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Introduction

Listeners frequently find themselves in situations where 
interruptions—due to background noise, competing talk-
ers, or environmental sounds—make speech difficult to 
understand. This challenge is particularly important for 
listeners with hearing loss (Başkent, 2010; Shafiro et al., 
2015, 2016) who expend considerable effort processing 
disrupted or fragmented speech (Ohlenforst, Zekveld, 
Jansma, et al., 2017; Zekveld et al., 2018). As speech dis-
ruptions and misperceptions accumulate, processing 
demands rise to compensate for inaudible or misperceived 
speech. Yet, even after expending additional cognitive 
resources, listeners often fail to understand interrupted 
speech. Whether or not perceptual repair is successful, it 
still requires extra resources from the listener (Winn & 
Teece, 2021, 2022), which can affect the perception of 
upcoming speech (Winn, 2024). These difficulties can 
negatively impact a listener’s quality of life, leading to 
social withdrawal (Demorest & Erdman, 1987; Edwards, 

2007), professional limitations (Danermark & Gellerstedt, 
2004; Kramer et al., 1997; Nachtegaal et  al., 2009), and 
even cortical reorganisation and cognitive change (Dietrich 
et al., 2001; Glick & Sharma, 2020). Thus, understanding 
the cognitive resources required when processing degraded 
or unclear speech—where repair is uncertain or incom-
plete—is an important facet of understanding communica-
tion impairments.

In some circumstances, listeners may compensate for 
incomplete signals by relying on contextual cues or 

The time course of cognitive effort  
during disrupted speech

Andrew M Burleson1,2  and Pamela E Souza1

Abstract
Listeners often find themselves in scenarios where speech is disrupted, misperceived, or otherwise difficult to recognise. 
In these situations, many individuals report exerting additional effort to understand speech, even when repairing speech 
may be difficult or impossible. This investigation aimed to characterise cognitive efforts across time during both sentence 
listening and a post-sentence retention interval by observing the pupillary response of participants with normal to 
borderline-normal hearing in response to two interrupted speech conditions: sentences interrupted by gaps of silence 
or bursts of noise. The pupillary response serves as a measure of the cumulative resources devoted to task completion. 
Both interruption conditions resulted in significantly greater levels of pupil dilation than the uninterrupted speech 
condition. Just prior to the end of a sentence, trials periodically interrupted by bursts of noise elicited greater pupil 
dilation than the silent-interrupted condition. Compared to the uninterrupted condition, both interruption conditions 
resulted in increased dilation after sentence end but before repetition, possibly reflecting sustained processing demands. 
Understanding pupil dilation as a marker of cognitive effort is important for clinicians and researchers when assessing 
the additional effort exerted by listeners with hearing loss who may use cochlear implants or hearing aids. Even when 
successful perceptual repair is unlikely, listeners may continue to exert increased effort when processing misperceived 
speech, which could cause them to miss upcoming speech or may contribute to heightened listening fatigue.

Keywords
Cognitive effort; listening effort; interrupted speech; pupillometry

Received: 29 January 2024; revised: 8 January 2025; accepted: 10 January 2025

1�Hearing Aid Laboratory, Department of Communication Sciences and 
Disorders Evanston, Northwestern University, Evanston, IL, USA

2�Emerging Auditory Research laboratory, Massachusetts Eye and Ear, 
Harvard Medical School, Boston, MA, USA

Corresponding author:
Andrew M Burleson, Emerging Auditory Research laboratory, 
Massachusetts Eye and Ear, Harvard Medical School, 243 Charles 
Street, Boston, MA, 02114, USA.  
Email: ABurleson@meei.harvard.edu

1316797QJP0010.1177/17470218251316797Quarterly Journal of Experimental PsychologyBurleson and Souza
research-article2025

Special Issue Paper

https://uk.sagepub.com/en-gb/journals-permissions
http://qjep.sagepub.com
mailto:ABurleson@meei.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1177%2F17470218251316797&domain=pdf&date_stamp=2025-02-18


2	 Quarterly Journal of Experimental Psychology 00(0)

cognitive and linguistic strategies to fill in missing speech, 
a process known as perceptual restoration (Warren, 1970). 
The success of this process depends on several signal- and 
listener-related factors that influence the recovery and 
repair of missing speech (Warren, 1970). For example, 
performance improves with better spectrotemporal fidelity 
(Clarke et al., 2016; Fogerty et al., 2015), shorter or fewer 
interruptions (Bologna et al., 2018; Kidd & Humes, 2012; 
Miller & Licklider, 1950; Shafiro et  al., 2015; Wang & 
Humes, 2010), and noise-filled gaps over silent ones 
(Bashford et al., 1996; Bashford & Warren, 1987; Bologna 
et  al., 2019; Nagaraj & Magimairaj, 2017; Powers & 
Wilcox, 1977). In addition, listeners with higher working 
memory capacity and better lexical knowledge restore 
more missing speech (Benard & Başkent, 2014; Burleson 
& Souza, 2022; Millman & Mattys, 2017; Nagaraj & 
Magimairaj, 2017).

However, these investigations also reveal that compen-
satory mechanisms do not always result in successful per-
ceptual restoration. When the auditory signal is too 
degraded, interruptions are too long or frequent, or the lis-
tener cannot determine a clear path to repair, they may 
struggle to piece together the remaining fragments. In such 
cases, listeners may only grasp the “gist” of the spoken 
content at best, while at worst, they may recognise few, if 
any, words, leading to an inefficient use of cognitive 
resources (Rönnberg et al., 2013, 2021). Finally, the cogni-
tive resources expended during difficult listening tasks can 
also vary widely, even when intelligibility scores appear 
similar across conditions (Ohlenforst, Zekveld, Lunner, 
et al., 2017), highlighting the role of resource deployment 
during even unsuccessful perceptual repair.

Rather than focusing on speech repair alone, recent 
findings emphasise the need to investigate how listeners 
manage higher-order resource devotion, or effort, when 
complete perceptual restoration is not feasible. This 
reframing aligns with models highlighting the neurobio-
logical processes of effort and effort withdrawal in 
response to a consistent listening situation, such as a noisy 
restaurant. In these circumstances, listeners weigh the 
costs and benefits of continued devotion of effort as the 
likelihood of successful restoration diminishes, ultimately 
deciding whether or not to withdraw resources based on 
the perceived value or reward in these conditions (e.g., 
enjoying participation in a conversation) (Eckert et  al., 
2016). This investigation explores how listeners navigate 
cognitive effort during attempts to repair interrupted 
speech, even when they may not restore missing speech 
information. Examining these processes provides insight 
into how individuals cope with incomplete auditory input 
and the limits of perceptual restoration.

The cognitive resources required to process degraded 
speech are often overlooked in clinical settings, even for 
listeners with normal hearing. Listeners with clinically 
normal or near-normal hearing still struggle with 

interrupted speech (Bologna et al., 2018; Fogerty et al., 
2015; Miller & Licklider, 1950; Powers & Wilcox, 1977; 
Warren, 1970), a difficulty that becomes particularly evi-
dent when the missing speech is so degraded that it may 
not be restored. Speech-recognition difficulty for patients 
with clinically normal hearing creates a challenging situ-
ation for both clinicians and patients, especially in noisy 
environments (Liberman & Kujawa, 2017; Tremblay 
et  al., 2015). Clinical audiologists often recommend 
modifying the environment (e.g., reducing distance from 
the speaker) and adjusting conversation strategies (e.g., 
asking for rephrased clarification) to improve speech 
understanding. However, these recommendations focus 
on signal modification rather than the additional effort 
required for processing disrupted speech. Formal assess-
ments of the cognitive effort required for processing 
degraded speech are uncommon in clinical practice. An 
exception is the use of self-report measures to assess 
effortful processing, such as the Speech and Spatial 
Qualities questionnaire (Gatehouse & Noble, 2004) or 
the Listening Effort Questionnaire (Hughes et al., 2019). 
However, such questionnaires are rarely used, and the 
cognitive demands of processing disrupted or misper-
ceived speech often go unrecognised, depriving clini-
cians of valuable insight into their patients’ listening 
challenges.

Processing demands require the listener to exert addi-
tional cognitive effort, which refers to listener-directed 
energy related to task demands, attentional engagement, 
and other listener-related factors such as fatigue 
(Kahneman, 1973; Pichora-Fuller et al., 2016). While the 
term “listening effort” is common, we use “cognitive 
effort” here to encompass task-related engagement beyond 
sentence listening per se. More challenging tasks require 
more cognitive resources during task completion. 
Cognitive effort expenditure is thought to be nonlinear, 
with both easy and very challenging tasks resulting in min-
imal effort deployed (Brehm & Self, 1989; Richter et al., 
2016). The former is due to the ease of the task; the latter 
is likely due to disengagement, effort withdrawal, or “giv-
ing up” (Eckert et al., 2016).

Pupillometry offers an indirect method for quantifying 
cognitive effort, providing a continuous, real-time meas-
ure via pupil dilation. This dilation is thought to mirror the 
cognitive resources devoted to the task, with increased 
dilation indicating greater effort when more cognitive 
resources are engaged (Ahern & Beatty, 1979; Beatty, 
1982; Vogelzang et al., 2016). It has been suggested that 
the link between effort exertion and pupil dilation is rooted 
in the autonomic nervous system and error monitoring in 
the cingulo-opercular network (Eckert et al., 2016; Vaden 
et al., 2013, 2017), physiologically linking this increase in 
dilation to the region known as the locus coeruleus (Aston-
Jones & Cohen, 2005; Murphy et al., 2011) and broader 
cortical activity (Reimer et al., 2016).
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Research also suggests that cognitive effort is devoted 
both during and after speech listening (Nees, 2016; 
Piquado et al., 2010; Winn et al., 2015; Winn & Moore, 
2018). Measuring cognitive effort during two important 
time periods—sentence listening and the retention interval 
immediately afterward—offers insight into how listeners 
manage challenging conditions, even when speech repair 
is unlikely or impossible. This approach shifts the focus 
from the resources required for successful perceptual 
repair to understanding the sustained allocation of cogni-
tive effort during interrupted speech, where complete res-
toration of the speech signal is unlikely or impossible.

Cognitive effort tends to increase as listeners begin lis-
tening to sentences and extends through the listening win-
dow, especially for difficult tasks, and the role of cognitive 
effort has been established for a range of auditory stimuli 
(Zekveld et al., 2018). For example, differences in effort 
emerge during listening tasks with changes in masker type 
(Koelewijn, Zekveld, Festen, & Kramer, 2012; Wendt 
et  al., 2018), intelligibility (Porretta & Tucker, 2019; 
Zekveld et  al., 2010), and hearing loss (Zekveld et  al., 
2011). Furthermore, as signal fidelity worsens, the cogni-
tive effort deployed to process speech systematically 
increases (Winn et al., 2015). In addition to intelligibility, 
audibility, and degradation, linguistic factors, such as syn-
tactic ambiguity and lexical frequency, can modulate the 
cognitive effort required to process speech (Engelhardt 
et al., 2010; Kuchinke et al., 2007). Cognitive resource use 
increases during sentence listening, especially under diffi-
cult conditions—even when repair may not be feasible and 
whether or not it is successful (Winn & Teece, 2021, 2022).

When speech is degraded, listeners continue to process 
the stimuli even after the entire sentence has concluded, a 
period known as the retention interval. The retention inter-
val, occurring after the stimulus ends but before the partici-
pant responds, is considered a window for potential ongoing 
explicit reprocessing and repair (Winn, 2024; Winn & 
Teece, 2021, 2022). This sustained cognitive effort occurs 
when the processing requirements of a task remain incom-
plete. That is, processing an easy task (e.g., uninterrupted 
speech) can be completed almost entirely during sentence 
presentation, whereas a challenging task (e.g., interrupted 
speech) demands ongoing effort after the sentence has 
ended. For example, cognitive effort returns rapidly to 
baseline after highly intelligible sentences but remains ele-
vated for unintelligible ones (Zekveld & Kramer, 2014). 
Similarly, for vocoded sentences, the pupillary response 
returns to baseline more quickly for correct responses than 
when they are incorrect (Winn et  al., 2015), and there is 
prolonged dilation for the simultaneous presentation of two 
sentences (Koelewijn et al., 2015). Alternatively, the ongo-
ing effort devoted to repair during the retention interval 
may be withdrawn should the task be deemed too difficult, 
or the perceived benefit be too low (Eckert et al., 2016). 
Together, these findings suggest that listeners may continue 

to process speech during the retention interval. However, it 
remains unclear to what extent cognitive effort is sustained 
during the retention interval when speech is disrupted and a 
path to full perceptual repair is unlikely or impossible.

This investigation aimed to explore the level of cogni-
tive effort for two interruption conditions compared to an 
uninterrupted condition: sentences interrupted by periodic 
gaps of silence or bursts of speech-shaped noise, across 
two distinct time windows. The first window was during 
sentence listening, where data suggest increasing signal-
degradation leads to increased cognitive effort (Winn 
et al., 2015). The second was the retention interval, during 
which listeners may attempt to repair the disrupted sen-
tence (Gianakas et al., 2022; Winn et al., 2015; Winn & 
Moore, 2018). We predicted that the level of cognitive 
effort for both interruption conditions would be similar 
during the listening window, as the degree of signal degra-
dation for the two conditions was comparable, and pupil 
dilation has been shown to be related to signal degradation 
(Winn et al., 2015). During the retention interval, we pre-
dicted that the level of cognitive effort would be greater for 
both interruption conditions compared to the uninterrupted 
condition, as listeners remained devoted to perceptual 
repair.

Method

Participants

This study included 17 participants, aged 22–64 years 
(average age = 42.1 years, SD = 14.1 years), who had nor-
mal or borderline normal hearing. A power analysis con-
ducted with an assumed Cohen’s effect size (f2 = 0.3) with 
a power of 0.8 indicated that a sample size of 20 would be 
adequately powered (see the Discussion section for further 
consideration of sample size). To be eligible, participants 
needed to speak English as their primary language, be at 
least 18 years old, have symmetrical hearing thresholds 
(no difference greater than 10 dB HL at any frequency) 
without conductive loss (air-bone gap < 10 dB HL at any 
frequency), and have up to a mild hearing loss (defined as 
no single audiometric threshold exceeding 40 dB HL from 
250 to 6,000 Hz; Figure 1). We excluded participants with 
moderate or poorer hearing loss because our study focused 
on the cognitive effort required for compensating an audi-
ble speech signal, rather than examining how listeners 
would respond to poor audibility of the signal itself (see 
the Discussion section for further consideration of hearing 
loss and perceptual restoration).

Participants performed better than 20/50 on a Snellen 
vision chart without correction, indicating visual acuity 
appropriate for this pupillometry experiment. Participants 
were not permitted to wear hard contact lenses or glasses 
during pupillometry as the reflection from the lenses can 
distort the data. None of the participants had a history of 
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eye or vision problems such as cataracts or colorblindness. 
All participants denied having dyslexia, diabetes mellitus, 
or a history of neurological disease. No participants wore 
heavy eye makeup during testing. The institutional review 
board of Northwestern University approved the study, and 
all participants participated in a written informed consent 
process and had adequate opportunity to ask questions 
prior to participation. Participants were compensated at an 
hourly rate for taking part in the study.

Stimuli

Sentence sets were composed of the Perceptually Robust 
English Sentence Test: Open Set (PRESTO), a sentence 
corpus designed to detect individual variation in neurocog-
nitive abilities during speech recognition (J. L. Gilbert 
et al., 2013). The PRESTO sentence sets were designed to 
be balanced for talker gender, number of key words, aver-
age log key word frequency, and average word familiarity. 
Example sentences include, “The nearest synagogue may 
not be within walking distance,” and “The jaw operates by 
using antagonistic muscles” (scored key words in bold). 
The original files were retrieved from a CD, stored on a 
computer hard drive as a .wav file, and had a sampling rate 
of 44.1 kHz with identical left and right channels. 
Sentences similar in length were selected from all sen-
tences in the corpus. The average length of all selected 
sentences was 3,526 ms (SD = 526 ms). The sentences 
underwent conversion from digital to analogue using the 
on-board sound card. They were then presented using a 
Focusrite Scarlett 2i2 pre-amp and output through a single 
PreSonus Eris e3.5 speaker in front of the listener. The out-
put was maintained at a 72-dB A-weighted average root 
mean square (RMS; LAeq) level, with peak A-weighted 
levels (LAFmax) measured at 82 dB at 1 m, or at the lis-
tener’s seated position. Level measures were obtained 
using Brüel & Kjær Type 2250 sound-level metre at the 

level of the eye tracker’s fixed chin rest (see subheading 
titled “Eye Tracker”).

All sentences.  Sentences in this investigation consisted of 
three listening conditions of 25 sentences each (75 total). 
Participants listened to uninterrupted sentences, sentences 
interrupted by gaps of silence, and sentences interrupted 
by bursts of speech-shaped noise.

Silent-gap sentences.  Interrupted sentence processing was 
completed using a custom R2020a MATLAB script. Inter-
rupted sentences were gated using a 50% duty cycle square 
wave at a 2.0-Hz rate, resulting in alternating sections of 
250-ms speech and 250 ms of a silent interruption. To 
reduce spectral splatter, 10 ms cosine on- and off-ramps 
were applied to all interruption sites. All sentences were 
RMS normalised after silent-gap insertion. The aforemen-
tioned procedure resulted in 50 sentences of alternating 
250 ms of speech and 250 ms of silence, 25 of which were 
used for the silent-gap-interrupted condition, and no fur-
ther processing was required.

Noise-burst sentences.  The remaining 25 silent-gap-inter-
rupted sentences then had speech-shaped noise inserted 
into the gap. To generate the speech-shaped noise, the full 
set of 75 sentences were combined, and a Fourier trans-
form was obtained, randomising all spectral components 
and phases. Next, they were converted back into the time 
domain using an inverse Fourier transform. Segments of 
the speech-shaped noise were interrupted in an inverse 
manner compared to the speech sentences described ear-
lier, resulting in alternating segments of 250 ms of silence, 
followed by 250 ms of speech-shaped noise. The noise-
burst stimuli were then linearly added to the remaining 25 
pre-processed sentences, interleaving the speech and noise 
segments (creating alternating segments of 250 ms of 
speech and 250 ms of noise) with 10 ms cosine on- and off-
ramps. The noise-burst-interrupted sentences were RMS 
normalised prior to noise-burst insertion (see the “Silent-
gap sentences” section) so that the level of the speech itself 
was equivalent in the silent-gap- and noise-burst-inter-
rupted sentences. The noise burst was 10 dB louder than 
the speech segments (−10 dB SNR), as smaller SNRs result 
in poorer perceptual restoration performance (Bashford 
et  al., 1996), resulting in a slightly higher overall level 
(approximately 7 dB) for the noise-interrupted sentences.

Eye tracker

Data were collected using an SR Research EyeLink 1000 
Plus eye tracker hardware with a customised experimental 
paradigm designed in Experiment Builder (SR Research 
Ltd., version 2.3.1). The EyeLink 1000, an infrared video-
based eye-tracking device, captured pupil dilation in the 
right eye of the participant as listeners viewed a monitor 

Figure 1.  Audiometric thresholds for the 17 participants. Left 
ear thresholds are represented by the blue X, and right ear 
thresholds are represented by the red circles. The shaded area 
reflects the range of audiometric thresholds for this cohort.
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occupying most of their visual field. Listeners were seated 
in a low-reverberation, dimly-lit research room. The lumi-
nance of the room was the same for all participants and 
monitored to minimise pupil dilation that naturally occurs 
with changes in luminance, consistent with other pupil-
lometry test settings (Wagner et al., 2016). The luminance 
of the display monitor was not higher than the room light-
ing to further minimise the effect of luminance on pupil 
diameter (Winn et al., 2018).

Cognitive and linguistic measures

Some literature suggests working memory capacity and 
lexical knowledge to be the most relevant abilities for per-
ceptual restoration (Benard & Başkent, 2014; Burleson & 
Souza, 2022; Millman & Mattys, 2017; Nagaraj & 
Magimairaj, 2017). All participants in this investigation 
were part of a larger cohort who had previously completed a 
battery of cognitive and linguistic measures. Because these 
data were not used as individual predictors of pupil dilation 
in this investigation (see “Statistical Considerations”) and 
because the primary aim of the present report was the time 
course of cognitive effort during interrupted speech within 
the context of cognitive and linguistic abilities (Engelhardt 
et al., 2010; Kuchinke et al., 2007), these data will be pre-
sented in a descriptive manner to illustrate the range of cog-
nitive and linguistic abilities of this cohort.

The Reading Span Task (RST; Rönnberg et al., 2013) 
assesses a participant’s complex working memory—the 
ability to concurrently reprocess, store, and accurately 
respond to complex stimuli (Baddeley, 2000; Daneman & 
Carpenter, 1980). Participants were first asked to compre-
hend a series of visually presented sentences and deter-
mine if the sentence makes sense (with half being 
incoherent). Then, participants were randomly asked to 
recall either the first or last word of each sentence in any 
order, and the number of words correctly identified was 
scored. Sentences presented to participants increased from 
two to five per sequence, and higher scores indicate better 
performance.

The Wechsler Abbreviated Scale of Intelligence, 
Second Edition (WASI-II), Vocabulary Subtest assesses a 
participant’s lexical knowledge of word meaning, access-
ing receptive vocabulary knowledge, and is common in 
neuropsychological assessment (Wechsler, 2009). Single 
words were presented, and participants were asked to 
define or describe the word. Following the administration 
manual, scoring ranged from zero to two points for each 
response, and the task was discontinued after three con-
secutive scores of zero. The task gets more difficult as the 
words become more abstract and less common. Raw 
scores were transformed to t-scores using the administra-
tion manual, and higher scores indicate greater lexical 
knowledge.

QuickSIN

The Quick Speech-in-Noise (QuickSIN) test was adminis-
tered to assess listeners’ ability to recognise speech in 
background noise (Killion et al., 2004). The QuickSIN test 
presents sentences in four-talker babble noise, with the 
signal-to-noise ratio (SNR) decreasing in 5-dB steps from 
25 dB to 0 dB. Each list consists of six sentences, and the 
participant is asked to repeat each sentence they hear. The 
SNR loss was calculated by subtracting the number of cor-
rectly identified key words from a constant value of 25.5. 
Two lists were presented to each listener at 70 dBA, and 
the average SNR loss of both lists represented their score. 
This measure provides a quantifiable assessment of the 
participant’s speech-recognition performance in noisy 
environments, reflecting real-world listening challenges, 
and is related to perceptual restoration performance 
(Vijayasarathy et al., 2021).

Procedure

All participants in this investigation completed audiometric 
evaluation, including pure tone air- and bone-conduction 
thresholds, QuickSIN, the RST, and the WASI-II Vocabulary 
Subtest (Killion et  al., 2004; Rönnberg et  al., 2013; 
Wechsler, 2009). Participants were brought to the room 
with the eye tracker where they completed the informed 
consent process with the investigator. Next, participants 
were seated in front of the eye tracker, and the level of the 
fixed chin rest and chair height were adjusted until the par-
ticipant felt comfortable. The eye tracker was then focused 
manually and calibrated using a 9-point calibration proce-
dure prior to task administration. Verbal responses were 
recorded using a tabletop microphone (MXL ProCon Series 
1 AC-404USB). Participants were provided with written 
and verbal instructions for the task. Participants were 
encouraged to take breaks as needed in addition to sched-
uled breaks to minimise the effects of fatigue.

Five unscored practice trials were administered prior to 
the experimental task, and participants were encouraged to 
ask any clarification questions during these trials. During 
the task, participants were instructed to listen to the sen-
tence but to wait 5 s (i.e., the retention interval) before the 
screen prompted, “repeat sentence.” Listeners were 
encouraged to try to fill in missing speech, and to guess if 
unsure. Key words were scored for exact matches (i.e., 
plurals and tenses had to match). After the five practice 
trials, listeners moved on to the uninterrupted condition. 
The uninterrupted sentences are perceptually simpler, and 
this task was completed first to allow participants to accli-
mate to the test environment prior to the more difficult 
interrupted sentences. Subsequently, the order of the silent-
gap- and noise-burst-interrupted sentences (the compari-
son of primary interest, grouped by condition) was 
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randomised across participants. Because blinks may be 
identified, removed, and interpolated prior to analysis 
(Klingner et  al., 2011) no explicit instruction was given 
about not blinking. However, participants were encour-
aged to blink at the end of each trial, similar to an investi-
gation from Wagner et al. (2016). Testing duration was 1 to 
1.5 hr.

Each trial consisted of a baseline phase, a listening 
phase, a retention interval, a repetition phase, and a return 
to baseline phase. Every trial began with a 1-s blank screen 
followed by 4 s of a black fixation cross on a grey screen. 
Next, a 0.5-s, 1,000-Hz alert beep was presented 1 s prior 
to sentence onset so the participant could anticipate when 
to listen (Winn & Moore, 2018). After the sentence was 
played, participants waited 5 s (i.e., the retention interval) 
before the screen displayed, “repeat sentence.” The experi-
menter scored key words during repetition. Finally, a 6-s 
delay allowed the participant’s pupil to return to baseline. 
Afterwards, the screen read, “break, blink as needed,” and 
participants were encouraged to take a break during this 
time. The experimenter then manually advanced to the 
next trial. At the end of each condition, there was a longer, 
mandatory break to minimise participant fatigue. The fixa-
tion cross was always present on the screen except during 
the blank screen, task instruction, and calibration. Between 
each trial, the eye-tracking software corrected for drift, and 
the eye tracker was re-calibrated using the 9-point process 
described earlier if needed (e.g., if the participant lifted 
their head from the chin rest).

Statistical considerations

Summary statistics were calculated for participants, 
including key word percent correct and results of cognitive 
and linguistic measures. After the pupil-dilation analysis 
(see the “Pupil diameter analysis” section), pupillometry 
data were further stratified by key word percent correct for 
later visualisation. Given the number of possible predic-
tors (e.g., RST and WASI-II Vocabulary) and inherent 
individual variability in pupil dilation (Winn et al., 2018) 
relative to the number of participants, linear regression 
analyses investigating the predictive value of individual 
cognitive and linguistic ability were deemed prone to type 
I error and were not conducted.

Pupil diameter analysis.  Trials were individually inspected 
for missing data and to identify if automatically coded 
blinks were correct using the SR Research programme 
EyeLink Data Viewer (SR Research Ltd., version 4.3.1). 
Data were grouped by participant and condition and 
exported for analysis. Down sampling, data preparation, 
filtering, interpolation, window summary statistics, and 
generalised additive mixed modelling (GAMM) were con-
ducted using the R statistical programme (version 4.4.1; R 
Core Team, 2024).

The relative value of the pupil diameter was captured 
using a sampling rate of 1,000 Hz. Missing data, including 
blinks, were given a value of −1. Blinks were defined as a 
period of activity with pupil data missing for three or more 
consecutive samples. The data were down sampled using 
the median and a time bin size of 50 ms so that meaningful 
pupil dilation change could be detected (van Rij et  al., 
2019). The first trials of a new condition may result in an 
abnormally large pupil dilation, so the first five trials from 
each condition were removed (Wendt et al., 2016), result-
ing in a total of 60 trials per participant. Trials with more 
than 20% of the data missing were removed prior to analy-
sis, resulting in the removal of 15.7% of trials, consistent 
with existing literature (Mukai et  al., 2018; Porretta & 
Tucker, 2019; van Rij et  al., 2019). The final analysis 
included 287 noise-interrupted trials, 290 silent-inter-
rupted trials, and 283 uninterrupted trials. The data were 
then median filtered with a rolling window size of 11 
before linear interpolation across missing data such as 
blinks (Jackson & Sirois, 2009). Finally, the data were 
baseline aligned (individually by trial) for the 1 s just 
before sentence onset, or from 4.5 to 5.5 s. Summary statis-
tics including mean and peak dilation by condition and 
peak dilation latency were extracted from pre-determined 
time windows. These windows were chosen to begin 1 s 
after relevant analysis onset and extend long enough for 
the pupil to dilate but shorter than the mean sentence 
length (Winn et al., 2018). The data were then visualised 
for interpretation.

The data were analysed using GAMM, a nonlinear 
analysis which can be used for analysis of pupil dilation 
differences. GAMM is a powerful tool that can account for 
type I errors that occur as a result of autocorrelation 
between points, a common issue for the slowly changing 
pupil during pupillometry experiments (Baayen et  al., 
2018). GAMM can also include nonlinear interactions 
using two or more numeric predictors (van Rij et al., 2019). 
Furthermore, GAMM permits direct comparison of the 
time course of pupil dilation between conditions and visu-
alisation of significant differences in latency between con-
ditions through the use of factor smooths, which allow for 
the shape of the nonlinear pupil dilation variable to vary by 
participant (for additional information on smooth terms, 
see the article by Wood, 2017). Unlike pre-determined 
time windows, GAMM analysis quantifies pupil diameter 
differences without a priori assumptions, can model com-
plex and nonlinear interactions, and can utilise nonlinear 
random effects (van Rij et al., 2019). For our analyses, the 
interruption conditions were entered as predictors for the 
pupil diameter in the model. In addition, random smooths 
were entered both for time in milliseconds and for each 
listener, allowing time to have a different effect for each 
listener. Each model produced summary statistics includ-
ing parametric coefficients and smooth terms. In addition, 
latency comparisons between conditions were visualised 
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when conditions resulted in significantly different amounts 
of pupil dilation (i.e., excursion from zero).

The model formula used for the analysis of the entire 
time series is as follows:

pupil condition s time condition k

s tim
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In this model, Pupilij is the pupil response for the j-th 
observation from the i-th listener, β0 is the intercept, β1 is 
the coefficient for the fixed effect of interruption condi-
tion, and s(timeij, conditionij, k = 60) represents the smooth 
term for time, varying by interruption condition, with 
k = 60 basis functions. The term s(timeij, listeneri, bs = “fs,” 
m = 1) represents the random smooth term for time within 
each listener, using a factor smooth with m = 1. 
Autocorrelation was accounted for in the model by extract-
ing the autocorrelation parameter ρ from an earlier model 
using the function start_value_rho. Autocorrelation was 
aligned with the start of each trial, denoted by a start_event 
marker used to reset autocorrelation calculation. Smoothing 
parameters were estimated using the “fREML” method, 
with a discrete parameter set to TRUE for computational 
efficiency. The scaled-t distribution family = “scat” was 
used to model the variance in the data. Finally, ϵij denotes 
the residual error term.

After onset-aligned visualisation of pupil dilation 
across the entire trial, analysis was divided into two differ-
ent time windows: pupil dilations that occurred during the 
sentence-listening window (i.e., sentence-onset analysis) 
and those that occurred during the retention interval (i.e., 
sentence-offset analysis). The listening window was 
defined as 6.5 s through 9 s, and the retention interval was 
defined as 11 s through 13 s.

Results

Participants, cognitive and linguistic measures, 
and perceptual restoration scores

The average age for the 17 participants was 42.1 (SD = 14.1) 
and ranged from 22 to 64 years. The average education 

duration was 17.9 years (SD = 1.8), with a range of 14–
20 years, and the QuickSIN average was 0.14 SNR loss 
(SD = 1.41) with a range −2 to 4, representing a range from 
normal to mildly impaired difficulty in noise. See Table 1 
for the results of the cognitive and linguistic measures and 
perceptual restoration scores.

The RST scores for this cohort are in agreement with 
published data in a similar cohort using the same measure 
(Friedman & Miyake, 2005; Füllgrabe et  al., 2015), are 
generally above scores of older listeners with hearing loss 
(Souza et al., 2015), and are 1 standard deviation below an 
online administration of the same task (Burleson & Souza, 
2022). The WASI-II scores at 65.4 are approximately 1.5 
standard deviations above the administration manual’s 
average score, with transformed t-values representing a 
mean of 50 and a standard deviation of 10 (Wechsler, 
2009). These data are consistent with those from a sample 
of participants with a mean of 18 years of education, or a 
master’s degree. Similarly, the perceptual restoration 
scores for this cohort are in line with existing literature 
using similar interruption paradigms, with participants 
scoring significantly better with sentences periodically 
interrupted by bursts of noise rather than gaps of silence 
(Bashford et al., 1996; Bologna et al., 2018; Burleson & 
Souza, 2022; Nagaraj & Magimairaj, 2017) although they 
did not perform as well as some others, likely due to a dif-
ference in sentence corpus complexity (Powers & Wilcox, 
1977; Saija et  al., 2014) or the experimental nature of 
pupillometry studies (e.g., head fixation).

Listening window (sentence onset) and 
retention interval (sentence offset) analysis

First, data were aligned to stimulus onset and visualised 
(Figure 2). The a priori mean/max window for mean and 
peak dilation, along with peak dilation latency, occurs 
between 6.5 s and 9 s (Table 2). Overall, silent-gap- and 
noise-burst-interrupted sentences had the greatest and very 
similar levels of pupil dilation and peak dilation latency, 
and uninterrupted sentences had the least amount of dila-
tion with an earlier peak dilation latency.

Next, data were aligned to stimulus offset. The reten-
tion interval occurred after the sentence ended and, in this 

Table 1.  Results of cognitive and linguistic measures, the Reading Span Task (RST) measured in percent correct, and the WASI-II 
Vocabulary Subtest, which is a t-score.

Mean (SD) Range Skew Kurtosis

RST 53.9% (18.8) 23–90 −0.41 −0.27
WASI-II Vocabulary 65.4 (12.12) 42–80 −0.45 −0.96
Silent-gap percent correct 30.6% (10.4) 13–55 −0.008 0.49
Noise-burst percent correct 40.8% (10.8) 28–61 0.71 −0.75
Uninterrupted percent correct 96.7% (4.2) 85–100 −1.8 2.85

Key word accuracy for each listening condition is also shown here.
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investigation, lasted for 5 s. We recall that the retention 
interval is thought to be a period during which degraded 
sentence repair occurs (Nees, 2016; Piquado et al., 2010; 
Winn, 2016; Winn & Teece, 2021, 2022). For mean and 
peak dilation along with peak dilation latency, a mean/max 
window was restricted to 11 s–13 s (Table 2). Again, silent- 
and noise-interrupted sentences had similar levels of mean 
and peak dilation and had greater levels of mean dilation 
than the uninterrupted sentences. All three conditions had 
similar peak dilation latencies.

Full-trial GAMM analysis

Figure 3 illustrates the estimated difference in pupil size 
for the three conditions during the retention interval, with 
significant differences indicated when the confidence 
interval extends above or below the zero line, comple-
menting the summary statistics (Table 3). For the GAMM 
analysis, the entire time series was used without the need 
to predefine time windows, as GAMMs are designed to 
capture dynamic changes across time. Noise-interrupted 

sentences resulted in greater pupil dilation than the silent-
gap-interrupted sentences for a brief period near the end of 
the listening window (8.4–9 s). Both interruption condi-
tions led to significantly more pupil dilation than uninter-
rupted sentences across most of the trial time frame. Both 
noise- and silent-interrupted sentences elicited a larger 
pupillary response than the uninterrupted sentences from 

Figure 2.  Relative pupil size across time for the silent-
interrupted, noise-interrupted, and uninterrupted sentences. 
Timing markers across trials are described within the 
figure. The interquartile range (IQR) for sentence offset is 
represented by the black bar near the mean sentence offset.

Table 2.  Mean pupil dilation, peak dilation, and peak dilation latency by time window (standard deviation in parenthesis).

Mean/Max windows Mean dilation Peak dilation Peak dilation latency (ms)

Baseline window Silent 0 (33) 79 (53)  
Noise 0 (35) 87 (73)  
Uninterrupted 0 (32) 94 (82)  

Listening window Silent 105 (126) 285 (161) 8,010 (738)
Noise 114 (121) 302 (166) 8,076 (725)
Uninterrupted 53 (101) 244 (130) 7,827 (801)

Retention interval Silent 75 (146) 283 (172) 11,985 (629)
Noise 64 (136) 270 (154) 11,896 (619)
Uninterrupted 8 (122) 221 (124) 11,999 (633)

For the listening window, values were aligned to sentence onset, and for the retention interval, they were aligned to sentence offset. Note that peak 
dilation values reflect the mean of the individual peak dilations across participants for each condition.

Figure 3.  Visualisation of estimated pupil differences from the 
GAMM results for the three conditions across the entire trial 
window. Significant excursion from zero indicates a difference 
in pupil dilation between the compared conditions. Latency 
of differences is highlighted in red. Note the overlap with 
participant repetition and the significant difference latency 
overlap at the end of Panels 2 and 3.
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shortly after sentence onset at 6.3 s until sentence repeti-
tion at 14 s.

Listening window, retention interval, and trial 
difficulty

Because pupil dilation can be modulated by trial difficulty, 
we opted to visualise pupil dilation by both time and per-
cent correct across the entire trial. This approach allows 
for a more nuanced understanding of cognitive effort 
(pupil dilation) in relation to the extent of perceptual resto-
ration (percent correct). Figure 4 illustrates pupil dilation 
as a function of percent correct for silent-gap and noise-
burst sentences. In the visualisation, dark blue/purple 
denotes small pupil dilation, and green/yellow represents 
greater pupil dilation. Consistent with the previous visuali-
sations, pupil dilation increases shortly after stimulus 
onset in both interrupted conditions. During the listening 
window, there is a high amount of dilation for trials for 
both interruption conditions where participants performed 
well. However, a high degree of dilation appears to occur 
for silent-gap sentences where participants performed 
more poorly, getting fewer than 40% of the key words cor-
rect. Relative dilation between the two interruption condi-
tions appears similar in the retention interval, consistent 
with the GAMM analysis. Performance was near ceiling 
for uninterrupted sentences, and these data were not 
presented.

Discussion

When speech is disrupted, listeners face a challenging lis-
tening experience, especially when the pathway to per-
ceptual repair is unclear or difficult, or when large portions 
of the speech signal are misperceived. Even when listen-
ers are capable of deploying compensatory mechanisms, 
they may still struggle to repair or restore missing speech. 
Previous research has shown a connection between 
higher-order cognitive and linguistic processes and 

perceptual restoration (Benard & Başkent, 2014; Burleson 
& Souza, 2022; Millman & Mattys, 2017; Nagaraj & 
Magimairaj, 2017) indicating that both repair and 
attempted repair require cognitive resources. However, 
deploying these resources demands cognitive effort, and 
the amount of effort exerted can fluctuate over time.

This investigation aimed to evaluate the relative cogni-
tive effort required when speech is periodically disrupted 
and difficult to repair, using two types of signal interrup-
tion. Our findings indicate that interrupted speech requires 
more effort, as evidenced by greater pupil dilation, than 
uninterrupted speech across nearly the entire trial. Pupil 
dilation was also greater during the listening window than 
during the retention interval across all listening conditions, 
suggesting greater cognitive effort during this period. In 
addition, we found that pupil dilation was significantly 
higher just before sentence end for speech interrupted by 
noise than silent interruptions. This may reflect differences 
in processing between the two interruption types, the per-
ceived differences in difficulty between the two condi-
tions, or the nature of interruptions themselves. Overall, 
these results indicate that listeners expend additional, sus-
tained cognitive effort when speech is difficult to under-
stand or repair—particularly when the route to perceptual 
restoration may not be possible.

These findings have important implications for clini-
cians and researchers, especially in the context of patients 
with hearing loss or cochlear implants who struggle with 
speech recognition, particularly in noisy environments. In 
such situations, speech may be fragmented and misper-
ceived by the listener, leading to greater cognitive resource 
devotion despite minimal gains in speech recognition. In 
other words, listeners may expend significant cognitive 
effort with little reward, which could contribute to frustra-
tion or fatigue, potentially worsening the effects of listen-
ing fatigue, such as social isolation and a poorer quality of 
life (Danermark & Gellerstedt, 2004; Demorest & Erdman, 
1987; Edwards, 2007; Kramer et  al., 1997; Nachtegaal 
et al., 2009).

Table 3.  Relative to the “Noise” condition (intercept), results for the generalised additive mixed model, reporting the standard 
error (SE), t-values, and p-values for the parametric coefficients and estimated degrees of freedom (Edf), reference degrees of 
freedom (Ref.df), F, and p-values for the smooth terms and random effects.

GAMM Results Estimate SE t-value p-value

Parametric coefficients Intercept (noise) 71.0 13.0 5.43 <.001
Silent 0.09 6.0 0.015 .988
Uninterrupted −35.8 6.0 −5.97 <.001

  Edf Ref.df F-value p-Value

Smooth terms Smooth: Silent 43.75 52.83 8.279 <.001
Smooth: Noise 42.19 51.65 6.70 <.001
Smooth: Uninterrupted 42.87 52.17 7.45 <.001
Random effect: Listener over time 133.82 153 267.74 <.001

The “Silent” and “Uninterrupted” conditions are shown as contrasts relative to the noise-interrupted condition. Bolded values indicate p < 0.001; all 
p-values below 0.05 are considered significant.
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Cognitive effort during the listening window

There is a large and consistent body of literature indicating 
that stimulus degradation significantly influences the 

amount of cognitive effort devoted to a task, as demon-
strated by pupillometry (Koelewijn, Zekveld, Festen, & 
Kramer, 2012; Koelewijn, Zekveld, Festen, Rönnberg, & 
Kramer, 2012; Winn et  al., 2015; Zekveld et  al., 2010). 

Figure 4.  Contour plot representing relative pupil dilation by key word percent correct across the entire trial. Dark blue/purple 
represents minimal pupil dilation, while yellow represents greater pupil dilation. Sentence onset, offset, and participant repetition 
markers are delineated by labelled dashed lines.
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However, when listening to very degraded or difficult 
auditory stimuli, listeners may experience a “dropout” 
effect, reducing the amount of cognitive effort devoted to 
the task (Eckert et al., 2016). This can result in a nonlinear, 
inverted U-shaped response, where listeners devote mini-
mal cognitive effort to both very easy and very difficult 
tasks (Kramer et al., 2016; Ohlenforst, Zekveld, Lunner, 
et al., 2017; Zekveld & Kramer, 2014). Previous investiga-
tions adjusted background noise or reduced the spectral 
fidelity of the target speech, demonstrating that lower 
intelligibility (i.e., more degradation) led to an increase in 
cognitive effort (Wendt et al., 2016; Winn et al., 2015).

During the listening window, we predicted that pupil 
dilation, reflecting cognitive effort, would be comparable 
between the two interrupted sentence conditions. This pre-
diction was based on the similar level of speech degrada-
tion in both conditions, with about 50% of the original 
speech signal remaining. However, our results did not sup-
port this prediction. Pupil dilation was slightly but signifi-
cantly elevated just before the end of sentence presentation 
in the noise-interrupted condition compared to the silent-
interrupted condition.

The increased effort for noise-interrupted sentences 
during the listening window could be due to several fac-
tors. First, the addition of a louder sound, such as a noise 
burst, is known to increase pupil dilation (Antikainen & 
Niemi, 1983). In this investigation, the process of creating 
the noise interruptions resulted in an approximately 7-dB 
increase in the overall speech signal, which may explain 
the elevated pupil dilation during the listening window for 
this condition. Second, while an alerting tone was used 
prior to sentence onset in all three conditions to minimise 
any surprise caused by the stimulus itself, it is possible that 
the noise bursts were perceived as unexpected, which is 
also known to increase pupil dilation (Damsma & van 
Rijn, 2017; Gilzenrat et  al., 2010; Marois et  al., 2018, 
2020; Qiyuan et al., 1985).

However, the difference between the silent-gap and 
noise-burst interruption during the listening window may 
be related to differences in processing between the two 
auditory signals. When speech is periodically interrupted 
by noise, the speech is perceived as continuous behind the 
noise burst, which has been shown to boost perceptual res-
toration scores (Bashford et al., 1996; Bashford & Warren, 
1987; Bologna et al., 2019; Nagaraj & Magimairaj, 2017; 
Powers & Wilcox, 1977; Saija et  al., 2014). This effect 
persists as long as the noise burst itself is more intense than 
the speech, effectively acting as a speech masker (Bashford 
et al., 1992, 1996; Warren & Obusek, 1971).

In the current investigation, both pupil dilation and per-
formance were higher for the noise-interrupted condition. 
While larger pupil dilation has been typically associated 
with poorer performance (Miles et  al., 2017; Zekveld 
et  al., 2010) (which is consistent with the relationship 
between interrupted and uninterrupted sentences), the 

increased dilation during the listening window in the 
noise-interrupted condition is consistent with the notion 
that speech-recognition scores are not necessarily related 
to the amount of cognitive effort devoted to a task (Winn 
& Teece, 2021, 2022). In other words, non-auditory aspects 
of the signal can lead to improved performance and addi-
tional effort. For example, the perception that speech is 
continuous behind the noise bursts may trigger additional 
lexical candidates that “fill in the gap” between speech 
fragments (Akeroyd, 2008; Cooke, 2006). This, in turn, 
may enable listeners to connect speech fragments and 
resolve the interruption (Luce & Pisoni, 1998; Taler et al., 
2010). By doing so, listeners may unearth contextual clues 
that support sentence understanding, such as lexical pre-
diction (Altmann & Mirković, 2009; Brothers & 
Kuperberg, 2021; Federmeier & Kutas, 1999; Kuperberg 
& Jaeger, 2016). Next, while both interruption conditions 
provide listeners with access to similar cues, such as tem-
poral cues (e.g., vowel position when available, amplitude 
modulation of speech patterns) and spectral cues (e.g., 
transient consonants), those cues may be used more effec-
tively in the noise-burst condition. This may result in 
greater pupil dilation, or cognitive effort, in this condition 
(Fogerty et al., 2015). Evidence also shows that pupil dila-
tion increases with increasing linguistic processing 
demands, suggesting that the greater pupil dilation for 
noise-interrupted sentences may reflect the extra effort 
needed for additional linguistic processing (Ahern & 
Beatty, 1979; Engelhardt et  al., 2010; Kuchinke et  al., 
2007; Kuchinsky et  al., 2013; Vogelzang et  al., 2016; 
Wendt et al., 2016).

Consistent with existing literature, listeners exhibited 
poorer recognition of silent-gap-interrupted sentences, yet 
this poorer performance did not translate into higher pupil 
dilation during the listening window (Miles et al., 2017; 
Zekveld et al., 2010). Listening to speech interrupted by 
gaps of silence is uncommon in daily life, at least when 
compared to the more prevalent experience of listening to 
speech interrupted by noise, such as a noisy restaurant. 
Although novel stimuli can elicit greater pupil dilation 
(Johansson & Balkenius, 2018; Marois et  al., 2020), no 
such effect was apparent between the interruption condi-
tions in this investigation. The pattern of results suggests 
that for the silent-gap sentences, lower levels of cognitive 
effort achieved relatively low recognition performance. 
One plausible explanation is that when sentences are inter-
rupted by silent gaps, the onset of the interruption may be 
misperceived as a word boundary, limiting lexical activa-
tion and possible lexical candidates to fill in the missing 
gap (Mattys & Clark, 2002). Listening to silent-gap sen-
tences may be akin to listening to a foreign language, 
where speech information is clearly audible but not 
matched to known words stored in a listener’s long-term 
memory, reducing recognition and limiting the utility of 
additional cues such as context and prediction.
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The dilation increase during the listening window for 
the noise-interrupted sentences in the current investigation 
may also be related to attempts at chunking or storing the 
auditory “glimpses” for later processing (Baddeley & 
Della Sala, 1996; Baddeley & Hitch, 1994; Cooke, 2006; 
A. C. Gilbert et al., 2014; Li & Loizou, 2007), consistent 
with current theories of degraded speech processing, such 
as the Ease of Language Understanding model (Rönnberg 
et al., 2013, 2021). This result is also consistent with data 
indicating that pupil dilation increases with increasing 
memory demands (until those demands are exceeded), 
such as increasing sequence length during successful digit 
recall (Kahneman & Beatty, 1966; Klingner et al., 2011; 
Piquado et al., 2010).

Cognitive effort during the retention interval

The retention interval is a time window where sustained 
pupil dilation may signal ongoing cognitive processing. For 
example, research by Kahneman and Beatty (1966) found 
that solving difficult math problems elicited more prolonged 
pupil dilation than easier ones and that the pupils of high-
aptitude students returned to baseline more quickly than 
those of lower-aptitude students, especially when the prob-
lem was simple (Ahern & Beatty, 1979). Sustained post-
stimulus pupil dilation may also indicate the amount of 
ongoing information storage and reprocessing, as evidenced 
by pupil dilation gradually decreasing as participants seri-
ally recite from memory a string of previously memorised 
digits (Beatty, 1982). Auditory data suggest that the pupil-
lary response is sustained during the retention interval for 
more degraded stimuli (Koelewijn et al., 2015; Koelewijn, 
Zekveld, Festen, & Kramer, 2012; Winn et  al., 2015; 
Zekveld et al., 2010) and for lower-context materials (Winn, 
2016; Winn & Moore, 2018). Listeners may improve accu-
racy by using the quiet-retention interval as additional pro-
cessing time (Gianakas et  al., 2022). Previous literature 
supports the notion that prolonged pupil dilation that extends 
into the retention interval reflects additional ongoing pro-
cessing (Francis et al., 2016; Koelewijn et al., 2017; Wendt 
et  al., 2018), and that this ongoing processing continues 
even with semantic ambiguity (Kadem et al., 2020) or when 
misperceptions are correctly perceived (Winn & Teece, 
2021, 2022) and may reflect differences in learning strategy 
(McHaney et al., 2021). This aligns with the current find-
ings, suggesting that more difficult listening conditions 
result in sustained dilations or a shallower downwards slope 
than easier conditions. These notions are quite consistent 
with the present data, where both interrupted sentence con-
ditions exhibited sustained pupil dilation compared to the 
uninterrupted condition. Indeed, pupil dilation for the unin-
terrupted sentences quickly returns to near baseline, requir-
ing little to no ongoing processing beyond short-term 
memory of the sentence itself and no ongoing cognitive 
effort.

Both interrupted sentence conditions required sustained 
cognitive effort across nearly the entire retention interval, 
although the two interruption conditions were not signifi-
cantly different from one another. This result is consistent 
with our prediction that the level of cognitive effort would 
be sustained for both interrupted conditions. While silent-
gap-interrupted sentences pose more challenges for listen-
ers, resulting in lower key word–correct scores (Bashford 
et  al., 1996; Burleson & Souza, 2022; Nagaraj & 
Magimairaj, 2017; Powers & Wilcox, 1977), this did not 
result in significant dilation differences during the reten-
tion interval itself. Typically, the silent-interrupted condi-
tions are perceived as less continuous because silent gaps 
are erroneously perceived as word boundaries, reducing 
overall lexical activation and requiring additional post-
stimulus repair (Bashford et al., 1992; Bashford & Warren, 
1987; Clarke et al., 2016; Winn & Teece, 2021). However, 
results for the more-difficult silent-gap sentences do not 
suggest that any additional post-stimulus repair occurred 
beyond what was observed for the noise-burst sentences.

The relatively similar levels of sustained effort for both 
conditions may reflect some post-stimulus repair or other 
cognitive processes (Francis et al., 2016; Koelewijn et al., 
2017; Wendt et al., 2018). First, because the effort for both 
interrupted sentences was higher than that of the uninter-
rupted sentences, this suggests that some post-stimulus 
repair was attempted, even when perceptual repair was 
very difficult or impossible. This sustained effort points to 
the possible engagement of compensatory strategies as lis-
teners attempt to make sense of the degraded auditory sig-
nal. Listeners may actively engage in lexical retrieval, a 
process that may demand ongoing cognitive resources 
even after the speech has ended (Altmann & Mirković, 
2009; Rönnberg et al., 2013, 2021). This additional pro-
cessing may continue even when speech cannot be 
repaired, or perceptual restoration is unlikely to take place, 
as listeners still attempt to resolve ambiguous speech mis-
perceptions whether or not they are able to correctly repair 
them (Winn & Teece, 2021, 2022).

The sustained pupil dilation during the retention inter-
val may also reflect the memory processes required to tem-
porarily store the speech as listeners prepare to repeat it. 
While the pupillary response for the uninterrupted condi-
tion returns to near baseline during the retention interval, a 
level of sustained effort is still evident that may reflect 
maintenance of the sentence in short-term memory (Bönitz 
et  al., 2021; Johnson et  al., 2014; Kahneman & Wright, 
1971). Although intact speech is likely less effortful to 
recall than misperceived speech, increases in pupil dilation 
above this level may reflect processes occurring in addi-
tion to retention in short-term memory.

Hearing difficulty, cognitive effort, and perceptual restora-
tion.  The present findings show that listeners continue to 
expend cognitive effort—even after the sentence has 
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ended—when processing disrupted, misperceived speech. 
The combination of additional time and effort may cause 
listeners with hearing loss to fall behind as they work to 
repair misperceived speech, deploying additional effort 
just to keep up with the ongoing conversation, even when 
they accurately repair speech (Winn, 2024; Winn & Teece, 
2021, 2022). Indeed, individuals with hearing loss benefit 
from brief pauses to “catch up” (Gianakas et al., 2022) and 
may misperceive upcoming speech if still actively repair-
ing what was just heard (Winn, 2024). With these factors 
in mind, consider day-to-day conversation where informa-
tion flows rapidly between interlocutors (Heldner & 
Edlund, 2010). Even the initiation of conversational repair, 
such as asking “what did you say?”, usually occurs only 
about 1 s after the breakdown, a duration much longer than 
the retention interval used in many investigations (Kend-
rick, 2015). To further complicate matters, extended pauses 
between turns can be perceived as disagreement by a con-
versational partner (Roberts et al., 2006, 2011). This leaves 
little time for additional processing and heightens the pres-
sure for listeners to respond.

If speech is not readily matched to long-term memory 
representations (Rönnberg et al., 2013), having extra pro-
cessing time aids in resolving lexical competition and 
ambiguity (Farris-Trimble et al., 2014; Gianakas & Winn, 
2019; McMurray et al., 2017). As lexical components are 
clarified, additional cues may become available to the lis-
tener during the retention interval. One such cue may be 
sentence prediction, which is less readily used by listeners 
with hearing loss during sentence listening alone (Winn & 
Moore, 2018). Moreover, accurate perception for listeners 
with hearing loss may depend on post-speech cognitive 
processes such as postdiction to cope with and recover 
from difficult listening situations (Rönnberg et al., 2019, 
2021). Thus, abilities facilitating speech recovery after 
sentence presentation may rely on higher-order processes 
such as working memory (the ability to simultaneously 
store and reprocess information) and lexical knowledge 
(knowledge about words in a language). Although the use 
of individual abilities such as working memory to predict 
pupil dilation remains elusive (Winn et  al., 2018), these 
abilities appear to support perceptual restoration in some 
previous investigations (Benard et al., 2014; Burleson & 
Souza, 2022; Nagaraj & Magimairaj, 2017) and may be a 
focus for future research. These compensatory processes 
are important for everyday listening, both for listeners 
with hearing loss and for those without hearing loss in 
challenging auditory environments.

Limitations.  This study characterises the important role 
that cognitive effort plays during disrupted sentence listen-
ing with limited opportunity for speech repair. Investiga-
tions into cognitive effort, including the present study, are 
not without limitations. One limitation of the current 

investigation is the long retention interval of 5 s. Although 
the intention was to give listeners ample time for repair, 
retention intervals of this length are not common and may 
engage short-term memory processes above and beyond 
what is expected as listeners maintain speech before 
repeating it (Bönitz et  al., 2021). In addition, given the 
amount of intraindividual variability inherent in pupil-
dilation data (Winn et  al., 2018), it was not possible to 
characterise how individual cognitive and linguistic pre-
dictors affect effort. Such a prediction might be possible 
with a larger cohort than is typical in most pupillometry 
literature. While the current investigation nearly met the 
number of participants indicated via power analysis, future 
investigations replicating the relationship between percep-
tual restoration and cognitive effort should aim to include 
a larger cohort and to keep in mind the relationship between 
effect size and statistical power. In addition, stimuli that 
can differentiate between sentences with high repair (high 
dilation, high performance) and low repair (high dilation, 
low performance), as well as stimuli that were too easy 
(low dilation, high performance) or too difficult (low dila-
tion, low performance) may more clearly elucidate the 
components that support perceptual restoration tasks. 
These areas are interesting opportunities for future work.

Conclusion

The current investigation indicates that pupil dilation, a 
marker of cognitive effort, is greater for speech interrupted 
by gaps of noise or silence than for uninterrupted speech. 
The data reveal a larger pupillary response for speech 
interrupted by noise just before the sentence ends, but also 
that pupil dilation is similar and sustained across the reten-
tion interval for both interruption conditions. These data 
provide insights into the time course of processing dis-
rupted speech and demonstrate that elevated and sustained 
levels of pupil dilation, which may reflect cognitive effort, 
persist when speech is misperceived. This misperception 
may inadvertently cause disruption of upcoming speech 
recognition (Winn, 2024; Winn & Teece, 2021, 2022), 
causing additional difficulty in conversation and real-
world everyday listening. Understanding the time course 
of effort and repair during both sentence listening and the 
retention interval sheds light on the additional effort 
devoted to misperceived speech for listeners with normal 
hearing or mild hearing loss. The increased effort required 
for disrupted or degraded speech may explain why some 
listeners experience listening fatigue when speech is mis-
perceived or disrupted.
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