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Introduction: Real-life communication contains rich and informative 
suprasegmental cues, such as variations in intensity, duration, and fundamental 
frequency. Although suprasegmental information is an essential component 
of spoken communication, we know little about its role in speech perception 
in the presence of background masker. Building on literature showing that 
suprasegmental cues facilitate the processing of spoken sentences with 
linguistic ambiguity, we addressed two questions in the present study. First, does 
the facilitative effect of suprasegmental cues on speech recognition interact 
with the amount of informational masking in speech maskers? Second, how 
do listeners use suprasegmental and lexico-semantic cues when listening to 
linguistically ambiguous sentences masked by competing speech maskers?
Methods: We collected both offline performance data (recognition accuracy) 
and online processing effort data (pupil dilation) from 37 young adults with 
age-typical hearing. The speech material consisted of 15 sets of temporarily 
ambiguous early closure sentences, each with two suprasegmental conditions 
(facilitative vs. neutral) and two lexico-semantic conditions (transitive vs. 
intransitive subordinate verb). These sentences were embedded in original 
and time-reversed two-talker speech maskers differing in the amount of 
informational masking.
Results: Recognition accuracy was higher with facilitative suprasegmental 
cues, particularly in maskers with less informational masking, as well as with 
facilitative lexico-semantic cues. Listeners expended greater processing effort 
throughout the sentence when suprasegmental cues were neutral, especially 
under more adverse conditions (i.e., stronger informational masking or greater 
linguistic ambiguity).
Discussion: This study makes multiple contributions to the literature. First, the 
recognition accuracy data showed that informational masking and linguistic 
ambiguity interact with suprasegmental effects: these adverse conditions 
reduce the benefit of facilitative suprasegmental cues for speech recognition. 
Second, under stronger informational masking and greater linguistic ambiguity, 
the absence of facilitative suprasegmental cues increased effort during online 
speech processing. Third, we  found that facilitative suprasegmental cues 
improved immediate recall of segmental information (i.e., words) in speech 
perception in speech maskers. Finally, our accuracy and effort data demonstrate 
the importance of using both offline and online measures of speech processing, 
as each reveals different aspects of the dynamic process of speech perception 
under adverse conditions.
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Introduction

For the past few decades, research on speech perception has 
provided substantial evidence on perception of segmental information 
(i.e., phoneme and word recognition). As building blocks of speech, 
acoustic cues on the segmental level are considered the essential 
components for speech perception. Unsurprisingly, they are also at the 
center stage for clinical testing as most speech perception tests are 
focused on recognition accuracy of words and phonemes. However, 
clinicians and researchers have come to realize the limitations of only 
using simple and neutral speech material (e.g., short sentence with low 
complexity) to measure speech perception outcomes, because they 
often fall short in predicting real-life communication experiences 
(Beechey, 2022).

Considering how we  communicate in real life scenarios, it is 
evident that processing of speech requires far more than simple word 
recognition. Real life communication contains rich and informative 
suprasegmental cues, such as changes in intensity, duration, and 
fundamental frequency (Karimi-Boroujeni et al., 2023), that support 
the use of speech in social interactions. They scaffold top-down word 
recognition for efficient speech analysis and memory in real-time 
(Carlson, 2009; DeDe, 2010; Kjelgaard and Speer, 1999; Steinhauer 
et al., 1999); they also serve essential roles for conveying pragmatics, 
affective states, and attitudes (Dávila-Montero et al., 2021; Hellbernd 
and Sammler, 2016; Scherer, 1986). Taken together, this suggests 
missed suprasegmental cues will lead to interrupted processing of 
linguistic and social information, elevated processing error and effort, 
and communication breakdowns and withdrawal from social 
interactions. Not surprisingly, suprasegmental cues have been used as 
essential features in analyzing, modeling, and synthesizing real-life 
conversations by communication engineers for machine-enhanced 
social interactions (Dávila-Montero et al., 2021). In contrast, sentence-
level clinical speech audiometry measures do not include facilitative 
acoustic cues that extend across phonemes and words. This narrow 
focus on perception of segmental cues (i.e., phonemes and words) in 
audiology research can only be  a barrier to advancing clinical 
assessment and treatment. A critical step in this work, therefore, is to 
understand the role of suprasegmentals in speech understanding in 
adverse environments.

The role of suprasegmental cues in 
language processing

Focusing on their roles in language processing in quiet 
environments, suprasegmental cues are recognized at an early 
processing stage as they can be identified without the fine-grained 
analysis necessary to recognize phonetic segments (Beach, 1991; 
Carroll and Slowiaczek, 1987; Kjelgaard and Speer, 1999). Indeed, 
listeners’ expectations of the structure of upcoming speech are 
influenced by suprasegmental cues as the speech signal is unfolding 
(DeDe, 2010; Engelhardt et al., 2010; Weber et al., 2006). Thus, the role 
of these cues during speech perception in quiet can be viewed as 

providing a structure/frame for forming processing units (Kjelgaard 
and Speer, 1999; Slowiaczek, 1981). Consider the phrase “While the 
parents danced…” The next word could be part of the same clause 
(e.g., “… danced the tango”) or begin a new clause (e.g., “… the children 
sang”). Linguistically, there are reasons to predict either continuation, 
but listeners are more likely to predict a new clause if “danced” is 
pronounced with a falling pitch contour and a lengthened duration 
(i.e., more sustained intensity). These facilitative suprasegmental cues, 
which support accurate sentence interpretation, can improve recall of 
spoken messages, support syntactic processing, and reduce processing 
effort for listeners with normal hearing in quiet listening conditions 
(DeDe, 2010; Engelhardt et al., 2010; Kjelgaard and Speer, 1999).

The role of suprasegmental cues in speech processing has also 
been investigated in the context of the interaction between these 
acoustic cues and the linguistic (e.g., lexical, syntactic) cues. For 
instance, Kjelgaard and Speer (1999) studied the interaction between 
suprasegmental cues and syntactic structure in comprehension of 
early and late closure sentences with both online and offline measures 
(i.e., cross modal naming, acceptability judgment). They found the 
suprasegmentals could influence sentence parsing by triggering an 
early closure interpretation despite other syntactic constraints. Using 
transitive and intransitive garden-path sentences (e.g., “When the 
parents danced/watched the child…”), DeDe (2010) measured self-
paced listening times to examine the interaction between 
suprasegmentals and transitivity of the subordinate verbs during 
syntactic ambiguity resolution. The results showed suprasegmentals 
influenced sentence parsing as soon as they are available, and the 
effect was modulated by lexical properties of the subordinate verbs. 
This evidence has been replicated using other online measures such as 
eye-movement (Weber et al., 2006) and Event Related Potential (ERP, 
Steinhauer et  al., 1999). This body of literature converges to 
demonstrate the online nature of the suprasegmental effects and 
suggests that these acoustic cues can interact with linguistic properties 
to modulate language processing in real time.

Effects of suprasegmental cues in adverse 
environments

While the effect of suprasegmental cues on language processing 
has been demonstrated by psycholinguistic research, suprasegmental 
cues are often considered to be redundant with speech perception in 
quiet, because there is little challenge to necessitate the use of 
suprasegmental cues when the environment is favorable. Real life 
communication, however, often happens in crowded public places 
with background masker. When listeners encounter the perceptual 
challenges of background masker and have difficulty perceiving 
segmental cues (Lacroix and Harris, 1979; Stelmachowicz et al., 1990), 
they may rely on suprasegmental cues to deduce sentence structure 
that aids in the prediction of words, as well as “fill in the gaps” with 
missing segmental information. The processing of suprasegmental 
cues is also believed to occur at an early stage of language analysis and 
can be  used without fine-grained analysis of phonetic segments 
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(Kjelgaard and Speer, 1999). This is also consistent with ERP evidence 
indicating the perception of suprasegmental cues is pre-attentive in 
language processing (Leitman et al., 2009; Zora and Csépe, 2021). On 
this account, speech material with absent (i.e., neutral) suprasegmental 
cues might be  significantly more difficult to recognize in more 
challenging acoustic environments. Theoretically, this hypothesis 
gains support from the Ease of Language Understanding model 
(Rönnberg et al., 2013). The ELU suggests that listeners heavily rely on 
top-down cognitive mechanisms when lexical items are not easily 
parsed from the speech stream due to acoustic degradation. The 
model, however, is largely based on speech intelligibility data with 
low-context sentences (e.g., “A large size stocking is hard to sell.”) and 
describes neither the processing that occurs between word recognition 
and understanding of the message nor the interaction between 
processing of segmental and suprasegmental cues in noisy 
environments (Wingfield et al., 2015). Built on this rationale, it is 
worth noting that while suprasegmental cues can be  extracted 
automatically, integrating them into sentence parsing under 
challenging conditions may still draw on cognitive resources such as 
working memory, consistent with the explicit reappraisal outlined in 
the ELU. In this study, we  aimed to test the hypothesis that 
suprasegmental cues are one of the mechanisms that aid top-down 
processing in masker, when masker makes lexical access more 
effortful. This cue reliance hypothesis suggests that the perceptual 
challenges from the environment would result in greater reliance on 
suprasegmental cues, which predicts facilitative suprasegmentals 
should improve recognition and reduce effort.

In parallel, there is evidence that perceptual challenges from 
background masker have a negative downstream effect on language 
processing. These effects have been explained by a limited capacity 
model in which mental resources are shared between perceptual and 
cognitive processes (Dillon, 1995; Picou and Ricketts, 2014; Rabbitt, 
1991). On this account, when more mental resources are needed to 
cope with effects of a degraded acoustic signal and/or strong 
perceptual interference at the phoneme/word level, fewer resources 
are available for using suprasegmental cues to support linguistic 
processing, which leads to reduced suprasegmental effects on speech 
perception outcomes. The Framework for Understanding Effortful 
Listening (Pichora-Fuller et al., 2016) formalizes this shared resource 
account to address effort and fatigue in complex listening 
environments. Built on this rationale, the competing resource 
limitation hypothesis suggests that the perceptual challenges in the 
more adverse masker conditions can make recognition of segmental 
information effortful, resulting in the reduced use of suprasegmental 
cues in speech processing.

In addition to recognition and comprehension accuracy measures, 
previous studies have used eye-movement and pupillometry data to 
demonstrate the online effects of suprasegmental cues (Engelhardt 
et al., 2010; Weber et al., 2006). This type of online processing measure 
is particularly important for revealing the effects of suprasegmentals 
in speech perception because of the fast, moment-by-moment nature 
of sentence processing. In other words, suprasegmental cues are 
processed in an online manner incorporated with the linguistic 
context, while the sentence is unfolding. As offline performance 
measures (e.g., response accuracy) only reflects the end result of 
comprehension, pupil dilation can reveal momentary effort during 
processing, which can increase with perceptual novelty and cognitive 
load (e.g., Shen et al., 2022). In the present study, we used the measure 

of pupil dilation, which has been frequently used by recent research to 
indicate processing effort during speech perception under adverse 
conditions (Winn et  al., 2018; Zekveld et  al., 2018). In previous 
research, both eye movement and pupillometry measures are typically 
analyzed within a time window that is immediately after the critical 
point in the sentence. On the other hand, the processing effort due to 
degraded lexical and suprasegmental cues is likely to last longer and 
impact language processing beyond those transient moments. These 
online changes can provide the critical information in understanding 
the overall impact of suprasegmental cues in the context of adverse 
listening environments. In this study, we used a new analysis approach 
to examine the online effect from suprasegmental cues with 
informational masking without the restriction of a time window. 
Specifically, the Generalized Additive Mixed Models (GAMMs, 
Sóskuthy, 2021) were used to reveal the effort changes across the 
duration of the sentence. GAMMs are an extension of generalized 
additive models that allow for the incorporation of random effects to 
model correlated responses within participants and are well suited to 
handle real-time non-linear relationships between pupil dilation 
response and stimuli/conditions.

Speech processing challenges due to 
informational masking

Real-life communication often happens in crowed public places 
with other people talking in the background. The speech masker in 
this scenario creates the well-known “speech-on-speech” effect, with 
its challenge attributed to informational masking (Freyman et al., 
2004; Kidd and Colburn, 2017; Kidd et  al., 2008). Informational 
masking is thought to stem from interacting perceptual and cognitive 
factors beyond the peripheral mechanism of spectral overlap between 
target and masker (i.e., energetic masking, Kidd and Colburn, 2017). 
For instance, a 2-talker speech masker has the same amount of 
energetic masking as unintelligible time-reversed maskers, but 
2-talker maskers are perceptually similar to the target speech because 
they contain both segmental and suprasegmental cues. As a result, it 
may be more difficult to segregate the target from 2-talker maskers 
(Brungart et al., 2009; Calandruccio et al., 2017). We know that these 
perceptual and cognitive mechanisms in informational masking 
render speech perception more challenging. While previous research 
has focused on the impact of informational masking on segmental 
cues (i.e., phonemes and words), it is unknown whether informational 
masking affects how suprasegmental cues are used in speech 
perception. Practically, real-life communication often, but not always, 
includes facilitative suprasegmental cues. Knowing how these cues 
interact with informational masking can lead to more ecologically 
valid clinical outcome measures and interventions. For instance, if the 
suprasegmental cues play important roles in noisy environments with 
speech maskers, audiological assessments should include these cues 
in testing materials to measure individuals’ responses to weaker or 
missing suprasegmentals in masker. More targeted signal processing 
algorithms in hearing devices can be  developed to alleviate the 
negative impact from hearing loss to the perception and use of 
suprasegmental cues.

Built on the cue reliance and resource limitation hypotheses 
proposed in the last section, our first objective was to test how 
informational masking from intelligible speech maskers affect the 
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role of suprasegmental cues in speech recognition by younger 
listeners with typical hearing, as indicated by speech recognition 
accuracy and processing effort. The cue reliance hypothesis 
predicts that the listeners will rely more heavily on the 
suprasegmental cues with stronger informational masking from 
the speech masker, as recognition of segmental cues becomes 
more challenging. On the other hand, the resource limitation 
hypothesis would argue that the use of suprasegmental cues in 
speech processing requires cognitive resources and can 
be negatively impacted by the informational masking from the 
intelligible speech masker. Specifically, when separation of the 
target speech from the intelligible maskers becomes cognitively 
effortful, it can reduce the mental resource for using the 
suprasegmental cues to process the content of speech efficiently. 
As a result, following the resource limitation hypothesis, the 
suprasegmental cues are predicted to have a weaker effect in the 
masker condition with stronger informational masking.

Interaction between suprasegmental and 
lexico-semantic cues

While the psycholinguistic literature has demonstrated the online 
effects of suprasegmental cues on speech processing, the interaction 
between suprasegmental and lexical cues can potentially be altered by 
the increased challenge with lexical access in speech maskers (Hoen 
et al., 2007). When there is no background masker, listeners typically 
rely on the lexico-semantic status of the subordinate verb (e.g., 
transitive or intransitive) to parse the sentence structure and process 
the content in real time, even if the suprasegmental cues are absent or 
weak. For example, consider the sentence “when the parents danced/
watched, the children sang a song.” When listeners hear the intransitive 
verb “danced,” they know there is likely a prosodic boundary 
immediately after this verb, followed by the start of the main clause. 
In contrast, when listeners hear the transitive verb “watched” they 
anticipate a direct object and assume the main clause does not start 
until later. Thus, listeners are more likely to interpret “the children” as 
the object of “watch.” As a result, they must reconcile the misanalysis 
when they hear the main verb in the clause “sang a song.” Put another 
way, all of the lexico-semantic cues support the correct interpretation 
of the sentence in the “danced” condition, while the cues conflict with 
the correct interpretation in the “watched” condition. Therefore, the 
transitive verb condition (i.e., “watched”) should in general cost more 
effort in online processing than the intransitive one, with or without 
suprasegmental cues.

We know that lexical access can become more challenging with 
speech maskers (Jesse and Helfer, 2019). As a result, the listeners may 
have to rely more heavily on the suprasegmental cues to parse the 
sentence in the more ambiguous transitive verb condition, which can 
lead to a stronger suprasegmental effect. This view is consistent with 
the cue reliance hypothesis. Alternatively, in the transitive verb 
condition, a larger amount of cognitive resource may be deployed to 
access the lexicons and to resolve the syntactic ambiguity, leaving little 
resource for using suprasegmental cues. This is predicted by the 
competing resource limitation hypothesis, which predicts a weaker 
suprasegmental effect in the transitive verb than in the intransitive 
verb condition. The second objective of the present study was to 
examine whether and how suprasegmental effects are modulated by 

lexico-semantic conditions as measured by recognition accuracy and 
processing effort in speech maskers.

Methods

Participants

Thirty-seven younger adults (M age = 21.43, range 18 to 32 years) 
were recruited from Temple University and the surrounding 
community. Eighteen participants were tested in the original speech 
masker condition; nineteen were tested in the reversed speech 
condition. Twenty-seven of participants identified as female, 9 as 
male, and 1 as nonbinary. Twenty-six of participants identified as 
White, 7 as Black/African American, 1 as Asian, 3 as more than one 
race. All participants were native English speakers with age-typical 
hearing (air-conduction threshold ≤ 20 dB HL across 0.5, 1, 2, 4 kHz). 
Three participants had slightly elevated thresholds of 25 dB HL at 250 
and 8 k Hz. They were free of neurological, otological, and uncorrected 
visual disorders by self-report. Participants were either paid or 
awarded course credit for their time.

Material

Speech material consists of sentences drawn from previous 
psycholinguistic studies that focused on the role of suprasegmental 
cues on sentence processing (DeDe, 2010). Fifteen sets of temporarily 
ambiguous early closure sentences were used (e.g., “While the parents 
danced/watched the child sang a song…”). These items are ambiguous 
at the word “the child,” because a word in that sentence position could 
be the object of the subordinate verb “dance/watch” or the subject of 
the main clause. As noted above, both verb transitivity and semantic 
constraints support the interpretation that “the child” is the subject of 
the main clause in the intransitive condition. In contrast, both 
transitivity and semantic constraints initially lead the listener to 
predict that “the child” is the object of “watched.” The sentence is 
disambiguated once it becomes clear that “the child” is the subject of 
“sang.” Ambiguous sentences were chosen because they afford the 
opportunity to observe whether suprasegmental cues influence the 
interpretation and effortfulness of processing. Each item is produced 
both with a relatively flat, albeit natural, suprasegmental contour and 
with a suprasegmental contour that supports one interpretation 
(subordinate clause for the ambiguous sentences, so-called early 
closure ambiguities). For example, in the facilitative condition, 
“danced” is pronounced with increased intensity and duration and a 
falling f0 to denote an “auditory comma” in “When the parents 
danced, the child…” Materials were normed (DeDe, 2010) to ensure 
that prosodic contours elicited the intended interpretations and that 
flat prosodies were judged to be natural.

There are 60 sentences in total (15 items recorded in two 
suprasegmental and two lexico-semantic conditions). Table 1 contains 
a set of 4 sentences (one item) as an example. To prevent listeners from 
anticipating sentence structures, filler items were developed with 
suprasegmental cues consistent with parenthetical constructions (e.g., 
“the girl, answered the boy, is late”), so-called late closure structure 
(e.g., “While the parents danced the tango, the child…”), and unrelated 
items. Filler and experimental items were combined and divided into 
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4 lists of 95 sentences, with item and suprasegmental condition 
counterbalanced across lists. Sentence order was pseudorandomized 
so that no more than two consecutive trials contain sentences from 
the same stimulus set.

Stimuli were recorded in a sound attenuated booth by a female 
talker of Standard American English who has background in 
phonetics/phonology. Spoken sentence duration was controlled across 
conditions. Recorded sentences were manually segmented and 
trimmed to create individual sound files. All items were band-filtered 
to 80-10 k Hz and root-mean-square normalized before being 
embedded in maskers. To examine informational masking from an 
intelligible speech masker, a 2-talker speech masker and its time-
reversed version, previously developed by Shen and Souza (2018), 
were used. The masker condition was a between-participant variable, 
and a fixed target-to-masker-ratio (TMR) of −5 dB was used for both 
masker conditions to control for energetic masking across conditions. 
Presentation level was set to be 65 dB SPL at the baseline and then 
amplified for individuals, using the National Acoustics Laboratories-
Revised (NAL-R) linear prescriptive formula (Byrne et al., 2001) with 
individual thresholds averaged across ears. This amplification was 
implemented to facilitate comparison between data from younger and 
older adults (which are not reported in this article).

Procedure

Participants completed the study in 4 weekly visits, with one 
stimulus list per visit. The task was repeating back the sentence 
immediately after they listen to it. Lists began with 5 practice trials. 
During testing, participants were seated in a dimly lit double-walled 
sound booth in front of an LCD monitor. Auditory stimuli were 
presented binaurally over Sennheiser HD-25 headphones. Pupil 
diameter data were collected using an Eyelink 1,000 plus eye-tracker 
in remote mode with head support. The sampling rate was 1,000 Hz 
and the left eye was tracked when possible. The distance between the 
eye and the screen was set to 58 cm. The screen color was set to gray 
to avoid outer limits of the range of pupil diameter (Shen, 2021). The 
luminance was measured as 37 lux at eye position. The experiment 
was implemented with a customized program using Eyelink Toolbox 
(Cornelissen et  al., 2002) in MATLAB. First, a red fixation “X” 
appeared at the center of the screen. The auditory stimulus started 
playing after 2000-ms of silence for the eyes to stabilize on the “X” to 
obtain baseline pupil measurement. There was a 2000-ms silent 
retention period after the offset of the stimulus. After the participant 
responded by repeating back the sentence, the trial was terminated by 
the experimenter. A grey box was displayed at the center of the screen 
for 6,000-ms to allow the pupil to return to baseline before the next 
trial. The participant was instructed to blink and rest their eyes when 
the grey box was in display. Pupil diameter data were recorded 

continuously throughout the session, with the data file tagged with 
time stamps that were synchronized to each visual and auditory event.

Data processing and analysis

For both recognition accuracy and pupillometry data, we built 
separate models to examine how the effects of suprasegmental cues on 
accuracy and effort are modulated by masker conditions and lexico-
semantic conditions, respectively. This approach allows us to test 
theoretically motivated interactions without imposing an artificial 
3-way dependency. The 2-way interaction models would also provide 
clearer insights for interpretation than 3-way interaction models. 
Therefore, the data were collapsed across lexico-semantic conditions 
in the suprasegmental by masker analysis, and across masker 
conditions in the suprasegmental by lexico-semantic analysis.

Speech recognition accuracy
Speech recognition accuracy data were analyzed using mixed 

effects logistic regression with package lme4 (Bates et al., 2014) in R 
version 4.0.3 (R Core Team, 2021). A base model (model 1) that 
included only masker condition (original masker vs. reversed masker) 
was compared to a model (model 2) including suprasegmental cues 
(facilitative vs. neutral), to test the main effects of both masker and 
suprasegmentals. Following the recommended practice of using 
mixed effects models (Meteyard and Davies, 2020), the primary 
models were built based on our study objectives, with fixed effects for 
both variables (masker and suprasegmentals) added first, followed by 
interaction between these variables (model 2). In all models, 
we  included fixed factors of testing block order, and allowed for 
by-participant and by-item (i.e., sentence) random intercepts. We also 
tested all models with by-participant and by-item random slopes, but 
they failed to converge (Barr et al., 2013). For accuracy data, we used 
the model fit statistics of p-values from chi-square tests to identify the 
best fitting model.

A second model was built based on the same approach to examine 
the main effects and interactions of suprasegmental cues and lexico-
semantic conditions, collapsed over masker conditions.

Pupil response
Pupil diameter data were pre-processed using R (Version 4.0.3) 

with GazeR library (Geller et al., 2020). As pupil diameter is shown to 
be altered by fixation location (Gagl et al., 2011; Hayes and Petrov, 
2016), a center area of the screen was defined by ± 8° horizontal and 
± 6° vertical to obtain pupil alteration rate less than 5% (Hayes and 
Petrov, 2016). Pupil diameter data were removed from further analysis 
when the fixation location was outside of this area, resulting in 
removal of 1.25% of data points. For the rest of pupil diameter data, 
gaze position on the screen was also included in the models to control 

TABLE 1  Sample item of the sentence stimuli.

Intransitive verb condition Transitive verb condition

Neutral suprasegmental 
condition

When the parents danced the child sang a song with her 

grandmother.

When the parents watched the child sang a song with her 

grandmother.

Facilitative suprasegmental 
condition

When the parents danced, the child sang a song with her 

grandmother.

When the parents watched, the child sang a song with her 

grandmother.

https://doi.org/10.3389/fnins.2025.1655467
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Shen and DeDe� 10.3389/fnins.2025.1655467

Frontiers in Neuroscience 06 frontiersin.org

for this variability. To control for the participant-level and trial-level 
pupil diameter variability before speech processing, two normalization 
steps were implemented in the analysis. First, individual’s maximum 
and minimum pupil diameters (measured within each trial) were used 
to calculate the range of pupil dilation, which was defined as the 
difference between these two values. The pupil diameter data were 
normalized by finding its ratio to individual’s dilation range. Secondly, 
the baseline pupil size data were calculated based on mean pupil size 
recorded during the 1,000 ms time period immediately before the 
onset of sentence. Pupil dilation was normalized relative to baseline 
pupil size of each trial by subtraction. The pupil dilation data were 
downsampled to 10 Hz (by aggregating data every 100 ms) before 
statistical analysis.

Pupil response data (trial by trial, between 0 and 5,000 ms relative 
to sentence onset) were first analyzed using a Generalized Additive 
Mixed Model (van Rij et al., 2019; Wieling, 2018) to examine whether 
the magnitude of pupil dilation throughout each trial was affected by 
suprasegmental and masker conditions, while controlling for the trend 
of pupil dilation over time. GAMMs are an extension of mixed-effects 
regression models that allow for the incorporation of random effects 
to model correlated responses within participants. This is a newer 
approach that has been used recently for the analysis of pupillometric 
data (van Rij et al., 2019), with several strengths over traditionally 
utilized Linear Mixed Models and Growth Curve Analyses. The key 
strength is that the GAMM method can handle non-linear random 
effects which will allow us to investigate any potential non-linear 
relationships between pupil dilation response to changes in 
suprasegmental cues and SNR. Additionally, GAMM allows us to 
include an autoregressive error term to account for autocorrelational 
errors in the data, reducing Type I error. Our models incorporate an 
autoregressive error model at lag = 1 (AR1) with an autocorrelation 
coefficient rho = 0.98 estimated from a base model without the 
inclusion of AR1. By including the autocorrelation coefficient, the 
GAMM models can better account for the temporal autocorrelation 
across time, leading to more reliable inferences about the fixed effects 
in the models.

To test our first hypothesis, a series of models were constructed. 
First, a base model (model 0) was built that included linear and 
smooth (i.e., non-linear) terms of masker condition to examine its 
independent effect on speech perception, a second model added in the 
effect of suprasegmental conditions in linear and smooth terms (model 
1), and a third model included an interaction between masker and 
suprasegmental conditions (model 2). The linear term is used for 
testing the difference in slope of pupil dilation change over time. The 
smooth term is for testing the differences in the shape of pupil dilation 
contour across time. For example, if pupil dilation contour in one 
condition increases more rapidly during a particular time window but 
converges later in time with the contours in other conditions, this 
effect can be captured by a smooth term. All the models used 10 knots 
for smooth functions (Sóskuthy, 2021), which allows for a maximum 
of 9 basis functions. To account for variation across participants and 
items, we  included random effects for participant and item in all 
models. All models included a controlled factor smooth of gaze 
position on screen, factor smooths that model the pupil size over time 
for participant interacting with suprasegmental and masker 
conditions, a factor smooth that models the pupil size over time per 
participant, as well as a factor smooth that models the individual 
variation over time by item. The formula for model 2 is appended below.

pupil ~ Suprasegmental * Masker.
+ s(x_eye_gaze, y_eye_gaze).
+ s(timeonset).
+ s(timeonset, by = Suprasegmental, k = 10, bs = “cr”).
+ s(timeonset, by = Masker, k = 10, bs = “cr”).
+ s(timeonset, by = Suprasegmental * Masker, k = 10, bs = “cr”).
+ s(timeonset, Participant, bs = “fs,” k = 10, m = 1).
+ s(timeonset, Participant, by = Suprasegmental, bs = “fs,” k = 10,  

m = 1).
+ s(timeonset, Participant, by = Masker, bs = “fs,” k = 10, m = 1).
+ s(timeonset, Item, bs = “fs,” k = 10, m = 1).

To demonstrate the non-linear effects due to suprasegmental 
effects in different masker conditions, we built another GAMM model 
to test and visualize the non-linear differences across all four 
combinations of suprasegmental and masker conditions (Wieling, 
2018). Specifically, difference plots were created to identify time 
windows of significant differences in pupil size over time for each of 
the suprasegmental contrasts by masker combinations. For these pupil 
dilation data, we used AIC comparison for model selections because 
this method is more appropriate for models built using fREML 
method, which optimize the fitting of smooth terms that are of 
particular interest in this study (Pedersen et al., 2019; Wood et al., 
2016). We interpret the significant findings based on the summary 
results of best fitting models, which are presented in the Results section.

The same approach was used to build a second set of models to 
test the second hypothesis of the study that the effect of suprasegmental 
cues on processing effort is modulated by the lexico-semantic 
conditions. All models were built in R version 4.0.3 (R Core Team, 
2021) using packages mgcv and itsadug (van Rij et al., 2017; Wood and 
Wood, 2015; Wood, 2011).

Results

Recognition accuracy data

In the study, we first examined the effects of suprasegmental cues 
and informational masking on speech recognition accuracy and 
processing effort (as measured by pupil dilation). Using a fixed SNR 
of −5 dB, the overall intelligibility levels were high (above 80%) in 
both maskers. Recognition accuracy data are reported in Figure 1. For 
accuracy data, the model comparison results showed the factor of 
suprasegmental cues, [χ2(6) = 24.605, p < 0.001], as well as the 
interaction between suprasegmental cues and informational masking, 
[χ2(7) = 6.678, p = 0.009], significantly improved model fit. The results 
from the final model (model 2) revealed significantly higher accuracy 
with facilitative suprasegmental cues (β = −0.426, p < 0.001) and with 
less informational masking (β = −0.617, p = 0.02). The model further 
showed a significant interaction between suprasegmental cues and 
informational masking (β = 0.283, p = 0.009). Specifically, the 
accuracy difference between neutral and facilitative suprasegmental 
cues was stronger in the reversed speech masker (i.e., less 
informational masking), as compared to in the original speech masker 
(see Figure 1 panel A).

For our second objective of examining the interaction between 
suprasegmental cues and linguistic conditions, the model comparison 
results suggested both suprasegmental cues [χ2(6) = 24.629, p < 0.001] 
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and its interaction with linguistic condition [χ2(7) = 8.522, p = 0.003] 
significantly improved model fit. The results from the final model 
(model 2) showed significantly lower accuracy with neutral 
suprasegmental cues (β = −0.438, p < 0.001) and transitive verbs 
(β = −0.325, p < 0.001). The model further showed a significant 
interaction between suprasegmental and lexico-semantic cues 
(β = 0.319, p = 0.003). Sentences with intransitive verbs and facilitative 
suprasegmental cues were associated with significantly more accurate 
responses than any other conditions.

Pupil dilation data

Figure 2 reports pupil dilation trajectory data for each of the two 
objectives. For our first objective, we ran a series of GAMM models to 
examine the main effect of masker (i.e., with or without informational 
masking) on pupil size over time (model 0), the inclusion of both 

masker and suprasegmental cues as main effects (model 1), and lastly 
examining interactions between masker and suprasegmentals (model 
2). We found that the addition of suprasegmental cues into the base 
model decreased the AIC (AICdifference = 47082.02) and increased the 
explained deviance of the model. Same was found for the inclusion of 
the interaction (AICdifference = 15007.42). Therefore, we chose model 2 
as our final model. The summary of all model output is found in 
Table 2.

The parametric effects from the final GAMM model first showed 
an effect of suprasegmental cues. Pupil dilation was overall larger with 
facilitative suprasegmental cues as compared to neutral cues 
(β = −0.025, p < 0.001), suggesting that the facilitative suprasegmental 
cues exerted a greater processing demand. Similar to the accuracy 
data, the pupillometry data showed an interaction between 
suprasegmental and masker conditions, with a suprasegmental effect 
in the opposite direction in the presence of the intelligible speech 
masker as compared to the reversed speech masker (interaction 

FIGURE 1

Panel A (Left) and B (Right): Recognition Accuracy.

FIGURE 2

Pupil dilation trajectories. Panel A (Left): Suprasegmental and Masker conditions; and B (Right): Suprasegmental and Transitivity (Lexico-semantic) 
conditions. The vertical dotted lines indicate the mean offset of the critical verbs, and the vertical solid lines indicate the mean sentence offset, with 
interquartile ranges (IQR) marked using horizontal lines. The error bar represents + 1 standard error.
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TABLE 2  Summary of the Generalized Additive Mixed Models on normalized pupil dilation data: suprasegmental cues and informational masking.

Model 0: Base model Model 1: Full model Model 2: Interactions

Estimate SE t-value Pr (>|t|) Estimate SE t-value Pr (>|t|) Estimate SE t-value Pr (>|t|)

Parametric coefficients

(Intercept) 0.030 0.014 2.107 0.035 0.029 0.014 2.121 0.034 0.033 0.014 2.368 0.017

Informational masking 0.007 0.019 0.378 0.705 0.002 0.019 0.116 0.907 −0.006 0.020 −0.340 0.733

Suprasegmental --- --- --- --- 0.006 0.003 1.762 0.078 −0.025 0.006 −4.223 <0.001

Suprasegmental x 

informational masking

--- --- --- --- --- --- --- --- 0.063 0.001 94.831 <0.001

Edf Ref.df F-value p-value Edf Ref.df F-value p-value Edf Ref.df F-value p-value

Smooth terms

s(x, y) [gaze position] 28.889 28.999 34334.589 <0.001 28.895 28.999 34210.000 <0.001 28.895 28.999 34124.804 <0.001

s(time) 7.440 7.562 7.093 <0.001 6.579 6.759 7.940 <0.001 6.620 6.798 6.012 <0.001

s(time): informational 

masking

5.713 6.213 1.984 0.059 6.553 7.002 3.706 <0.001 6.524 6.971 5.023 <0.001

s(time): suprasegmental --- --- --- --- 7.962 8.164 1.571 0.107 7.617 7.911 7.786 <0.001

s(time): suprasegmental x 

informational masking

--- --- --- --- --- --- --- --- 7.130 7.893 188.502 <0.001

s(time, subject) 299.513 369.000 28.096 <0.001 295.249 369.000 40,550 <0.001 296.905 369.000 27.529 <0.001

s(time, subject): 

informational masking

71.291 199.000 165.645 <0.001 74.507 199.000 240,500 <0.001 72.675 200.000 150.782 <0.001

s(time, 

subject):suprasegmental

--- --- --- --- 355.483 370.000 295.3 <0.001 355.378 370.000 285.427 <0.001

s(time, item) 138.489 149.000 414.897 <0.001 138.493 149.000 400.8 <0.001 138.498 149.000 397.335 <0.001

R2 (adjusted): 0.2 R2 (adjusted): 0.204 R2 (adjusted): 0.205

Explained deviance: 16.1% Explained deviance: 16.4% Explained deviance: 16.5%

We report parametric coefficients, effective degrees of freedom (Edf), reference degrees of freedom (Ref.df), F-values, and p-values for the smooth terms and random effects. The values in bold reflect significance at least the p < 0.05 level.
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between suprasegmental and masker condition: β = 0.063, p < 0.001), 
which is in contrast with the result from accuracy data.

One of the advantages of using GAMM is the ability to examine 
the difference of pupil dilation between conditions while the speech 
is unfolding. We were interested in whether the interaction between 
suprasegmental cues and informational masking manifests itself 
differently over the time course of the sentence. We used difference 
plots to visualize the model estimates of the difference in pupil size 
over time (smooth terms) between neutral and facilitative 
suprasegmental conditions in the two masker conditions (Figures 3, 
4). The solid lines in each difference plot show us the difference 
between the two non-linear smoothed trajectories between 
suprasegmental conditions in each of the two masker conditions, 
while the shaded areas represent the 95% confidence intervals. 
Inspection of the data showed a complicated pattern of results. 
Figure  3, panel A shows that, when the masker was intelligible 
(original speech masker), the neutral condition was more resource 
demanding than the facilitative condition across the entire sentence. 
In contrast, when the masker offered less informational masking 

(Figure  3, panel B), the facilitative condition was initially more 
demanding. This difference reversed direction around 1,700 ms after 
the onset of the sentence. This time point corresponds to the effect 
on pupil dilation (with 400 ms delay from the acoustic signal) from 
the end of the subordinate clause (i.e., “danced/watched,” 1,360 ms 
from sentence onset averaged across sentences). This pattern of pupil 
response time locked to the critical verb suggests the facilitative 
suprasegmental cues around the verb provided cues that reduced 
processing effort in the facilitative condition during 
online processing.

For the second objective of examining the interaction between the 
suprasegmental cues and the lexico-semantic factor, a series of 
GAMM models were built using a similar structure as those in the first 
objective. First model included the main effect of lexico-semantic cues 
(i.e., transitive vs. intransitive verbs) on pupil size over time (model 0), 
the inclusion of both lexico-semantic and suprasegmental cues as 
main effects (model 1), and lastly examining interactions between 
lexico-semantic and suprasegmental cues (model 2). We found that 
the addition of suprasegmental cues into the base model decreased the 

FIGURE 3

Pupil dilation difference trajectories (between neutral and facilitative suprasegmental conditions). Panel A (Left): Original Speech Masker; and B (Right): 
Reversed Speech Masker. The red lines on the X axis and the dotted vertical lines indicate the time frame with significant differences between the two 
suprasegmental conditions. The regions falling below the zero line indicate increased pupil dilation in the facilitative condition compared to the neutral 
condition. The vertical lines indicate the critical timepoints in the sentence.

FIGURE 4

Pupil dilation difference trajectories (between neutral and facilitative suprasegmental conditions). Panel A (Left): Transitive Verb; and B (Right): 
Intransitive Verb. The regions falling below the zero line indicate increased pupil dilation in the facilitative condition compared to the neutral condition. 
The red lines on the X axis and the dotted vertical lines indicate the time frame with significant differences between the two suprasegmental 
conditions. The vertical lines indicate the critical timepoints in the sentence.
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AIC (AICdifference = 58124.44) and increased the explained deviance of 
the model. Same was found for the inclusion of the interaction 
(AICdifference = 1525.00). Therefore, we  chose model 2 as our final 
model. The summary of all model output is found in Table 3.

The results from the parametric terms in model 2 showed 
non-significant main effects of suprasegmental and lexico-semantic 
cues and a significant interaction between suprasegmental and 
lexico-semantic cues (β = 0.009, p < 0.001). The pupil dilation was 
larger with neutral suprasegmental cues than facilitative cues, and 
the difference is larger with the sentences that have transitive verb 
than those with intransitive verb. The difference smooth term for 
the suprasegmental and lexico-semantic interaction was also 
significant in the final model, F(8.95) = 148.59, p < 0.001, 
indicating the pupil dilation changes over time was significantly 
impacted by the interaction. Figure  4 illustrated pupil dilation 
difference trajectories between the neutral and facilitative 
suprasegmental conditions, in two lexico-semantic conditions, 
respectively. This visual inspection of the difference curves 
indicates, in the transitive verb condition (Figure 4, panel A), pupil 
dilation was larger throughout the trial when facilitative 
suprasegmental cues were missing. In the intransitive verb 
condition (Figure 4, panel B), the difference curve hovered around 
0 until about 400 ms after the critical verb and became positive 
after that, indicating the facilitative suprasegmental cues around 
the verb decreased processing effort during online processing.

Discussion

Effects of suprasegmental cues modulated 
by informational masking

The present study investigated the effects of suprasegmental 
cues on speech recognition in speech maskers. Using recognition 
accuracy and pupil dilation as dependent measures, we  first 
examined how availability of suprasegmental cues affects speech 
recognition with different amounts of informational masking. 
Recognition accuracy was higher with facilitative suprasegmental 
cues, and particularly in the time-reversed speech masker that 
poses less informational masking. This result supports the resource 
limitation hypothesis and demonstrates the negative impact of 
intelligible speech maskers on the use of suprasegmental cues. 
Literature has shown that the intrusive lexical information in the 
intelligible speech maskers can interfere with linguistic processing, 
resulting in lower comprehension accuracy (Hoen et  al., 2007). 
Built on this evidence, the current study made two new 
contributions to the field. First, we demonstrated that the effect of 
informational masking reduced the benefit from suprasegmental 
cues in resolving linguistic ambiguity. This finding is consistent 
with the FUEL framework (Pichora-Fuller et  al., 2016) in 
demonstrating the downstream effect of informational masking. 
According to the FUEL framework, our cognitive capacity is finite 
and is shared by multiple processes during speech processing in 
background masker. When informational masking requires listeners 
to direct attention to concentrate on one of the speech streams, this 
process competes for cognitive resources with the goal of 
understanding the meaning of speech. Listeners used 
suprasegmental cues to facilitate speech understanding in the 

time-reversed masker with less informational masking, but the 
extra cognitive load of strong informational masking limited the 
mental resources available for effective use of suprasegmental cues. 
Further, we  demonstrated it in speech recognition accuracy as 
measured by immediate recall, although the recognition accuracy 
appears to only require perception of segmental cues (i.e., words) 
regardless of suprasegmentals. The finding that suprasegmental 
cues improve immediate recall of sentences suggests suprasegmental 
cues can release working memory capacity from the negative 
impact of informational masking on speech perception. This is 
because suprasegmental cues facilitate syntactic analysis of 
sentences and further enhance short-term memory encoding 
(Kjelgaard and Speer, 1999; Wingfield et al., 1989). This effect can 
be  particularly strong when additional informational masking 
heavily taxes working memory (Rönnberg et al., 2013) and hinders 
memory encoding of complex sentences. From a clinical 
perspective, this result supports the potential of recognition 
accuracy as an outcome measure for assessing individual listeners’ 
use of suprasegmental cues in speech perception. Although the 
effect was small (<5% accuracy) in the current dataset with a sample 
of younger adults with normal hearing, the effect size may increase 
in a group of older adults with hearing loss who can perceive 
suprasegmentals and are likely to benefit more from them. Further, 
while the time-reversed 2-talker masker is a frequently used control 
condition that is known to have comparable amount of energetic 
masking to speech maskers (Kidd et  al., 2016), it also poses 
increased forward masking (Rhebergen et al., 2005). This could 
potentially counteract the decreased informational masking and 
reduce the observable effects. These questions should be examined 
by future research.

The pupil dilation data, on the other hand, indicated a more 
complex pattern with listening effort changes during online sentence 
processing. While the suprasegmental effect was stronger in the 
reversed masker condition with the offline measure of recognition 
accuracy, its online effect as shown by pupil dilation was more 
consistent and sustained in the intelligible speech masker that has 
stronger informational masking. This was demonstrated by an elevated 
pupil dilation with neutral suprasegmental cues than the facilitative 
ones, across the full duration of the sentence (Figure 3, panel A). In 
contrast, in the unintelligible time-reversed masker, pupil dilation was 
more elevated with facilitative than neutral suprasegmental cues in the 
first 2,500-ms of the sentence (Figure 3, panel B). This increase in 
processing effort with facilitative suprasegmental cues in time-
reversed masker could be explained by additional processing resources 
associated with adapting to the perceptual novelty of the reversed 
masker early in the online processing. Compared to the original 
2-talker speech masker, the time-reversed masker is a novel acoustic 
stimulus which listeners do not typically encounter in real-life 
scenarios. Therefore, the listener may be more perceptually engaged 
by this masker, as indicated by the overall heightened pupil dilation 
than in the original masker condition (Figure 2, panel A; Shen et al., 
2022). This adaptation effect could lead to a longer time course for the 
listener to orient to the facilitative suprasegmental cues and benefit 
from them. This eventually leads to the increased pupil dilation with 
facilitative than the neutral suprasegmental cues during the early time 
window in the reversed speech masker, which was not observed in the 
intelligible speech masker with strong informational masking. Overall, 
these differences between the two informational masking conditions 
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TABLE 3  Summary of the Generalized Additive Mixed Models on normalized pupil dilation data: Suprasegmental cues and lexico-semantic conditions.

Model 0: Base model Model 1: Full model Model 2: Interactions

Estimate SE t-value Pr (>|t|) Estimate SE t-value Pr (>|t|) Estimate SE t-value Pr (>|t|)

Parametric coefficients

(Intercept) 0.034 0.010 3.301 <0.001 0.030 0.010 2.945 0.003 0.032 0.010 3.123 0.001

Lexico-semantic 0.005 0.004 1.209 0.226 0.004 0.004 0.973 0.330 −0.001 0.004 −0.123 0.901

Suprasegmental --- --- --- --- 0.006 0.003 1.794 0.072 −0.001 0.003 0.442 0.658

Suprasegmental x lexico-

semantic

--- --- --- --- --- --- --- --- 0.009 0.0001 58.921 <0.001

Edf Ref.df F-value p-value Edf Ref.df F-value p-value Edf Ref.df F-value p-value

Smooth terms

s(x, y) [gaze position] 28.897 28.999 35611.124 <0.001 28.90 28.999 35680.181 <0.001 28.901 28.999 35734.496 <0.001

s (time) 6.978 7.136 8.035 <0.001 4.49 4.727 7.768 <0.001 4.984 5.216 8.153 <0.001

s(time): lexico-semantic 7.315 7.620 1.948 0.069 7.42 7.711 2.165 0.044 7.544 7.840 3.203 0.002

s(time): suprasegmental --- --- --- --- 8.08 8.268 1.573 0.105 8.334 8.494 2.305 0.016

s (time): suprasegmental x 

lexico-semantic

--- --- --- --- --- --- --- --- 8.642 8.954 148.591 <0.001

s (time, subject) 352.016 370.000 1643.944 0.010 352.88 370.000 4718.448 <0.001 352.545 369.000 7993.040 <0.001

s (time, subject): lexico-

semantic

357.675 370.000 408.787 <0.001 357.41 370.000 410.929 <0.001 357.326 370.000 416.920 <0.001

s (time, 

subject):suprasegmental

--- --- --- --- 356.13 370.000 314.265 <0.001 355.950 370.000 314.644 <0.001

s (time, item) 138.607 150.000 431.907 <0.001 138.78 150.000 421.982 <0.001 138.732 149.000 417.196 <0.001

R2 (adjusted): 0.241 R2 (adjusted): 0.248 R2 (adjusted): 0.248

Explained deviance: 19.5% Explained deviance: 20.1% Explained deviance: 20.1%

We report parametric coefficients, effective degrees of freedom (Edf), reference degrees of freedom (Ref.df), F-values, and p-values for the smooth terms and random effects. The values in bold reflect significance at least the p < 0.05 level.
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demonstrated the importance of using the online measures of 
processing effort, as they can reveal different aspects of the dynamic 
process of speech perception that can be attributed to acoustic and 
linguistic factors while a sentence is unfolding (Shen et al., 2013; Winn 
and Teece, 2021; Smith and Winn, 2025).

Interaction between suprasegmental and 
lexico-semantic cues

Regarding the second research question of whether 
suprasegmental effect interact with the lexico-semantic cues in 
sentences, speech recognition data suggested the suprasegmental 
cues are helpful with congruent lexico-semantic cues (i.e., 
subordinate verb being intransitive, such as “when the parents 
danced, the child…”). For this type of sentence, having facilitative 
suprasegmental cues can aid sentence processing with improved 
recognition in speech maskers. In contrast, when the sentence is 
more linguistically complex with a transitive verb as subordinate 
verb (e.g., “when the parents watched, the child…”), syntactic 
processing was challenging with lower recognition performance 
regardless of whether the suprasegmental cues was facilitative. With 
facilitative suprasegmentals, the listener must resolve the conflict 
between the lexico-semantic cue of having “the child” being the 
direct object of the verb “watched,” and the auditory comma after 
“watched” based on the suprasegmental information suggesting 
“the child” is the start of a clause. With neutral suprasegmental 
cues, although the sentence appears to be  congruent with no 
auditory comma in “when the parents watched the child…,” the 
processing load become much higher once they hear “sing a song” 
when there is a syntactic violation that triggers reanalysis. These 
results demonstrated that the effect of suprasegmental cues is 
modulated by the linguistic complexity in speech recognition with 
speech maskers, with a stronger benefit in less complex and more 
congruent linguistic conditions. Importantly, the effect was evident 
in speech recognition measure, which indicates the effect of 
suprasegmental cues on recognition tasks that heavily involve 
working memory. This also supports the feasibility of including 
suprasegmental cues in clinical assessments with 
recognition measures.

The complex interaction between suprasegmental and lexico-
semantic cues was also evident in the pupil dilation data (Figure 4). 
Critically, the GAMM analysis provided evidence showing the effect 
of suprasegmental cues was modulated by temporary ambiguity that 
stems from lexico-semantic cues on processing effort during online 
sentence processing. Although the suprasegmental effect was stronger 
with intransitive subordinate verb in the accuracy data, its impact 
during online sentence processing revealed a temporal pattern that 
tightly coupled with the moment-to-moment processing (Figure 4, 
panel B). As soon as the intransitive verb was heard without facilitative 
suprasegmental cues, the processing effort as measured by pupil 
dilation increased significantly as compared to when there were 
facilitative suprasegmental cues. After the listener successfully parsed 
the sentence structure with the lexico-semantic cues (i.e., the 
intransitive verb “danced” cannot carry the objective of “the child” and 
therefore this must be a subordinate clause), the processing effort in 
the neutral suprasegmental condition decreased. Towards the end of 
the sentences when integration and recall posed higher processing 

load, the neutral suprasegmental appeared to elicit higher effort than 
the facilitative one. This pattern was in contrast with the pupil dilation 
in the transitive verb condition, in which the neutral suprasegmental 
condition consistently prompted larger pupil dilation across the whole 
sentence. The effort was particularly heightened between 2,500 and 
3,500 ms post sentence onset, indicating the more effortful reanalysis 
upon hearing “sing a song,” after the initial commitment to having “the 
child” as the object of “watched.” These results converge with the 
processing effort data from speech perception literature (DeDe, 2010; 
Kadem et al., 2020; Zellin et al., 2011) in demonstrating the negative 
impact of missing suprasegmental cues on processing load with 
ambiguous sentences in real-time processing.

The insights from a combination of 
recognition accuracy and pupil dilation 
measures

Overall, the current study contributed to the literature by 
demonstrating the effects of suprasegmental cues on speech 
recognition in speech maskers with informational masking. 
Converging across the measures of recognition accuracy and 
processing effort, the results showed an interesting pattern that 
illuminates on the role of suprasegmental cues in the dynamic process 
of effortful listening with perceptual and linguistic challenges. On one 
hand, the online measure of processing effort supported the cue 
reliance hypothesis by showing facilitative suprasegmental cues reduce 
processing effort more strongly and consistently in more adverse 
conditions with either perceptual or linguistic challenges (i.e., stronger 
informational masking, more linguistic ambiguity). On the other 
hand, the offline measure of recognition accuracy appears to 
be consistent with the resource limitation hypothesis in showing a 
reduced suprasegmental benefit for sentence recognition in more 
adverse conditions. It is also worth noting that these results were 
observed with an overall recognition accuracy of 80–90% indicating 
a favorable task condition. These findings first demonstrate that the 
cue reliance and resource limitation accounts are not mutually 
exclusive in effortful listening scenarios, at least when task difficulty is 
manageable. Although relying on facilitative suprasegmental cues 
reduced processing effort under more adverse conditions, the 
recognition accuracy was only improved by suprasegmentals in the 
less adverse conditions when more cognitive resource is available to 
utilize these cues in the sentence repeat-back task that heavily involves 
short-term memory encoding and retrieval. These results align with 
the literature suggesting listening effort as measured by pupil dilation 
data provides new information in addition to recognition accuracy, as 
it reveals the dynamic process of language processing that is tightly 
coupled with the speech material (Winn and Teece, 2021). This finding 
also raises the question for future research that whether listeners can 
benefit more from suprasegmental cues in more adverse conditions, 
if instead of repeat back sentences, the offline task is comprehension, 
which more closely simulates the real-life communication.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

https://doi.org/10.3389/fnins.2025.1655467
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Shen and DeDe� 10.3389/fnins.2025.1655467

Frontiers in Neuroscience 13 frontiersin.org

Ethics statement

The studies involving humans were approved by Institutional 
Review Board, Temple University. The studies were conducted in 
accordance with the local legislation and institutional requirements. 
The participants provided their written informed consent to 
participate in this study.

Author contributions

JS: Investigation, Supervision, Conceptualization, Formal analysis, 
Writing – review & editing, Project administration, Visualization, 
Data curation, Software, Methodology, Writing  – original draft, 
Validation. GD: Conceptualization, Methodology, Writing – review & 
editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This work was supported 
by NIH Grant R21DC017560 to JS.

Acknowledgments

The authors thank Rose Dietrich, Julia Knutelska, 
Amy Love, Naramin Abuali, and Nora Simmons for assistance 
with data collection and processing, and the members 

of the GAMM Club for helpful discussions regarding data 
analysis. We  also thank the two reviewers for their 
constructive reviews.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
Barr, D. J., Levy, R., Scheepers, C., and Tily, H. J. (2013). Random effects structure for 

confirmatory hypothesis testing: keep it maximal. J. Mem. Lang. 68, 255–278. doi: 
10.1016/j.jml.2012.11.001

Bates, D., Mächler, M., Bolker, B., and Walker, S. (2014). Fitting linear mixed-effects 
models using lme4. Arxiv [Preprint]. doi: 10.48550/arXiv.1406.5823

Beach, C. M. (1991). The interpretation of prosodic patterns at points of syntactic 
structure ambiguity: evidence for cue trading relations. J. Mem. Lang. 30, 644–663. doi: 
10.1016/0749-596X(91)90030-N

Beechey, T. (2022). Is speech intelligibility what speech intelligibility tests test? J. 
Acoust. Soc. Am. 152, 1573–1585. doi: 10.1121/10.0013896

Brungart, D. S., Chang, P. S., Simpson, B. D., and Wang, D. (2009). Multitalker speech 
perception with ideal time-frequency segregation: effects of voice characteristics and 
number of talkers. J. Acoust. Soc. Am. 125, 4006–4022. doi: 10.1121/1.3117686

Byrne, D., Dillon, H., Ching, T., Katsch, R., and Keidser, G. (2001). NAL-NL1 
procedure for fitting nonlinear hearing aids: characteristics and comparisons with other 
procedures. J. Am. Acad. Audiol. 12, 37–51. doi: 10.1055/s-0041-1741117

Calandruccio, L., Buss, E., and Bowdrie, K. (2017). Effectiveness of two-talker maskers 
that differ in talker congruity and perceptual similarity to the target speech. Trends Hear. 
21:2331216517709385. doi: 10.1177/2331216517709385

Carlson, K. (2009). How prosody influences sentence comprehension. Lang. Linguist. 
Compass 3, 1188–1200. doi: 10.1111/j.1749-818X.2009.00150.x

Carroll, P. J., and Slowiaczek, M. L. (1987). “Modes and modules: Multiple pathways 
to the language processor,’’ in Modularity in Knowledge Representation and Natural-
Language Understanding. ed. J. L. Garfield (The MIT Press), 221–247.

Cornelissen, F. W., Peters, E. M., and Palmer, J. (2002). The Eyelink toolbox: eye 
tracking with MATLAB and the psychophysics toolbox. Behav. Res. Methods Instrum. 
Comput. 34, 613–617. doi: 10.3758/BF03195489

Dávila-Montero, S., Dana-Lê, J. A., Bente, G., Hall, A. T., and Mason, A. J. (2021). 
Review and challenges of technologies for real-time human behavior monitoring. IEEE 
Trans Biomed Circuits Syst 15, 2–28. doi: 10.1109/TBCAS.2021.3060617

DeDe, G. (2010). Utilization of prosodic information in syntactic ambiguity 
resolution. J. Psycholinguist. Res. 39, 345–374. doi: 10.1007/s10936-009-9139-x

Dillon, L. M. (1995) The effect of masker and syntactic complexity on listening 
comprehension [Master Thesis, University of British Columbia]. UBC Open Collections. 
doi: 10.14288/1.0086908

Engelhardt, P. E., Ferreira, F., and Patsenko, E. G. (2010). Pupillometry reveals 
processing load during spoken language comprehension. Q. J. Exp. Psychol. 63, 639–645. 
doi: 10.1080/17470210903469864

Freyman, R. L., Balakrishnan, U., and Helfer, K. S. (2004). Effect of number of masking 
talkers and auditory priming on informational masking in speech recognition. J. Acoust. 
Soc. Am. 115, 2246–2256. doi: 10.1121/1.1689343

Gagl, B., Hawelka, S., and Hutzler, F. (2011). Systematic influence of gaze position on 
pupil size measurement: analysis and correction. Behav. Res. Methods 43, 1171–1181. 
doi: 10.3758/s13428-011-0109-5

Geller, J., Winn, M. B., Mahr, T., and Mirman, D. (2020). GazeR: a package for 
processing gaze position and pupil size data. Behav. Res. Methods 52, 2232–2255. doi: 
10.3758/s13428-020-01374-8

Hayes, T. R., and Petrov, A. A. (2016). Mapping and correcting the influence of gaze 
position on pupil size measurements. Behav. Res. Methods 48, 510–527. doi: 
10.3758/s13428-015-0588-x

Hellbernd, N., and Sammler, D. (2016). Prosody conveys speaker’s intentions: acoustic 
cues for speech act perception. J. Mem. Lang. 88, 70–86. doi: 10.1016/j.jml.2016.01.001

Hoen, M., Meunier, F., Grataloup, C.-L., Pellegrino, F., Grimault, N., Perrin, F., et al. 
(2007). Phonetic and lexical interferences in informational masking during speech-in-
speech comprehension. Speech Comm. 49, 905–916. doi: 10.1016/j.specom.2007.05.008

Jesse, A., and Helfer, K. S. (2019). Lexical influences on errors in masked speech 
perception in younger, middle-aged, and older adults. J. Speech Lang. Hear. Res. 62, 
1152–1166. doi: 10.1044/2018_JSLHR-H-ASCC7-18-0091

Kadem, M., Herrmann, B., Rodd, J. M., and Johnsrude, I. S. (2020). Pupil dilation is 
sensitive to semantic ambiguity and acoustic degradation. Trends Hear. 
24:2331216520964068. doi: 10.1177/2331216520964068

Karimi-Boroujeni, M., Dajani, H. R., and Giguère, C. (2023). Perception of prosody in 
hearing-impaired individuals and users of hearing assistive devices: an overview of recent 
advances. J. Speech Lang. Hear. Res. 66, 775–789. doi: 10.1044/2022_JSLHR-22-00125

https://doi.org/10.3389/fnins.2025.1655467
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.jml.2012.11.001
https://doi.org/10.48550/arXiv.1406.5823
https://doi.org/10.1016/0749-596X(91)90030-N
https://doi.org/10.1121/10.0013896
https://doi.org/10.1121/1.3117686
https://doi.org/10.1055/s-0041-1741117
https://doi.org/10.1177/2331216517709385
https://doi.org/10.1111/j.1749-818X.2009.00150.x
https://doi.org/10.3758/BF03195489
https://doi.org/10.1109/TBCAS.2021.3060617
https://doi.org/10.1007/s10936-009-9139-x
https://doi.org/10.14288/1.0086908
https://doi.org/10.1080/17470210903469864
https://doi.org/10.1121/1.1689343
https://doi.org/10.3758/s13428-011-0109-5
https://doi.org/10.3758/s13428-020-01374-8
https://doi.org/10.3758/s13428-015-0588-x
https://doi.org/10.1016/j.jml.2016.01.001
https://doi.org/10.1016/j.specom.2007.05.008
https://doi.org/10.1044/2018_JSLHR-H-ASCC7-18-0091
https://doi.org/10.1177/2331216520964068
https://doi.org/10.1044/2022_JSLHR-22-00125


Shen and DeDe� 10.3389/fnins.2025.1655467

Frontiers in Neuroscience 14 frontiersin.org

Kidd, G., and Colburn, H. S. (2017). “Informational masking in speech recognition” 
in The auditory system at the cocktail party vol. 60. eds. J. Middlebrooks, J. Simon, A. 
Popper, and R. Fay (Cham: Springer Handbook of Auditory Research, Springer). 75–109.

Kidd, G., Mason, C. R., Richards, V. M., Gallun, F. J., and Durlach, N. I. (2008). 
“Informational masking” in Auditory perception of sound sources Vol. 29. eds. W. A. 
Yost, A. N. Popper, R. R. Fay (Boston, MA: Springer Handbook of Auditory Research, 
Springer) 143–189.

Kidd, G., Mason, C. R., Swaminathan, J., Roverud, E., Clayton, K. K., and Best, V. 
(2016). Determining the energetic and informational components of speech-on-speech 
masking. J. Acoust. Soc. Am. 140, 132–144. doi: 10.1121/1.4954748

Kjelgaard, M. M., and Speer, S. R. (1999). Prosodic facilitation and interference in the 
resolution of temporary syntactic closure ambiguity. J. Mem. Lang. 40, 153–194. doi: 
10.1006/jmla.1998.2620

Lacroix, P. G., and Harris, J. D. (1979). Effects of high-frequency cue reduction on the 
comprehension of distorted speech. J. Speech Hear. Disord. 44, 236–246. doi: 
10.1044/jshd.4402.236

Leitman, D. I., Sehatpour, P., Shpaner, M., Foxe, J. J., and Javitt, D. C. (2009). Mismatch 
negativity to tonal contours suggests preattentive perception of prosodic content. Brain 
Imaging Behav. 3, 284–291. doi: 10.1007/s11682-009-9070-7

Meteyard, L., and Davies, R. A. (2020). Best practice guidance for linear mixed-effects 
models in psychological science. J. Mem. Lang. 112:104092. doi: 
10.1016/j.jml.2020.104092

Pedersen, E. J., Miller, D. L., Simpson, G. L., and Ross, N. (2019). Hierarchical 
generalized additive models in ecology: an introduction with mgcv. PeerJ, 7:e6876. 

Pichora-Fuller, M. K., Kramer, S. E., Eckert, M. A., Edwards, B., Hornsby, B. W., 
Humes, L. E., et al. (2016). Hearing impairment and cognitive energy: the framework 
for understanding effortful listening (Fuel). Ear Hear. 37,  –27S. doi: 
10.1097/AUD.0000000000000312

Picou, E. M., and Ricketts, T. A. (2014). The effect of changing the secondary task in 
dual-task paradigms for measuring listening effort. Ear Hear. 35, 611–622. doi: 
10.1097/aud.0000000000000055

Rabbitt, P. (1991). Mild hearing loss can cause apparent memory failures which 
increase with age and reduce with IQ. Acta Otolaryngol. 111, 167–176. doi: 
10.3109/00016489109127274

R Core Team (2021). R: a language and environment for statistical computing. Vienna, 
Austria: R Foundation for Statistical Computing. Available at: http://www. R-project. org/

Rhebergen, K. S., Versfeld, N. J., and Dreschler, W. (2005). Release from informational 
masking by time reversal of native and non-native interfering speech. J. Acoust. Soc. Am. 
118, 1274–1277. doi: 10.1121/1.2000751

Rönnberg, J., Lunner, T., Zekveld, A., Sörqvist, P., Danielsson, H., Lyxell, B., et al. 
(2013). The ease of language understanding model: theoretical, empirical, and clinical 
advances. Front. Syst. Neurosci. 7:31. doi: 10.3389/fnsys.2013.00031

Scherer, K. R. (1986). Vocal affect expression: a review and a model for future research. 
Psychol. Bull. 99, 143–165. doi: 10.1037/0033-2909.99.2.143

Shen, J. (2021). Pupillary response to dynamic pitch alteration during speech 
perception in masker. JASA Express Lett. 1:115202. doi: 10.1121/10.0007056

Shen, J., Deutsch, D., and Rayner, K. (2013). On-line perception of mandarin tones 2 
and 3: evidence from eye movements. J. Acoust. Soc. Am. 133, 3016–3029. doi: 
10.1121/1.4795775

Shen, J., Fitzgerald, L., and Kulick, E. (2022). Interactions between acoustic challenges 
and processing depth in speech perception as measured by task-evoked pupil response. 
Front. Psychol. 13:959638. doi: 10.3389/fpsyg.2022.959638

Shen, J., and Souza, P. E. (2018). On dynamic pitch benefit for speech recognition in 
speech masker. Front. Psychol. 9:1967. doi: 10.3389/fpsyg.2018.01967

Slowiaczek, M. L. (1981). Prosodic units as language processing units. [Doctoral 
Dissertation, University of Massachusetts Amherst]. ProQuest Dissertation and 
Theses Global.

Smith, M. L., and Winn, M. B. (2025). Repairing misperceptions of words early in a 
sentence is more effortful than repairing later words, especially for listeners with 
cochlear implants. Trends Hear. 29:23312165251320789. doi: 
10.1177/23312165251320789

Sóskuthy, M. (2021). Evaluating generalised additive mixed modelling strategies for 
dynamic speech analysis. J. Phon. 84:101017. doi: 10.1016/j.wocn.2020.101017

Steinhauer, K., Alter, K., and Friederici, A. D. (1999). Brain potentials indicate 
immediate use of prosodic cues in natural speech processing. Nat. Neurosci. 2, 191–196. 
doi: 10.1038/5757

Stelmachowicz, P. G., Lewis, D. E., Kelly, W. J., and Jesteadt, W. (1990). Speech 
perception in low-pass filtered masker for normal and hearing-impaired listeners. J. 
Speech Lang. Hear. Res. 33, 290–297.

van Rij, J., Hendriks, P., van Rijn, H., Baayen, R. H., and Wood, S. N. (2019). Analyzing 
the time course of pupillometric data. Trends Hear. 23:2331216519832483. doi: 
10.1177/2331216519832483

van Rij, J., Wieling, M., Baayen, R. H., van Rijn, H., and van Rij, M. J. (2017). Itsadug: 
Interpreting time series and autocorrelated data using GAMMs in (Version 2.4.1)

Weber, A., Grice, M., and Crocker, M. W. (2006). The role of prosody in the 
interpretation of structural ambiguities: a study of anticipatory eye movements. 
Cognition 99, B63–B72. doi: 10.1016/j.cognition.2005.07.001

Wieling, M. (2018). Analyzing dynamic phonetic data using generalized additive 
mixed modeling: a tutorial focusing on articulatory differences between L1 and L2 
speakers of English. J. Phon. 70, 86–116. doi: 10.1016/j.wocn.2018.03.002

Wingfield, A., Amichetti, N. M., and Lash, A. (2015). Cognitive aging and hearing 
acuity: modeling spoken language comprehension. Front. Psychol. 6:684. doi: 
10.3389/fpsyg.2015.00684

Wingfield, A., Lahar, C. J., and Stine, E. A. (1989). Age and decision strategies in 
running memory for speech: effects of prosody and linguistic structure. J. Gerontol. 44, 
P106–P113. doi: 10.1093/geronj/44.4.p106

Winn, M. B., and Teece, K. H. (2021). Listening effort is not the same as speech 
intelligibility score. Trends Hear. 25:23312165211027688. doi: 
10.1177/23312165211027688

Winn, M. B., Wendt, D., Koelewijn, T., and Kuchinsky, S. E. (2018). Best practices 
and advice for using pupillometry to measure listening effort: an introduction for 
those who want to get started. Trends Hear. 22:2331216518800869. doi: 
10.1177/2331216518800869

Wood, S. N. (2011). Fast stable restricted maximum likelihood and marginal 
likelihood estimation of semiparametric generalized linear models. J. R. Stat. Soc. Ser. B 
Stat Methodol. 73, 3–36. doi: 10.1111/j.1467-9868.2010.00749.x

Wood, S. N., Pya, N., and Säfken, B. (2016). Smoothing parameter and model selection 
for general smooth models. J. Am. Stat. Assoc. 111, 1548–1563. doi: 
10.1080/01621459.2016.1180986

Wood, S., and Wood, M. S. (2015). Package ‘mgcv’. R Package Vers 1:729.

Zekveld, A. A., Koelewijn, T., and Kramer, S. E. (2018). The pupil dilation response to 
auditory stimuli: current state of knowledge. Trends Hear. 22:2331216518777174. doi: 
10.1177/2331216518777174

Zellin, M., Pannekamp, A., Toepel, U., and van der Meer, E. (2011). In the eye of the 
listener: pupil dilation elucidates discourse processing. Int. J. Psychophysiol. 81, 133–141. 
doi: 10.1016/j.ijpsycho.2011.05.009

Zora, H., and Csépe, V. (2021). Perception of prosodic modulations of linguistic and 
paralinguistic origin: evidence from early auditory event-related potentials. Front. 
Neurosci. 15:797487. doi: 10.3389/fnins.2021.797487

https://doi.org/10.3389/fnins.2025.1655467
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1121/1.4954748
https://doi.org/10.1006/jmla.1998.2620
https://doi.org/10.1044/jshd.4402.236
https://doi.org/10.1007/s11682-009-9070-7
https://doi.org/10.1016/j.jml.2020.104092
https://doi.org/10.1097/AUD.0000000000000312
https://doi.org/10.1097/aud.0000000000000055
https://doi.org/10.3109/00016489109127274
http://www. R-project. org/
https://doi.org/10.1121/1.2000751
https://doi.org/10.3389/fnsys.2013.00031
https://doi.org/10.1037/0033-2909.99.2.143
https://doi.org/10.1121/10.0007056
https://doi.org/10.1121/1.4795775
https://doi.org/10.3389/fpsyg.2022.959638
https://doi.org/10.3389/fpsyg.2018.01967
https://doi.org/10.1177/23312165251320789
https://doi.org/10.1016/j.wocn.2020.101017
https://doi.org/10.1038/5757
https://doi.org/10.1177/2331216519832483
https://doi.org/10.1016/j.cognition.2005.07.001
https://doi.org/10.1016/j.wocn.2018.03.002
https://doi.org/10.3389/fpsyg.2015.00684
https://doi.org/10.1093/geronj/44.4.p106
https://doi.org/10.1177/23312165211027688
https://doi.org/10.1177/2331216518800869
https://doi.org/10.1111/j.1467-9868.2010.00749.x
https://doi.org/10.1080/01621459.2016.1180986
https://doi.org/10.1177/2331216518777174
https://doi.org/10.1016/j.ijpsycho.2011.05.009
https://doi.org/10.3389/fnins.2021.797487

	The role of suprasegmental cues in perception of sentences with linguistic ambiguity under informational masking
	Introduction
	The role of suprasegmental cues in language processing
	Effects of suprasegmental cues in adverse environments
	Speech processing challenges due to informational masking
	Interaction between suprasegmental and lexico-semantic cues

	Methods
	Participants
	Material
	Procedure
	Data processing and analysis
	Speech recognition accuracy
	Pupil response

	Results
	Recognition accuracy data
	Pupil dilation data

	Discussion
	Effects of suprasegmental cues modulated by informational masking
	Interaction between suprasegmental and lexico-semantic cues
	The insights from a combination of recognition accuracy and pupil dilation measures


	 References

