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ABSTRACT:
The task of processing speech masked by concurrent speech/noise can pose a substantial challenge to listeners.

However, performance on such tasks may not directly reflect the amount of listening effort they elicit. Changes in

pupil size and neural oscillatory power in the alpha range (8–12 Hz) are prominent neurophysiological signals

known to reflect listening effort; however, measurements obtained through these two approaches are rarely

correlated, suggesting that they may respond differently depending on the specific cognitive demands (and, by

extension, the specific type of effort) elicited by specific tasks. This study aimed to compare changes in pupil size

and alpha power elicited by different types of auditory maskers (highly confusable intelligible speech maskers,

speech-envelope-modulated speech-shaped noise, and unmodulated speech-shaped noise maskers) in young, normal-

hearing listeners. Within each condition, the target-to-masker ratio was set at the participant’s individually estimated

75% correct point on the psychometric function. The speech masking condition elicited a significantly greater

increase in pupil size than either of the noise masking conditions, whereas the unmodulated noise masking condition

elicited a significantly greater increase in alpha oscillatory power than the speech masking condition, suggesting that

the effort needed to solve these respective tasks may have different neural origins.
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I. INTRODUCTION

A growing body of research has demonstrated that the

degree of cognitive resources expended by a listener when

attending to and processing target speech, often termed

“listening effort,” is dissociable from their performance on

speech intelligibility tasks (e.g., Koelewijn et al., 2012a;

Winn and Teece, 2021). Assessing listening effort—particu-

larly under adverse conditions—may therefore provide valu-

able insight into the experience of the listener that is not

available when measuring speech intelligibility alone

(Peelle, 2018; Rennies et al., 2014; Rennies et al., 2019;

Winn and Teece, 2021; Zekveld et al., 2010). Quantifying

the amount of listening effort expended during a given task

allows us to move beyond the standard question, “Under

what conditions can the listener solve this task?” to further

ask, “What does solving this task demand of the listener?”

Addressing this second question adds another dimension to

the study of auditory masking, degradation, and other

manipulations of speech stimuli that place challenging cog-

nitive demands on the listener.

One area where the examination of listening effort may

be of particularly high practical importance is in the context

of auditory masking. A great deal of typical human conver-

sation takes place in the presence of extraneous background

speech and/or other sources of “noise” that must be filtered

out by the listener, a dilemma often referred to as the

“cocktail party problem” (Cherry, 1953). Determining the

role of listening effort in solving cocktail party-like prob-

lems may lead to a better understanding of not only how

breakdowns in processing and comprehension in adverse lis-

tening situations occur, but also how to mitigate them.

There are two functionally distinct sources of auditory

masking that likely have different effects on listening effort:

Energetic masking (EM) is the result of spectrotemporal

overlap between target and masker energy and is thought to

result from peripheral auditory mechanisms, whereas infor-
mational masking (IM) consists of additional masking that

cannot be explained by spectrotemporal overlap and is

believed to result from breakdowns in central processing

(Kidd et al., 2008). Most masking conditions involve some

degree of both EM and IM. However, it is generally the case

that noise masking conditions produce primarily EM,

whereas speech masking conditions—particularly when the
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masking speech is intelligible—produce higher amounts of

IM. The IM that is present when speech masks other speech

results in part from confusions between target and masker

sources on the part of the listener, despite adequate audibil-

ity of the target [see Kidd and Colburn (2017) for a review

of IM under speech masking conditions].

A key question in examining listening effort under audi-

tory masking conditions, therefore, is to assess how it is

affected by EM vs IM. Answering this question would add

to the current understanding of the nature of how EM and

IM are experienced and processed by listeners in everyday

communicative situations. However, this goal is compli-

cated by the absence (thus far) of a gold standard approach

to measuring listening effort. Listening effort has sometimes

been assessed through self-report (e.g., Rennies et al.,
2019); however, two candidate neurophysiological signa-

tures are also thought to quantitatively index listening effort:

increases in pupil dilation, as measured by pupillometry,

and increases in neural oscillatory power in the alpha fre-

quency range (8–12 Hz), as measured by electroencephalog-

raphy (EEG). Pupillometry is at this point an established

method of measuring listening effort (Koelewijn et al.,
2012a; Winn, 2018; Zekveld et al., 2010, 2018). Whereas

the discussion about the precise nature and role of the alpha

power element of the EEG signal is still ongoing, it has been

observed to change as a function of task difficulty and has

increasingly been used to measure effort (Obleser et al.,
2012; Sauseng and Klimesch, 2008), often alongside pupill-

ometry (Alhanbali et al., 2019; Haro et al., 2022; Fiedler

et al., 2021; McMahon et al., 2016; Miles et al., 2017; Seifi

Ala et al., 2020). Using neurophysiological approaches to

assess listening effort is advantageous in that these

approaches do not rely on the listener to subjectively scale

or report their own effort.

Interestingly, studies that have assessed listening effort

using both pupil dilation and alpha power have typically

found that measurements obtained via these two tools are

not correlated with one another (e.g., Alhanbali et al., 2019;

McMahon et al., 2016; Miles et al., 2017; Seifi Ala et al.,
2020). This lack of correlation—along with the fact that

pupil size and alpha power have different neural origins—

suggests that listening effort may be a multifaceted construct

involving processes with two or more distinct neural origins

assayed independently by these techniques (Alhanbali et al.,
2019; Visentin et al., 2022). Pupil dilation driven by cogni-

tive (as opposed to sensory) processes reflects neural activ-

ity in the subcortical locus coeruleus-norepinephrine system

[Gilzenrat et al., 2010; Joshi et al., 2016; see van der Wel

and van Steenbergen (2018) for a review]. In contrast, alpha

power reflects synchronous oscillations of cortical neurons

and has been shown to increase during listening tasks

involving acoustic degradation and/or high working memory

load (e.g., Obleser et al., 2012; Petersen et al., 2015;

Tuladhar et al., 2007; W€ostmann et al., 2017), presumably

due to the increased cognitive resources required to solve

these tasks. However, it remains unknown which facet(s) of

listening effort is captured by the neuromodulatory systems

that affect pupil dilation vs those that are reflected in

changes in the neural alpha oscillatory power.

The goal of the current study was to use both pupillom-

etry and EEG to compare the amount of listening effort

exerted under carefully controlled high-IM vs high-EM lis-

tening conditions. A central underlying question in this

work was whether pupil size and alpha power may respond

differently to the listening effort required to solve tasks with

high-EM vs high-IM demands. Whereas a number of previ-

ous studies have used pupillometry to compare the effects of

noise masking and speech masking conditions on listening

effort, some results have suggested that high-IM listening

conditions elicit a greater pupil response (indicating a higher

degree of listening effort) than high-EM listening conditions

(e.g., Koelewijn et al., 2012a; Wendt et al., 2018), whereas

others have found EM and IM to elicit comparable pupil

responses (e.g., Ohlenforst et al., 2018, Versfeld et al.,
2021). In terms of EEG findings, most studies that have

examined the effect of masking on listening effort as mea-

sured by alpha power have tended to focus specifically on

high-EM speech-in-noise tasks (e.g., Alhanbali et al., 2019;

Dimitrijevic et al., 2017, 2019; McMahon et al., 2016;

Miles et al., 2017; Wisniewski et al., 2021). We are not

aware of any listening effort studies to date that have

directly compared the effect of EM vs IM on alpha power.

In designing the current study, several key consider-

ations were taken into account. First, to obtain measure-

ments of listening effort that could be appropriately

compared across participants and conditions, we imple-

mented an approach that held performance (i.e., accuracy) at

a constant level across participants and conditions. By keep-

ing behavioral performance constant, differences in the psy-

chophysiological dependent measures across conditions

would presumably reflect differences in the amount of effort

needed to obtain a particular level of performance. A second

consideration was the selection of target and masker stimuli,

especially the speech masker stimuli used to create a high-

IM listening condition. In prior studies employing speech-

on-speech masking conditions, speech maskers have

typically consisted of materials such as a portion of a string

of concatenated sentences (Koelewijn et al., 2012a;

Ohlenforst et al., 2018; Versfeld et al., 2021) or one or more

talkers reading the newspaper (Wendt et al., 2018).

Although these maskers surely produced some IM, they

likely were fairly easy to distinguish from the short target

sentences in the majority of trials, due to the multiple

source-segregation cues available, such as differences in

intonation, syntactic structure, topic, rate of speech, relative

stimulus onsets/offsets, etc. [for a review, see Mattys et al.
(2012); Kidd and Colburn (2017)], as well as the impossibil-

ity of explicit target-masker confusions [which is a way of

gauging the amount of IM; see Brungart et al. (2001) and

Kidd et al. (2016)]. Thus, it is unclear whether the stimuli

and tasks employed in these studies created high uncertainty

(and, thus, high IM) in the listener. Several other studies

examining the effects of masking on listening have utilized

vocoded target and masker sentences (Obleser and Weisz,
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2012; Obleser et al., 2012; McMahon et al., 2016, Miles

et al., 2017), which allowed for examination of the effects

of degrading the speech stimuli but did not allow for clear

measurements of the effects of EM or IM, as vocoding

affects the amount of EM due to (presumably) increased

target-masker overlap within corresponding channels.

With this existing literature in mind, the current study

aimed to compare the effects of EM and IM as directly as

possible through the utilization of matrix-style sentences.

This approach helped to maximize confusability between

target and masker, thereby increasing the amount of IM, and

provided the opportunity for the analysis of explicit target-

masker confusions. Finally, the current study also imple-

mented spatial separation between target and maskers across

conditions to allow listeners the opportunity to clearly locate

the different talkers by taking advantage of binaural/spatial

cues. This experimental design—combining matrix-style

sentences, same-gender target and masker talkers, and spa-

tial separation—was expected to produce significant IM

with plausible source locations and is one that our lab has

used in previous studies with the same stimuli (e.g., Kidd

et al., 2016).

The possible outcomes of the study were as follows: If

changes in pupil size and alpha oscillatory power both

reflect listening effort (broadly defined), we would expect

both measures to exhibit a similar pattern of changes for

high-EM and high-IM auditory maskers. In contrast, if these

two neurophysiological indices reflect different facets of the

complex construct of listening effort, we would expect the

two measures to exhibit distinct patterns of changes for

high-EM and high-IM auditory maskers. We anticipated the

second outcome to be more likely for several reasons. First,

EM and IM are thought to result from breakdowns in differ-

ent stages of processing and, therefore, present different task

demands to the listener. It is possible that the neural pro-

cesses that are responsive to these differing task demands

are recruited disproportionately by high-IM vs high-EM lis-

tening situations. Second, previous studies have reported no

correlations between EEG and pupillometry results; indeed,

in some cases, results have even been shown to trend in

opposite directions (e.g., Miles et al., 2017). Specifically,

based on the literature and our own preliminary observa-

tions, we hypothesized that a high-IM condition would

result in greater changes in pupil size than the high-EM con-

ditions, whereas the high-EM conditions would result in

greater changes in alpha power than the high-IM condition.

II. METHODS

A. Participants

Young, normal-hearing adult listeners participated in

this experiment (N¼ 15; 10 female, 5 male; 6 Asian, 1

Black, 2 multiracial, 6 white;1 mean age¼ 20.8,

range¼ 18–24). Participants were recruited through the

existing database of the Psychoacoustics Laboratory at

Boston University, as well as through online postings at

Boston University. All participants underwent a pure tone

audiometric hearing screening to confirm normal hearing,

defined here as thresholds of 20 dB hearing level (HL) or

better at octave frequencies from 0.25 to 8 kHz in both the

left and right ears. All participants reported that they were

native English speakers with no diagnosis of attention deficit

disorder or history of head injury resulting in loss of

consciousness.2

B. Experimental stimuli

Auditory stimuli consisted of recordings of 48 words,

each recorded in isolation by eight adult female talkers

(Table I). These included 40 one-syllable words drawn from

a corpus that has been used in a number of previous studies

in our laboratory (e.g., Kidd et al., 2016) plus eight two-

syllable names drawn from a separate corpus recorded by

the same talkers. For the listening conditions involving unin-

telligible noise maskers, speech spectrum-shaped noise was

created using the long-term average of randomly chosen

segments of the entire corpus of recordings used in the

study. Two noise conditions were included: In one noise

condition, the noise was modulated using the broadband

temporal envelopes drawn from words in the corpus, and in

the other, the noise was left unmodulated. This approach

allowed for the examination of any possible effect of the

speech envelope on listening effort.

Visual stimuli consisted of columns of typed words pre-

sented as response options, arranged vertically on a graphi-

cal user interface (GUI) on a computer screen. All stimuli

were presented using custom scripts in MATLAB (MathWorks,

Inc., Natick, MA) and Psychtoolbox.

C. Experimental setup

The experiment consisted of a series of adaptive track-

ing blocks, followed by a pupillometry/EEG recording ses-

sion. During both portions of the experiment, participants

were seated in front of a computer monitor in a dimly lit,

sound-attenuated booth. Stimuli were presented through

three loudspeakers, each located approximately 1.5 m from

the listener’s head and positioned at 0� and 645� azimuth in

the horizontal plane. The computer monitor was also located

at 0� azimuth, directly in the participant’s line of sight;

because of this, the loudspeakers were each raised approxi-

mately 12 in. above the participant’s line of sight in the

TABLE I. List of all words used in the experiment.

Names Verbs Numbers Adjectives Objects

Additional

two-syllable names

Bob bought two big bags Allen

Jane found three cheap cards Doris

Jill gave four green gloves Kathy

Lynn held five hot hats Lucy

Mike lost six new pens Peter

Pat saw eight old shoes Rachel

Sam sold nine red socks Thomas

Sue took ten small toys William
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vertical plane. Target stimuli were always presented from

the loudspeaker located at 0� azimuth. Maskers, when pre-

sent, were always presented simultaneously from the two

loudspeakers located at 645� azimuth [see Fig. 1(a)].

D. Trial structure

Across the entire experiment, target stimuli consisted of

single-word recordings concatenated into five-word senten-

ces. The target sentence always began with the designated

target cue word “Sue,” followed by a one-syllable verb,

number, adjective, and noun, with each of the latter four

words randomly selected from the list of eight possibilities

in that category. Examples of possible target sentences

include “Sue sold eight red toys” and “Sue found three old

gloves.” The target words on each trial were all spoken by

one consistent talker, but which talker (among the eight)

varied randomly across trials.

Across all masking conditions, onset of the two simulta-

neous maskers always preceded onset of the target sentence

[see Fig. 1(b) for a depiction of the trial structure]. In the

intelligible speech masking condition, each masker con-

sisted of an eight-word string, beginning with three ran-

domly drawn two-syllable names, followed by a five-word

sentence drawn from the same matrix as the target senten-

ces. Examples of possible masker strings include “William

Peter Kathy Bob lost ten green socks” and “Allen Rachel

Lucy Pat bought six small hats.” The last five words of the

masker strings were always presented simultaneously with

the five-word target sentence, with the onsets of each triad

of words (e.g., target verb, Masker1 verb, and Masker2

verb) aligned. Like the target word recordings, the words in

each masker stream were all spoken by a unique, consistent

talker, but the particular talkers in the maskers varied ran-

domly across trials. Within a given trial, the words chosen

for Masker1, Masker2, and the target sentence were selected

randomly without replacement and, thus, were mutually

exclusive; similarly, the Masker1 talker, Masker2 talker,

and target talker also were mutually exclusive random selec-

tions within a given trial. In the unmodulated noise masking

condition, each string of eight masker words was replaced

by a single continuous token of speech spectrum-shaped

noise with the same duration as the eight-word string. In the

modulated noise masking condition, each masker consisted

of a similar token of stationary noise, but in this condition,

the noise was modulated using the envelope of an eight-

word masker string as described above (e.g., the envelope of

“William Peter Kathy Bob lost ten green socks,” as spoken

by a randomly selected talker). The two specific eight-word

strings (and talkers) from which these modulation envelopes

were drawn varied from trial to trial, and, as in the intelligi-

ble speech masking condition, they were always mutually

exclusive with each other and with the target words/talker.

Figure 2 depicts sample target/masker waveforms for each

condition.

Whereas the onset of the target relative to the onset of

the maskers varied based on the specific two-syllable names

chosen during a given trial, the average target onset time

was 2115 ms after the onset of the maskers. The average

length of the target sentence was 3590 ms. The offset of the

target/masker stimuli was followed by a 3000-ms retention

period,3 given that the pupil response is a signal that is rela-

tively slow to peak (van Rij et al., 2019). After this retention

period, participants were presented with a series of five

response GUIs, one for each word in the target sentence.

The first response GUI displayed only the word “Sue,” as

this was the given (cue) word; the subsequent four GUIs

contained all eight possibilities for that word (Table I).

Participants selected their response from each GUI using a

mouse.

E. Adaptive tracking blocks

During the adaptive tracking portion of the experiment,

participants first completed a quiet (masker-free) practice

block consisting of ten trials intended to familiarize them

with the target sentences and trial structure of the experi-

ment. Next, participants completed two one-up, one-down

quiet adaptive tracks that estimate the 50% correct point on

the psychometric function (Levitt, 1971) designed to mea-

sure speech reception thresholds (SRTs) for these sentences

and ensure adequate audibility for the remainder of the

experiment. Throughout the adaptive tracking blocks, par-

ticipants were instructed to maintain the same seating posi-

tion to ensure consistent spatial presentation of stimuli

relative to the head.

After completing these preliminary blocks, participants

completed three experimental blocks in each of the three

masking conditions, with block order counterbalanced

across participants. In an adaptation of Brand and

Kollmeier’s (2002) approach, each 30-trial block consisted

of two distinct but randomly interleaved 15-trial tracks

designed to estimate the target-to-masker ratios (TMRs) cor-

responding to two different points on the psychometric func-

tion: the TMR at which the participant was predicted to

achieve 75% correct intelligibility (at the word level) and

FIG. 1. (Color online) (a) Spatial presentation of target and maskers across all conditions. (b) Trial structure across all conditions.
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the TMR at which the participant was predicted to achieve

25% correct intelligibility (also at the word level). Two dif-

ferent points were measured to fit the entire function and

obtain a slope. Note that the first word, Sue, was always

given and, therefore, never scored. Target sentences were

always played at 40 dB sound pressure level (SPL); masker

sentence levels were varied to achieve the required TMR for

each trial. The target level of 40 dB was selected to balance

audibility with comfort, as the tracks required frequent pre-

sentation of louder masker levels to achieve negative TMRs.

F. EEG/pupillometry data acquisition

Participants completed the simultaneous EEG/pupill-

ometry recording during a single study visit, which occurred

on a separate day following the completion of the adaptive

tracking blocks. During the EEG-pupillometry session, par-

ticipants completed two blocks in each condition,4 with

block order counterbalanced across participants. The TMR

used for each condition was equal to the participant’s overall

75% correct estimate in that condition (obtained by averag-

ing the last three TMRs of each of the three adaptive tracks

designed to estimate the 75% correct point and then averag-

ing the results of those averages) and was kept constant

throughout the block. Please see Table II for the TMRs at

which the stimuli were presented during the physiological

recording session for each participant in each condition.

An SR Research (Ottawa, Canada) Eyelink 1000 was

used during this session to record changes in pupil diameter

(sampling rate: 500 Hz). Additionally, a Biosemi

(Amsterdam, Netherlands) ActiveTwo system was used to

acquire EEG data (sampling rate: 2048 Hz), using 32 scalp

channels configured in the standard 10/20 montage, as well

as four additional external facial electrodes placed to moni-

tor eye movements and two electrodes placed on the mas-

toids for reference. A stationary chinrest was used to

stabilize head position.

At the start of each block, the participant completed an

eye gaze calibration procedure. Prior to each trial, a drift

check was performed to ensure that the participant’s gaze

was still directed toward the center of the screen. Following

the drift check, the participant clicked the mouse to start the

trial. The trial began with a short period of silence, which

ranged from approximately 500 to 1500 ms and was ran-

domly jittered from trial to trial. From this point onward, the

trial structure was identical to that of the adaptive tracking

blocks. Participants were instructed to fixate at a circle at

the center of the screen while listening. Participants were

encouraged to take seated rest breaks between blocks as

needed. In addition to the EEG and pupillometry data, accu-

racy data were collected during this session.

III. DATA ANALYSIS

A. Pupillometry preprocessing and data analysis

Pupil diameter measurements, in arbitrary units (AU)

measured by the Eyelink 1000, were preprocessed using the

R package GazeR (Geller et al., 2020). Only measurements

for the right pupil were included in the analysis. Initial pre-

processing steps for each participant included identification

and extension of blinks (100 ms pre- and post-blink), inter-

polation of data during and surrounding blink periods, and

smoothing of the pupil trace (using a five-point moving

average). Next, trials where 20% or more of the data were

missing were removed from further analysis. Of the total

FIG. 2. Sample waveforms in each masking condition. Target is represented in black; two maskers are represented in light and dark gray.

TABLE II. TMRs during physiological recording session.

Intelligible speech Modulated noise Unmodulated noise

P1 �12.15 �12.58 �8.81

P2 �8.56 �11.05 �6.47

P3 �14.68 �10.97 �7.44

P4 �15.20 �13.33 �9.18

P5 �15.14 �11.61 �7.01

P6 �17.16 �12.97 �7.59

P7 �17.19 �11.76 �8.53

P8 �12.36 �13.00 �7.85

P9 �9.86 �10.69 �13.66

P10 �15.44 �14.54 �8.87

P11 �16.10 �10.62 �9.94

P12 �7.01 �11.36 �4.74

P13 �15.39 �15.19 �7.74

P14 �11.64 �12.33 �7.20

P15 �5.37 �9.33 �7.39

Mean �12.88 �12.09 �8.16

s.d.a 3.73 1.56 1.96

aStandard deviation (s.d.).
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trials analyzed, an average of 2.4% per participant were

excluded during this step; this total comprised 2.8% of the

intelligible speech trials, 1.9% of the modulated noise trials,

and 2.5% of the unmodulated noise masking trials. Next, to

identify and exclude outlier samples that may have resulted

from inaccurate measurements, a histogram of all raw pupil

sizes for a given participant was visually examined, and

upper and lower cutoff points were determined and applied.

A subtractive baseline correction was performed for

each trial. The median value of the last 500 ms of the

masker-only, pre-target listening portion of each trial was

used as a baseline (Mathôt et al., 2018). Following baseline

correction, a median absolute deviation analysis, which

removes additional outliers by identifying rapid temporal

changes in pupil size, was performed. Finally, baseline-

corrected samples were averaged into time bins of 100 ms.

Because the pupil response could conceivably have dif-

fered solely depending on masker type during the baseline

periods (i.e., depending on whether that baseline had con-

sisted of unmodulated noise, modulated noise, or speech), it

was determined that the raw pupil size values (i.e., the val-

ues after the data had been preprocessed and outliers

removed, but prior to performing the baseline correction)

should be examined to determine how any difference in

baseline values/trajectories between conditions might have

affected the results detailed above (see Fig. 3 for a plot of

the raw pupil traces). Although the trajectories of the pupil

traces during the baseline periods do appear visually

different, a repeated measures analysis of variance (RM-

ANOVA) found no significant effect of the masker

condition on the baseline values used for baseline correction

(p¼ 0.53).

B. EEG preprocessing and data analysis

EEG data were preprocessed using EEGLAB (Delorme

and Makeig, 2004), Fieldtrip (Oostenveld et al., 2011), and

customized MATLAB scripts. Initial preprocessing steps con-

sisted of referencing to the linked mastoids, downsampling

to 256 Hz, and bandpass-filtering from 1 to 30 Hz. Next, an

independent component analysis was performed for each

participant to identify and remove artifact components

related to blinks, saccades, or noise. A blink component was

identified and removed for each participant, and a saccade

component was identified and removed for 14 of the 15 par-

ticipants. Any remaining noisy channels were then removed

and recalculated via spherical interpolation of the neighbor-

ing channels implemented in EEGLAB. Six participants

required interpolation of one or more channels (among this

subset of participants, an average of two channels were

removed and interpolated). Following interpolation, the con-

tinuous data were epoched into individual trials, using an

extended trial period from –2 to 13 s relative to the onset of

the maskers. Any trials where the voltage range exceeded

200 lV between 0 and 10 s relative to masker onset were

excluded from further analysis. Of the total EEG trials ana-

lyzed, approximately 7.5% of the total trials were excluded

during this step (this total comprised 6.4% of the intelligible

speech trials, 8.6% of the modulated noise trials, and 7.5%

of the unmodulated noise masking trials).

All subsequent analyses were performed using Fieldtrip

and customized MATLAB scripts. Time-frequency representa-

tion of each trial was calculated by convolving the single-

trial data using a Hanning taper (100-ms time window) from

1 to 30 Hz at a 1-Hz frequency resolution throughout the

epoch for every 100 ms. An oscillatory power estimate of

FIG. 3. Uncorrected pupil traces in each condition, beginning 500 ms prior to the onset of the maskers. The thick black box indicates the approximate base-

line period.

J. Acoust. Soc. Am. 154 (2), August 2023 Villard et al. 1157

https://doi.org/10.1121/10.0020539

https://doi.org/10.1121/10.0020539


each trial was baseline-corrected as the relative power

change from the average power estimate during baseline

across all conditions for each participant. The baseline inter-

val was set to the last 500 ms of silence immediately preced-

ing the onset of the maskers. Finally, single-trial oscillatory

power estimates were expressed as the percent change in

oscillatory power for each time window and frequency, rela-

tive to the baseline interval.

Because our main focus was on the changes in the oscil-

latory power in the alpha (�10 Hz) frequency range, we fur-

ther inspected individual participants’ baseline-corrected

average time-frequency representations. One participant

(P5) had an unusually elevated level of oscillatory power (at

some points nearly 200 times higher than any of the other

participants) across a wide band of frequencies (including

part of the alpha range) just prior to, and extending into, the

baseline period in the intelligible speech masking condition.

No reason for this anomaly could be determined; however,

it was deemed possible that it could have been artifactual.

This participant’s data were, therefore, removed from fur-

ther analysis, yielding EEG results from N¼ 14 participants.

IV. RESULTS

A. Psychometric functions estimated from adaptive
tracking blocks

To visualize the relationship between TMR and percent

accuracy, a psychometric function was calculated for each

participant in each condition, using the estimates (obtained

during adaptive tracking) of the TMRs corresponding to the

25% correct point and 75% correct point on the psychometric

function. The fitting parameters of these individual functions

were then averaged by condition, and an overall function was

generated for each condition, using the averaged parameters

for that condition (see Fig. 4 for individual as well as overall

functions). The slopes of the overall functions at midpoint

were as follows: þ4.4% correct per dB TMR for the intelligi-

ble speech masking condition, þ5.7% correct per dB TMR

for the modulated noise masking condition, and þ8.6% cor-

rect per dB TMR for the unmodulated noise masking condi-

tion. The TMRs corresponding to the 50% correct points on

the overall functions are as follows: –19.26 dB TMR for the

intelligible speech masking condition, –17.37 dB TMR for

the modulated noise masking condition, and –10.80 dB TMR

for the unmodulated noise masking condition.

B. Accuracy during EEG/pupillometry recording
session

Performance accuracy during the physiological record-

ing session was calculated at the word level for each partici-

pant to assess whether performance during this session was

close to 75% (i.e., the point on the psychometric function

that had been estimated during the adaptive tracking ses-

sions and used for stimulus presentation during the physio-

logical recording session). The mean accuracy across

participants was 72.2% for the intelligible speech condition

(s.d.¼ 5.4%), 70.8% for the modulated noise condition

(s.d.¼ 9.6%), and 73.2% (s.d.¼ 7.3%) for the unmodulated

noise masking condition. A RM-ANOVA comparing per-

cent correct between the three conditions showed no signifi-

cant difference: F(2,28)¼ 0.818, p¼ 0.452.

C. Error analysis

An analysis of error type during the physiological

recording session was also performed. Figures 5(a) and 5(b)

illustrate the proportions and numbers of different error

types for each scored word type (verbs, numbers, adjectives,

and objects) in each condition, across all participants.

Within the intelligible speech masking condition, 63.5% of

errors (across all word types) were masker confusion errors

(i.e., the word chosen by the participant matched one of the

presented masker words for that trial), whereas 36.5% were

non-masker (“random”) errors. Within the modulated noise

condition, 32.3% of errors (across all word types) were

masker confusion errors, whereas 67.7% were random

errors. Within the unmodulated noise condition, 30.8% of

errors (across all word types) were masker confusion errors,

whereas 69.2% were non-masker errors. Note that the

masker words in the modulated noise masking condition

were the words whose envelopes were applied to the noise,

whereas the masker words used in this analysis for the

unmodulated noise masking condition were “dummy” words

that were selected during each trial but not applied to the

FIG. 4. TMR-performance psychometric functions for each condition. Dotted lines indicate functions for individual participants; solid lines indicate overall

functions using means of individual participants’ model parameters.
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masker stimuli in any way (i.e., if they were chosen by the

participant, it was by random chance).

D. Pupillometry results

1. Effect of masking conditions on change in pupil
size

Figure 6 depicts the baseline-corrected and time-binned

time courses of the pupil traces for each condition, averaged

across participants. Based on visual examination of this fig-

ure, the time window from 0 to 5500 ms relative to target

onset was selected for all subsequent analyses of these data.

This window captures the entire presentation of the target

stimulus as well as the peak and drop-off of the mean pupil

trace, ending as the trace begins to level off again.

Three outcome measures were calculated for each par-

ticipant in each condition, using the baseline-corrected and

time-binned data points within the selected time window:

FIG. 5. (a) Percent error type for each syntactic word in each condition. (b) Numbers of error types for each syntactic word in each condition. Error bars

indicate 61 standard error.
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(1) mean pupil size, (2) peak pupil size, and (3) latency to

peak. Although each of these outcome measures represents

a somewhat different facet of the pupil trace, they should

not be considered completely independent of one another;

indeed, within each condition, they were all significantly

positively correlated with one another.

For each of the three outcome measures, a RM-

ANOVA was performed to assess the effect of masking con-

dition on that outcome measure [see Figs. 7(a)–7(c)]. The

RM-ANOVA on mean pupil size showed a significant effect

of masking condition, F(2,28)¼ 4.55, p< 0.05, with post
hoc testing revealing significantly higher pupil size in the

intelligible speech masking condition compared to both

noise masking conditions (unmodulated noise: p< 0.01;

modulated noise: p< 0.05), whereas the two noise condi-

tions did not differ from each other (p¼ 0.88).

The RM-ANOVA examining the effect of condition on

peak pupil size also produced a significant result,

F(2,28)¼ 7.79, p< 0.01, with post hoc testing again reveal-

ing significant differences between the intelligible speech

masking condition and the unmodulated noise masking con-

dition (p< 0.001), as well as between the intelligible speech

masking condition and the modulated noise masking condi-

tion (p< 0.05), but not between the modulated and unmodu-

lated noise masking conditions (p¼ 0.71).

Finally, the RM-ANOVA examining the effect of con-

dition on latency to peak produced a significant result,

F(2,28)¼ 4.27, p< 0.05, with post hoc testing again reveal-

ing significant differences between the intelligible speech

masking condition and the unmodulated noise masking con-

dition (p< 0.01), as well as between the intelligible speech

masking condition and the modulated noise masking condi-

tion (p< 0.05), but not between the modulated and unmodu-

lated noise masking conditions (p¼ 0.77).

2. Pupil outcomes vs TMRs

Next, an exploratory set of Pearson correlation analyses

was performed to determine whether there were significant

associations between the TMRs presented during the physio-

logical recording sessions and the three pupillometry out-

come measures (mean, peak, and latency to peak). Because

each participant had a different TMR for each of the three

conditions, nine Pearson correlations were performed in

total (Table III; Fig. 8). Of these nine correlations, six were

significant (no adjustments were made for multiple

comparisons).

3. Growth curve analysis

All of the analyses described thus far reduced the pupil

trace to a summary value (e.g., peak, mean). Although this

approach captures general information about the magnitude

of the pupil response and allows for easy comparison

between conditions, it provides little information about how

the pupil response changes over time within the window of

interest. Therefore, growth curve analysis (GCA) (Mirman,

2014) was applied to better understand the overall shape and

time course of the pupil response during the same period.

GCA analyses were performed using the lme4 package

(Bates et al., 2014) in R (R Core Team, 2013).

Three sets of polynomial terms (linear, quadratic, and

cubic) were included in the model to capture the pattern of

each participant’s mean (across-trial) pupil response time

course in each condition. The masking condition was

included as a fixed factor in the model, using reverse

Helmert contrasts. A fixed effect for each of the three poly-

nomial terms (poly1, poly2, and poly3) was also included,

as well as fixed interaction effects between condition and

each of the three polynomial terms. The model also included

FIG. 6. Baseline-corrected pupil traces in each condition. Mean target length¼ 3558 ms; s.d.¼ 269 ms.
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the random slopes and intercepts of the three polynomial

terms by participant. The final model in R syntax was

expressed as

pupil size � 1þ poly1 � conditionþ poly2 � condition

þ poly3 � condition

þ 1þ poly1þ poly2þ poly3jparticipantð Þ:

The model’s Akaike information criterion (AIC) was

28 642. Please see Fig. 9 for a plot of the model fit for each

condition and Table IV for fixed effects results. One key

takeaway from this analysis is that the growth of the pupil

trace associated with the intelligible speech masking condi-

tion was significantly different from the pupil traces associ-

ated with the noise masking conditions (see “Factor2” in

Table IV). Another is that the second and third polynomial

terms (corresponding to the change in slope of the pupil

trace after the peak and the change in slope just after target

onset) contribute significantly to the differing shapes of the

pupil traces in the different conditions.

E. EEG results

1. Effect of masking condition on change in alpha
power

Figure 10 illustrates neural oscillatory power time

course of each condition averaged across the 14 participants,

across all channels. Note that in contrast to the pupillometry

data, the baseline used for the EEG data was the 500 ms of

silence immediately preceding the onset of the maskers. Our

main question was to examine how alpha oscillatory power

changed while listeners processed target speech under dif-

ferent masker conditions. Thus, we focused on the time win-

dow 2.1–5.8 s after the onset of maskers, as this window

roughly captured the presentation of the target sentence

(although the exact onset of the target sentence, relative to

the onset of the maskers, varied somewhat from trial to trial,

as did the precise length of the target sentence). We quanti-

fied average alpha power (8–12 Hz) during the time window

of interest for each participant in each condition, across all

scalp channels.

To statistically compare alpha power estimates between

the three conditions within this window, a RM-ANOVA

was performed on these overall alpha power estimates.

Results of the RM-ANOVA revealed a significant main

effect of masking condition, F(2,26)¼ 4.53, p< 0.05. Post
hoc pairwise comparisons showed a significant difference

between the intelligible speech masking condition and the

unmodulated noise masking condition (p< 0.01), but not

between the intelligible speech masking condition and the

modulated noise masking condition (p¼ 0.06) or between

the modulated noise masking condition and the unmodu-

lated noise masking condition (p¼ 0.75) [see Fig. 10(b)].

2. Alpha oscillatory power vs TMRs

Three Pearson correlations were performed to identify

whether there were significant associations between overall

alpha power and TMRs. None of these correlations revealed

a significant association. Results are as follows: intelligible

speech masking condition: r¼ 0.168, p¼ 0.566; modulated

noise masking condition: r¼ –0.284, p¼ 0.325; unmodu-

lated noise masking condition: r¼ 0.286, p¼ 0.322.

3. Relationship between pupil response and alpha
power estimates

Finally, correlational analyses were performed to deter-

mine whether there were any associations between listening

effort as measured by change in pupil size and listening

FIG. 7. (a) Mean change in pupil size, compared across conditions. Error bars, 61 standard error. (b) Peak change in pupil size, compared across conditions.

Error bars, 61 standard error. (c) Latency to peak, compared across conditions. Error bars, 61 standard error.

TABLE III. Results of Pearson correlations between TMR and pupillometry outcomes. Values examined were within the time window of 0–5500 ms follow-

ing target start.

Mean change in pupil size Peak change in pupil size Latency to peak

Intelligible speech r¼�0.55, p< 0.05* r¼�0.42, p¼ 0.12 r¼�0.67, p< 0.01**

Modulated noise r¼�0.55, p< 0.05* r¼�0.46, p¼ 0.09 r¼�0.07, p¼ 0.82

Unmodulated noise r¼�0.79, p< 0.001*** r¼�0.76, p< 0.01** r¼�0.53, p< 0.05*
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effort as measured by alpha power. The 13 participants

whose pupillometry and EEG data were both included in the

analyses detailed above were included in this analysis. To

bypass differences in units and overall magnitude, the mean

alpha power during the target listening period [i.e., the val-

ues included in the bar graph in Fig. 10(b)], across all partic-

ipants and conditions (39 data points in total), were

transformed into z-scores. Likewise, mean pupil sizes during

the target listening period [i.e., the values included in the

bar graph in Fig. 6(a)], across all participants and conditions

(39 data points in total), were transformed into z-scores.

Three Pearson correlations were then performed on these z-

scores, one in each condition. None of the correlations

returned a significant result (intelligible speech masking:

FIG. 8. Relationships between TMR and each pupil outcome measure, in each condition.

FIG. 9. Polynomial model fit of the

pupil trace in each condition.
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r¼ –0.182, p¼ 0.534; modulated noise masking:

r¼ –0.001, p¼ 0.996; unmodulated noise masking:

r¼ –0.224, p¼ 0.442).

V. DISCUSSION

Whereas it is known that listeners must exert cognitive

effort to process speech under adverse listening conditions,

it is unknown whether different types of adverse listening

task demands might elicit different types of listening effort.

This study, therefore, examined the effect of masker type on

listening effort in young, normal-hearing individuals, mea-

suring both changes in pupil dilations and alpha oscillatory

power while listeners processed target speech under three

types of masking conditions: intelligible speech maskers;

speech spectrum-shaped, speech-envelope-modulated noise

maskers; and speech spectrum-shaped, unmodulated noise

maskers. The intelligible speech masking condition con-

tained a high degree of IM (i.e., masking due to uncer-

tainty), whereas the two noise masking conditions both

contained a high degree of EM (i.e., masking due to spectro-

temporal overlap of target and masker energy). The inclu-

sion of both speech-envelope-modulated and unmodulated

noise masking conditions allowed for an examination of the

effect of the fluctuations of the broadband speech envelope

on listening effort. When accuracy was held constant across

the three masking conditions, we found that the intelligible

speech masking condition elicited increased pupil dilation,

compared to either of the noise masking conditions, but that

the noise masking conditions (particularly the unmodulated

noise) elicited greater changes in alpha oscillatory power
than the intelligible speech masking condition. These find-

ings are consistent with the view that listening effort is a

multidimensional construct and that different types of audi-

tory masking recruit distinct cognitive processes, which in

turn are associated with different responses in pupil dilation

and alpha-band brain oscillations.

Before discussing the pupillometry and EEG results

from the current study, it is important to note that these mea-

surements were dependent upon the TMRs used during the

physiological recording session. Previous work has shown

that the degree of effort required to solve a speech intelligi-

bility task cannot be deduced from behavioral accuracy, but

instead must be measured directly (Winn and Teece, 2021).

To compare physiological measurements of effort across

different listening conditions, therefore, the current study

aimed to hold the performance level constant (at 75% word-

level accuracy) across conditions using individually

measured TMRs. Actual performance levels during the

pupillometry/EEG recording session were indeed closely

aligned with the target performance level of 75% correct in

TABLE IV. Fixed effects results of GCA with the intelligible speech mask-

ing condition as the reference condition, using reverse Helmert coding, con-

ditions ordered as follows: (1) unmodulated noise maskers, (2) modulated

noise maskers, (3) intelligible speech maskers. Significant effects are

denoted in bold.

Estimate Standard error dfa t-value Significance

(Intercept) 100.5239 30.8596 15 3.257 <0.01

Factor1b 1.6835 1.6549 2460 1.017 0.309

Factor2c 16.8560 0.9554 2460 17.642 <0.001

poly1 �43.2519 149.1077 15 �0.290 0.776

poly2 2512.6362 50.2481 15 210.202 <0.001

poly3 2167.6486 41.8759 15 24.003 <0.01

poly1: Factor1b 243.5871 12.3839 2460 23.520 <0.001

poly1: Factor2c 92.3346 7.1498 2460 212.914 <0.001

poly2: Factor1b 252.3239 12.3839 2460 24.225 <0.001

poly2: Factor2c 214.4205 7.1498 2460 22.017 <0.05

poly3: Factor1b 4.5410 12.3839 2460 0.367 0.714

poly3: Factor2c 217.9502 7.1498 2460 22.511 <0.05

aDegrees of freedom (df).
bFactor1¼modulated noise masking condition vs unmodulated noise mask-

ing condition.
cFactor2¼ intelligible speech masking condition vs the average of the mod-

ulated and unmodulated noise masking conditions.

FIG. 10. EEG data. (a) Baseline-corrected power in each condition by time-frequency unit. The dotted black line indicates the onset of the maskers, and the

approximate target presentation period is bounded by vertical red lines. The alpha frequency region (8–12 Hz) is bounded by horizontal black lines. (b)

Baseline-corrected power averaged across the target presentation period and across all alpha frequency units (all channels included). Error bars indicate 61

standard error.
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each condition (which has not always been the case when

using pre-estimated TMRs; see Miles et al., 2017). This

approach resulted in a behavioral equivalency between con-

ditions, supporting the conclusion that any differences

observed between conditions within the physiological data-

set would be indicative of true differences in listening effort.

The TMRs at which the stimuli were presented during

the pupillometry/EEG recording sessions align closely with

those measured in previous studies using nearly identical

stimuli. Kidd et al. (2016) generated psychometric functions

using the same five-word matrix-style target and masker

sentences used here and derived an overall estimated 75%

correct point between –12 and 13 dB TMR; the mean of the

75% correct estimates used during EEG/pupillometry

recording for the intelligible speech masking condition in

the current study was –13.1 dB TMR. Additionally, previous

work has shown that high-IM listening conditions tend to

elicit high variability between listeners, as well as shallower

psychometric functions (Oberfeld and Kloeckner-Nowotny,

2016; Swaminathan et al., 2015); as detailed in Sec. IV, the

slope of the intelligible speech masking function was the

shallowest of the three and had the greatest variability at

midpoint. The similarity of the TMRs derived and used in

the current study to those from previous work provides a

level comparability between studies, despite the methodo-

logical differences, such as the use here of a different type

of TMR estimation algorithm (Brand and Kollmeier, 2002),

as well as the use of spatially separated loudspeakers for

stimulus delivery instead of spatializing the stimuli with

head-related impulse responses presented through earphones

as in past work.

It should be noted that although the intelligible speech

masking TMRs in the current study [as well as in Kidd et al.
(2016)] were quite low due to the use of spatial separation

between target and masker and resulting availability of bin-

aural cues, we still considered this to be a high-IM condition

for two reasons. First, previously published analysis demon-

strated that, for these stimuli, more than 50% of the target

energy was still available even at these low TMRs (Kidd

et al., 2016); second, the error analysis revealed a high per-

centage of masker errors in the intelligible speech masking

condition, indicating substantial target-masker confusion.

Another important note about the TMRs is that, whereas

most participants achieved their highest (poorest) TMR in

the unmodulated noise masking condition, there was other-

wise substantial variability across participants regarding

which of the remaining two conditions elicited the highest

TMRs at the 75% correct point. Finally, previous work has

provided evidence that spatially separated intelligible speech

maskers do provide substantial IM: Kidd et al. (2019) used

ideal time-frequency segregation (ITFS; see Brungart et al.,
2006) to remove IM from a spatially separated speech mask-

ing condition and found that this provided a 10 dB TMR dif-

ference in threshold, relative to the same condition without

ITFS applied [see also Kidd and Conroy (2023)].

The key pupillometry finding of the current study was

that the intelligible speech masking condition elicited

significantly greater changes in pupil size than either of the

noise masking conditions. This finding held true for two out-

come measures related to magnitude of the pupil response

relative to baseline (mean change in pupil size and peak

change in pupil size), as well as for latency to peak, which

was significantly later in the intelligible speech masking

condition than in either of the noise conditions. All three

outcome measures were strongly correlated with one

another. These results are in line with the first study hypoth-

esis and suggest that listening conditions involving highly

confusable competing speech stimuli may require, or elicit,

more effort on the part of the listener than listening condi-

tions involving continuous unintelligible noise stimuli, at

comparable performance levels. The polynomial model fit

to the data during GCA provided additional support for dif-

ferences in the shapes of the pupil traces, in particular, that

the shape of the intelligible speech masking condition dif-

fered significantly in several ways from the shapes of the

two noise masking conditions.

Results of the analysis of error type confirm that perfor-

mance on the intelligible speech task was driven in no small

part by confusion between target and masker. Errors match-

ing one of the two masker words (as opposed to a “random”

error matching neither masker word) occurred about twice

as frequently in the intelligible speech masking condition

(63% of total errors across all word types) vs in either of the

noise masking conditions (32% and 30% of total errors

across all word types in the modulated and unmodulated

noise masking conditions, respectively). This disproportion-

ately high number of masker errors in the intelligible speech

masking condition demonstrates that even at a relatively

high performance level (75% correct), the masker words

were highly distracting to listeners. Interestingly, Winn and

Teece (2021) posit that listening effort (as measured by

change in pupil size) may be related to the types of errors

made by the listener, as well as by the listener’s own aware-

ness and retroactive mental repair of those errors. If this is

the case, it is possible that the uncertainty involved in the

intelligible speech masking condition, and the much higher

rate of masker confusion errors that that condition elicited

(see the error analysis in Fig. 7), was related to the greater

change in pupil size observed in this condition.

In addition to the significant differences between condi-

tions, the pupillometry results also provided evidence of a

relationship between TMR and pupil size, such that lower

(more challenging) TMRs were generally associated with a

greater change in pupil size relative to baseline. Although

the reason for this association may not be apparent from this

dataset, one possible interpretation is that a causal relation-

ship exists between effort and TMR, that is, that some par-

ticipants simply exerted more effort—i.e., tried harder—

than others throughout the experiment. Listening effort dur-

ing challenging tasks is voluntarily exerted and is closely

tied to motivation [Dimitrijevic et al., 2017; Zhang et al.,
2019; see Francis and Love (2020) for a review on the rela-

tionships between effort and affect/motivation], and differ-

ent research participants may be more motivated or engaged
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than other listeners, for unknown and/or unquantifiable rea-

sons. Under this interpretation, a hypothetical highly moti-

vated listener might exert a high degree of effort during the

adaptive tracking blocks, resulting in low TMR estimates

corresponding to 75% correct. The stimuli during the pupill-

ometry/EEG recording would then have been played at these

lower TMRs, resulting (for this same highly motivated lis-

tener) in a greater change in pupil size. In contrast, a hypo-

thetical unmotivated listener who was willing to comply

with study procedures but not motivated to excel at the task

might achieve higher (poorer) TMRs and, correspondingly,

display lower changes in pupil size. Although this interpre-

tation is at this point speculative, it could—if proven cor-

rect—help shed light on the listener-to-listener variability in

performance so often seen in speech intelligibility tasks,

particularly those containing a high degree of IM.

An alternative (or additional) explanation for the

observed listener-to-listener variability is that the abilities of

study participants may have varied in ways that were not

related to listening effort per se; for example, some listeners

may simply have had a greater natural ability to understand

masked speech than others and/or more experience listening

to masked speech. The topic of what exactly is being

referred to as “listening effort”—and how quantitative mea-

surements of this construct are affected not only by factors

such as listeners’ motivation and individual cognitive

demands, but also by differences in their intrinsic abilities—

is one that remains of considerable interest to researchers in

the field. There is some evidence that performance on

speech-on-speech masking tasks, especially in spatially sep-

arated conditions, may be predicted by cognitive abilities as

inferred from tests such as reverse digit recall (e.g., Clayton

et al., 2016) and matrix-reasoning/completion tasks (e.g.,

Whiteford, 2023).

One final note about the pupillometry results is that the

shapes of the pupil traces during the baseline period

appeared to differ somewhat between conditions. Because

the durations of the masker and target words varied from

trial to trial, and because the pupil response is known to be

relatively slow, it is difficult to draw conclusions about these

differences; however, it is worth noting that, if a longer or

shorter baseline period had been selected [as in Villard et al.
(2021)], this could have impacted findings to some degree.

In contrast to the pupillometry results, the EEG results

indicated a greater increase in alpha power, relative to base-

line, in the unmodulated noise masking condition than in the

intelligible speech masking condition during the target lis-

tening period. The pupil size and alpha power findings in

the current study, therefore, displayed two different, nearly

opposite patterns with regard to the degree of effort elicited

by high-EM vs high-IM listening conditions. The lack of

correlation between these two sets of results is in keeping

with previous studies that also have found no association

between different indices of listening effort (Alhanbali

et al., 2019; McMahon et al., 2016; Miles et al., 2017) and

have posited that listening effort is in fact a complex con-

struct encompassing multiple facets (Alhanbali et al., 2019).

Additionally, studies examining the neural substrates of EM

vs IM using other approaches have found strong evidence

that these different types of masking recruit different brain

networks (e.g., Scott et al., 2004; Szal�ardy et al., 2019) and

may affect evoked potentials differently (e.g., Yang et al.,
2022). The current study’s results, therefore, are consistent

with this existing literature and build upon it by providing a

direct comparison between the effects of high-EM vs high-

IM listening tasks on change in pupil size vs change in alpha

power.

The results of the current study may allow us to draw

further tentative conclusions about the ways in which pupil

response and EEG differ with regard to different types of

masking. One interpretation of these findings is that these

two physiological indices each reflect a particular facet of

effort (which may be associated with specific task demands).

For example, we might conclude that pupil response is

indicative of the effort required to suppress a highly salient

masker or to overcome target-masker uncertainty (two of

the main challenges of high-IM tasks), whereas alpha power

is indicative of the effort required to reconstruct and

enhance the target (one of the main challenges of high-EM

tasks). Because EM is the result of peripheral overlap

between target and masker, it is not frequently thought of as

a highly cognitively taxing task per se (in other words, if

some of the target information is not available, then it sim-

ply is not available, and no amount of cognitive processing

will change this). However, later-stage processing of target

speech under challenging high-EM conditions likely

requires operations such as phonemic restoration, memory

template matching, and, critically, working memory, as the

listener is obliged to hold pieces of the target in mind while

continuing to collect additional target information so as to

“fill in the gaps” created by EM. This interpretation would

be consistent with previous work demonstrating that alpha

power often increases during listening tasks with a high

working memory load (e.g., Obleser et al., 2012; Petersen

et al., 2015; Tuladhar et al., 2007; W€ostmann et al., 2017)

and, in particular, a high verbal working memory load

(Pavlov and Kotchoubey, 2022). Whereas better perfor-

mance on high-IM tasks has been shown to be associated

with good working memory (e.g., Clayton et al., 2016;

Koelewijn et al., 2012b), high-IM tasks likely also engage

additional processes necessary for differentiating between

target and masker and suppressing the intelligible masker.

However, more research is needed to better understand the

specific challenges associated with high-EM vs high-IM

tasks task demands, as well as how these demands contrib-

ute to effortful listening.

VI. CONCLUSION

This study examined the effect of masker type on listen-

ing effort, as indexed by both pupillometry and EEG.

Results showed that pupil size and alpha power, while both

considered indices of listening effort, responded differently

to high-IM vs high-EM listening tasks—specifically, that
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pupil size increased more in response to a high-IM task,

whereas alpha increased more in response to a high-EM

task. These results add to the current understanding of the

role of effort in listeners in everyday communicative situa-

tions and help shed light on the relationship between two

widely used physiological indices of listening effort. It is

hoped that results from this study may be used in future

work aimed at more precisely measuring effort under differ-

ent types of listening conditions and may also help inform

the selection of physiological indices to assess listening

effort. Gaining a full understanding of listening effort as a

complex construct will result in more accurate quantification

of the degree of effort elicited by specific listening tasks and

situations, as well as the effect of the exertion of effort on

the listener and on task performance.
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