, 2006; Obleser et al., 2007; Akeroyd, 2008; Wild et al., 2012b, 2012a). We further 

demonstrate that the relation between acoustic masking and speech intelligibility was quadratic, such that 

intelligibility remained relatively high at moderate SNRs (>80% words reported for +2 dB SNR and higher) 

but was particularly poor when the SNR was low (~55% words reported for -3 dB SNR). Performance at 

moderate SNRs may have benefited from the influence of contextual information, as semantic or lexical 

context can facilitate intelligibility when the speech signal is degraded or an individual has impaired hearing 

(Pichora-Fuller et al., 1995; Dubno et al., 2000; Obleser et al., 2007; Desjardins and Doherty, 2014; Holmes 
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et al., 2018). This strategy was perhaps not possible for the lowest SNR, at which only about half of the 

words could be understood – the context gleaned from this proportion of sentences may not be sufficient to 

enhance comprehension.  

Inter-subject correlation is stronger when listening to stories compared to rest 

We observed that ISC was stronger during story listening compared to rest for all three spatial components. 

This is consistent with previous studies showing that ISC is stronger when attending to a coherent narrative 

compared to when attention is directed elsewhere (Ki et al., 2016) or compared to rest (Hasson et al., 2004; 

Wilson et al., 2008). Observing significant ISC despite the presence of background noise suggests that 

participants were able to remain engaged despite presumably missing segments of the story during the 

segments when the SNR was low.  

Inter-subject correlation declines as signal to noise ratio decreases 

Consistent with word-report performance in Experiment 1, we found that ISC declined with decreasing 

SNRs in a quadratic fashion. ISC did not differ between clear, +12, and +7 dB SNR despite missing 

approximately 10% of words for +7 dB SNR, but declined from +7 to +2, and more drastically from +2 dB 

to -3 dB SNR. Despite similar overall patterns, comparing ISC and intelligibility directly demonstrated that 

word-report performance declined more strongly with decreasing SNR compared to ISC (Figure 6a and 

6c). Additionally, while ISC was lowest at -3 dB SNR, ISC for all three components was still stronger than 

during rest, which may suggest participants were still somewhat engaged when speech intelligibility was 

~55%. This is consistent with a recent behavioral study demonstrating that listeners were as absorbed during 

a story that was continuously masked by babble at +4 dB SNR as they were during a clear story, despite 

much higher rated listening effort for the former (Herrmann and Johnsrude, 2020a). The current data 

provide neural evidence that engagement with spoken stories is unaffected by masking that reduces 

intelligibility to about 90%, but begins to decrease when intelligibility reduces to 80%. We speculate that 

sustained engagement despite acoustic masking may have resulted from participants enjoying the story and 
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being intrinsically motivated to continue listening (Eckert et al., 2016; Matthen, 2016; Richter, 2016; 

Herrmann and Johnsrude, 2020b). 

Listening and trying to understand masked speech is supported by processes such as sustained 

attention (Davis and Johnsrude, 2007; Obleser et al., 2007; Wild et al., 2012b) which, when recruited, 

results in effortful listening (Pichora-Fuller et al., 2016). Low SNRs may result in depleted resources 

(Ivarsson and Arlinger, 1994; Hornsby et al., 2016) and/or may lead to temporary disengagement or 

attentional lapses (Hallberg and Carlsson, 1991; Heffernan et al., 2016). This is consistent with our 

observation of lowest, but still significant, ISC at the most difficult SNR (-3 dB SNR) for which participants 

missed about ~45% of words on average. Our study may thus provide evidence for changes in a listener’s 

attentional engagement with spoken stories masked by background sound, suggesting that a listener can 

engage and follow a story’s thread even when not all words are heard. 

Using narratives to approximate realistic listening scenarios 

Studies that examine speech listening use short speech utterances, such as single words or brief isolated 

sentences (Davis and Johnsrude, 2003; Duncan and Aarts, 2006; Warren et al., 2006; Obleser et al., 2007; 

Akeroyd, 2008; Wild et al., 2012a, 2012b). In contrast, everyday listening situations involve speech 

material comprised of sentences that relate to each other, and that are interesting to the listener. Such 

listening situations are commonly subject to increased levels of background noise, but are also rich with 

many positive aspects of listening that may drive motivation to listen (Matthen, 2016; Herrmann and 

Johnsrude, 2020b). Similarly, the spoken stories used here are intrinsically motivating to a listener, 

reflecting such everyday listening situations  (Dunlop and Walker, 2013). Our work shows, in line with 

recent studies (Broderick et al., 2018, 2019, 2021; Brodbeck et al., 2020; Erb et al., 2020; Polonenko and 

Maddox, 2021), that utilizing naturalistic, spoken stories to investigate speech listening provide a useful 

avenue to investigate listening in ecologically valid conditions. 
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Conclusions 

We utilized naturalistic spoken stories to investigate how challenging listening situations affect 

intelligibility and listener engagement. Listener engagement, measured via inter-subject correlation of 

electroencephalographic activity, was unaffected by moderately challenging SNRs, despite missing 

approximately 10% of words. Our work provides a unique approach to observe speech intelligibility and 

listener engagement using ecologically valid, engaging stories, and suggests that listeners continue to 

engage with spoken stories even under adverse listening conditions when intelligibility is reduced. 
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