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H I G H L I G H T S
� Different normalization techniques of the pupil dilation response result in similar outcomes.
� The choice of the baseline period is crucial to assess attention mobilization, in particular anticipation during listening effort, using the pupil dilation response.
� Pupil dilation response can reveal subtle changes in cognitive demands even in the case of perfect performances.
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A B S T R A C T

Numerous studies showed that task-evoked pupil dilation is an objective marker of cognitive activity and listening
effort. However, these studies differ in their experimental and analysis methods. Whereas most studies focus on a
single method, the present study sought to compare different pupil-dilation data analysis methods, including
different normalization techniques, baseline periods, and baseline durations, in order to assess their influence on
the outcomes of pupillometry results obtained in an auditory task. To that purpose, we used pupillometry data
recorded in response to words in noise in hearing-impaired individuals. The start-time of the baseline relative to
stimulus timing turned out to have a significant influence on conclusions. In particular, a significant interaction in
the effects of signal-to-noise ratio and hearing-aid use on pupil dilation was observed when the baseline period
used started early relative to the word—an effect likely related to anticipatory, pre-stimulus cognitive processes,
such as attention mobilization. This was the case even with only correct-response trials included in analyses, so
that any confounding effect of performance in the word-repetition task was eliminated. Different normalization
methods and baseline durations showed similar results, however the use of z-score transformation homogenized
variability across conditions without affecting the qualitative aspect of the results. The consistency of results
regardless of normalization methods, and the fact that differences in pupil dilation and subjective measures of
listening effort could be observed despite perfect performance in the task, underlines the relevance of pupill-
ometry as an objective measure of listening effort.
1. Introduction activation of the locus-coeruleus-norepinephrine (LC-NE) system
Studies investigating cognitive effort have used differentmethods, such
as questionnaires and behavioral indices, or objective measures, such as
pupillometry. Pupillometry is a well-known neurophysiological investi-
gation technique, based on measuring the size of the pupil. From silver
photography to high sampling rate eye-tracking systems, pupillometry has
drastically evolved over the years, and it has been used in a wide range of
research fields. Changes in pupil size are now known to be linked to the
lin).
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(Aston-Jones and Cohen, 2005) and have been associated with several
neurophysiological and cognitive phenomena, such as adaptation to
brightness (Barlow, 1972; Reeves, 1920), arousal and emotion processing
(Bradley et al., 2008; Partala and Surakka, 2003), or increases in cognitive
demands (Beatty, 1982; Hess and Polt, 1964; Payne et al., 1968).

Over the past twenty years or so, numerous studies have used
pupillometry to investigate cognitive effort, using different methods of
analysis (see Table 1). While some earlier studies used changes in raw
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Table 1. Studies investigating auditory cognitive demands and their respective method and parameters used in analysis.

Study Method Experiment design Baseline period Baseline duration Task Cue

(Zekveld et al., 2019) Baseline correction Event-related Beginning of stimulus presentation 1000 ms Active A, V

Zekveld et al. (2014a) Baseline correction Blocked Beginning of trial 1000 ms Active A

Winn et al. (2015) Baseline correction Blocked Beginning of trial 2000 ms Active No

Kramer et al. (1997) Baseline correction Blocked Prior to noise onset 1000 ms Active A

Lewis and Bidelman (2020) Baseline correction Blocked Prior to stimulus onset 100 ms Active No

Zellin et al. (2011) Baseline correction Event-related Prior to stimulus onset 200 ms Active V

Wetzel et al. (2016)
Widmann et al. (2018)

Baseline correction Event-related Prior to stimulus onset 200 ms Passive No

Zekveld et al. (2010)
Zekveld et al. (2011a, b)
Koelewijn et al. (2012)
Koelewijn et al. (2014a)
Koelewijn et al. (2014b)
Zekveld and Kramer (2014)
Koelewijn et al. (2015)
Koelewijn et al. (2017)
Wendt et al. (2017)
Francis et al. (2018)
Jensen et al. (2018)
Ohlenforst et al. (2018)
Wang et al., 2018a)
Wang et al., (2018b)
Wendt et al. (2018)

Baseline correction Blocked Prior to stimulus onset 1000 ms Active A

Zekveld et al. (2014b)
Ohlenforst et al. (2017)

Baseline correction Event-related Prior to stimulus onset 1000 ms Active A

Kramer et al. (2013) Baseline correction Blocked Prior to stimulus onset 1500 ms Active A

McMahon et al. (2016) Baseline correction Event-related Prior to stimulus onset 2000 ms Active A

Borghini and Hazan (2018) Baseline correction Blocked Prior to stimulus onset 2000 ms Active A, V

McCloy et al. (2017)
McCloy et al. (2018)

Deconvolution Event-related Prior to trial onset 500 ms Active A

Engelhardt et al. (2010) Grand-mean scaling Event-related Active No

Winn and Moore (2018) Individual dynamic range scaling Blocked Active A

Ayasse et al. (2017) Individual dynamic range scaling Event-related Active V

Wagner et al. (2016b) Proportional change from baseline Event-related Prior to stimulus onset 200 ms Active No

Wagner et al. (2016a) Proportional change from baseline Blocked Prior to stimulus onset 200 ms Active V

Wagner et al. (2019) Proportional change from baseline Event-related Prior to stimulus onset 500 ms Active V

Miles et al. (2017) Proportional change from baseline Event-related Prior to stimulus onset 1000 ms Active A

Winn and Moore (2018) Proportional change from baseline Blocked Prior to stimulus onset 1000 ms Active A

Hy€on€a et al. (1995) Raw pupil size Blocked Active No

Wendt et al. (2016) Within-trial mean scaling Event-related Prior to stimulus onset 1000 ms Active A, V

Mcgarrigle et al. (2016) Within-trial mean scaling Blocked Prior to stimulus onset 1000 ms Active A

Kuchinsky et al. (2013)
Kuchinsky et al. (2014)
Kuchinsky et al. (2016)

Within-trial mean scaling Blocked Prior to stimulus onset 1000 ms Active A, V

Ayasse et al. (2017) Within-trial mean scaling Event-related Prior to stimulus onset 2000 ms Active V

Korn and Bach (2016) Z-score transformation Event-related Beginning of trial First data point Passive No

McCloy et al. (2016) Z-score transformation Event-related Prior to stimulus onset 500 ms Active A
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pupil size as measures of cognitive activity (Hy€on€a et al., 1995; Just and
Carpenter, 1993; Kahneman and Beatty, 1966), in more recent years, it
has become customary to measure pupil-size changes relative to a
baseline period using subtractive baseline correction (e.g., Laeng and
Alnaes, 2019). Mathôt et al. (2018) specifically compared, on simulated
data, the absence of baseline correction and the two most used methods
of baseline correction: the subtraction method and the divisive method
(similar to percent change), and concluded in favor of the subtractive
method, the divisive method being very sensitive to artefacts in the
baseline and to very low baseline values. Reilly, Kelly, Kim, Jett and
Zuckerman (2019) have shown that, even with different absolute values
of baselines (obtained by modulating brightness in the testing room),
similar results could be obtained by simple baseline correction, without
scaling. However, the dynamic range of pupil size, i.e., the difference
between baseline and peak pupil size, can vary widely across individuals.
Therefore, in two different individuals performing the same task, the
2

same amount of pupil dilation may in fact correspond to different
amounts of cognitive effort. Given such inter-individual variability, some
authors, e.g., Winn et al. (2018), have advised that normalization
methods should be applied, in addition to baseline correction (some
examples are described in Table 1). Furthermore, analyses of
pupil-dilation data may also vary with respect to the selected baseline
period (see Table 1). Although it is customary in pupillometry studies to
use, as baseline, a period preceding stimulus onset (e.g., Laeng and
Alnaes, 2019), the duration of that period, and how close in time it is to
stimulus onset, can vary widely across studies. While most studies have
used a 1000-ms baseline, baseline durations can actually vary from as
short as 100 ms to as long as 2000 ms (see Table 1). Given substantial
differences in pupil-data analysis methods across studies, it seems
important to ask whether different combinations of baseline corrections
and analysis methods can lead to different conclusions. This issue has
recently been investigated by Attard-Johnson et al. (2019) regarding
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pupillary responses recorded to measure arousal elicited by viewing
pictures of men and women. The use of different analysis methods
resulted in similar outcomes on their specific data set, but this method-
ological matter needs to be addressed for the study of other cognitive
processes (such as listening effort) and using different type of stimuli.
Indeed, Attard-Johnson et al. (2019) compared different analysis
methods on pupil responses to visual stimulation, whereas listening effort
studies use auditory stimulation. The two types of stimuli differ in their
modality, but also in their temporality. As Attard-Johnson et al. (2019)
used pictures, which content is fixed, auditory stimulation is changing
over time. Besides this aspect, pupil responses recorded during exclusive
auditory tasks are free from luminance effects or image-based factors
from the stimuli, that can contaminate the pupillometric signal (Barlow,
1972; Ellis, 1981). Finally, Attard-Johnson et al. (2019) compared data
recorded during a free-viewing paradigm. In listening effort studies,
participants are generally asked to fixate some cue during the experiment
(Koelewijn et al., 2012, 2014a, b; Zekveld et al., 2019), preventing eye
movements that can affect the estimation of the pupil size (Brisson et al.,
2013; Gagl et al., 2011).

In recent years, pupillometry has been applied to measuring
listening effort. The latter has been defined by McGarrigle et al. (2014)
as “the mental exertion required to attend to, and understand, an auditory
message”. In those applications, pupil diameter is recorded during
various speech-in-noise recognition tasks (Koelewijn et al., 2014;
Kuchinsky et al., 2013; Ohlenforst et al., 2018; Zekveld et al., 2010,
2011a, b). In most of those tasks, participants are asked to repeat as
correctly as possible sentences heard in adverse conditions, while the
diameter of their pupils is being recorded. In those studies, a common
working hypothesis is that changes in cognitive load are associated to
changes in pupil size: the more challenging the listening condition, the
larger the pupil dilation. However, in some cases, the listening situa-
tion can be so challenging that some participants may stop trying to
perform the task correctly; consequently, no modification, or even a
decrease in pupil dilation, may be observed in these test conditions.
Another complication in the interpretation of the results of these
studies, stems from the multiplicity of the cognitive processes involved
in task performance. Being able to correctly repeat a sentence involves
attention, short-term memory, and a host of auditory and linguistic
processes. Thus, pupil dilation may reflect more complex cognitive
processes than purely auditory processing of the stimulus (Zekveld
et al., 2019). Lastly, it is conceivable that in tasks with a predictable
(e.g., repeating) temporal structure, participants start mobilizing
cognitive resources, such as attention, in advance of the stimulus; such
anticipatory effects underline the importance of selecting an adequate
baseline in analyses.

Following a review of analysis methods used in pupillometry studies
involving listening tasks (Table 1), the present study systematically
compares several normalization methods, and several ways of taking into
account baselines. The different analysis methods were applied to data
from a listening study in hearing-impaired patients. An additional point,
which this study sought to address, is whether pupil-dilation data
collected during a word-in-noise recognition test could be used to assess
listening effort induced by a single-word identification task. This ques-
tion has been addressed in the literature for young normal-hearing
people (Kramer et al., 2013), and older hearing-impaired individuals
who were not familiar with the use of hearing-aids, using a forced-choice
paradigm (Kuchinsky et al., 2013). The present study sought to address
this particular point in hearing-impaired individuals, regular hearing-aid
wearers, using a word-in-noise recognition task as close as possible to the
task widely used in clinical audiology to evaluate speech-perception
performance. Test conditions varying in the amount of effort were
included into the experimental design, and differences in pupil dilation
between these conditions were tested. Importantly, variations in
listening effort across conditions can exist, despite similar performance
scores across the same conditions. Here, the words were presented at
3

high signal-to-noise ratios, so that recognition performance was gener-
ally high. Another hypothesis, which was tested in this study, is that
listening effort, reflected in pupil-dilation changes, is a combination
anticipatory and stimulus-processing efforts. To test this hypothesis, we
systematically analyzed the pupillometry data using four different
baselines (with different timings relative to stimulus onset), and five
normalization techniques (subtractive baseline correction, proportional
change from baseline, within-trial mean scaling, grand mean scaling and
z-score transformation).

Table 1. The cue column indicates whether participants are given
indices regarding stimulus presentation or not. Cues might be explicit (a
visual (V) or auditory (A) indication before the presentation of the
stimulus) or implicit (the beginning of the noise before the presentation
of a sentence in adverse conditions for instance). The experiment design
column indicates whether conditions are presented in a block (‘Blocked’)
or trial (‘Event-related’) fashion. Computation for each method: baseline
correction: the average pupil size in the baseline period is subtracted from
data points. Proportional change from baseline: pupil data are normalized
by first applying a baseline correction then dividing all data point by the
baseline (it can be expressed in percentage by multiplying by 100). Within-
trial mean scaling: pupil data are normalized by calculating the mean of all
data points in each trial and then dividing each data point by the mean.
Baseline correction is then applied. Grand-mean scaling: pupil data are
normalized by calculating the grand mean of the complete trace and then
dividing each data point by the grand mean. Z-score transformation: pupil
diameters are expressed as z-scores then baseline corrected. Individual dy-
namic range scaling: pupil dilation is expressed as a proportion of each
participant's dynamic range. Deconvolution: pupil data are first baseline
corrected on each trial then data points are dividing by the standard deviation
of pupil sizes across all trials. Pupil data are then deconvolved with pupil
impulse response kernel.

2. Material and methods

2.1. Participants

Thirty participants (15 men) aged between 29 and 91 years (mean: 70
years) were recruited among hearing-impaired patients of a hearing-aid
dispenser. All participants provided written informed consent in accor-
dance with the Declaration of Helsinki (General Assembly of the World
Medical Association, 2014). All data were processed anonymously and in
agreement with the French MR003 regulation and the European General
Data Protection Regulation (GDPR). This study was approved by an
ethics committee for research on humans (“comit�e de protection des
personnes” de Ile de France II, Paris, France”,
n�21.01.08.67105//4314802). Participants were screened for major
cognitive alterations and dementia using the MoCA test (7.2) (http:
//www.mocatest.org/) (Nasreddine and Patel, 2016). As the partici-
pants were all experienced hearing-aid users, the MOCA test was per-
formed in the usual situation for them, i.e. when they were wearing their
hearing aids (Saunders et al., 2018). To alleviate any problem of audi-
bility, the instructions for the MOCA test were presented to the patients
both by live voice and as large print material, in the lines of the MOCA
test adapted for hearing impaired patients (Lin et al., 2017). The par-
ticipants also completed a listening effort questionnaire adapted from the
Effort Assessment Scale (EAS) (Alhanbali et al., 2017). Twenty partici-
pants were included in analysis (inclusion criteria are detailed in the
Task-Evoked Pupil Response (TEPR): baseline-related analysis section): 13
men, 7 women, aged between 29 and 85 years (mean: 66.5 years, SD:
15.3). Included participants had a mean hearing loss (Pure Tone Average
at 500, 1000, 2000 and 4000 Hz) of 41 dB HL in the better ear (SD¼ 13.7
dB HL) and 50.1 dB HL in the worse ear (SD ¼ 12.8 dB HL). Based on
participants’ answers to a hearing-aid use questionnaire, they had been
wearing hearing-aids for 3.4 years on average (SD ¼ 5.8 years), for an
average of approximately 10-hour per day.

http://www.mocatest.org/
http://www.mocatest.org/


Figure 1. Experimental setup. Schematic depiction of the experimental setup. The
participant was seated in front of three loudspeakers. The first one directly placed
in front of them and was used to play the target signals (words). The two other
loudspeakers were at a 60� angle from the front one and were used to play the
noise. The eye-tracking system was placed in front of the participant. During the
tests, participants had to fixate a visual cue on the loudspeaker in front of them.
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2.2. Pupillometry session

Prior to the main tests, the sound level of the dissyllabic words was
adjusted individually to yield at least 90% word-correct scores unaided,
i.e., without hearing-aids, in “quiet”. In the context of this study, “quiet”
test conditions refer to conditions in which words were presented in a
background of speech-shaped noise (i.e., noise having the same long-
term average power spectrum as the words), with a high (30 dB)
signal-to-noise ratio (SNR). The reason background noise was included
even in “quiet” conditions is that the room in which participants were
tested was not entirely sound-proof, and the computer used to control the
test procedure could not be moved outside of the room. The individually
adjusted sound level was then kept constant for the entire duration of the
tests. For the “noisy” conditions, the SNR was adjusted individually prior
to the start of the main test, in such a way that scores measured without
hearing-aids in the presence of background noise would also equal
around 75%. SNR ranged from þ3 dB to þ18 dB (mean: þ10.2 dB, SD:
þ5.1 dB) for included participants. Following these preliminary indi-
vidual adjustments of signal level and SNR, four different conditions
were tested in a block design:

- two “quiet” conditions, one with hearing-aids (Quiet Aided) and one
without hearing-aids (Quiet Unaided);

- two “noisy” conditions, one with hearing-aids (Noise Aided) and the
other without the hearing-aids (Noise Unaided);

For the tests with hearing-aids, each participant used his/her own
hearing-aids, with their habitual gain settings. The hearing-aids included
different brands (Phonak, Starkey) as well as different models. To facil-
itate analyses and interpretations of the results, except for the feedback-
canceller, the signal-processing algorithms on these hearing-aids, such as
noise-reduction and directional processing, were turned off for the
duration of the tests. A subset of participants also performed a fifth
condition, in which they were tested with their hearing-aids on, but with
the hearing-aid noise-reduction algorithm turned on. However, because
this condition could only be tested in a subset of participants, while a
complete dataset was needed for the current study, results of this fifth
condition were not included into this study.

For each condition, two lists of 12 dissyllabic words were presented to
the participant (leading to a total of 8 different 12-word lists). Participants
were asked to repeat the word or what they had heard, even if it was a
single syllable or a single phoneme, after an auditory cue (see Stimuli
section). Therewas a short training block offivewords (not included in the
12-word lists), for participants to familiarize themselves with the task; in
particular, participants had to learn towait for the cue before repeating the
word – an important methodological feature of the present study.

Word order within a list, 12-word lists and test conditions were ran-
domized across participants. At the end of each 12-word list, participants
rated the perceived difficulty of the task using a 10-point visual analogue
scale (1: very easy task, 10: very difficult task). Each 12-word sequence
lasted approximately 2 min 30 s and this pupillometry session lasted
approximately 1 h, including breaks and calibration procedure.

2.3. Apparatus

The walls in the room were covered with acoustic panels and the
roomwas illuminated by a lamp placed above and behind the participant.
The participant was comfortably seated in front of three loudspeakers
(Yamaha, HS 50M) (see Figure 1). The first one, directly in front of the
participant, was used to play the target words – consistent with the most
common conversation-listening situation, with an interlocutor in front.
The two other loudspeakers were used to play the noise, and were
positioned at -60� and þ60� angles relative to the midline. Each loud-
speaker was placed at a distance of 1.20 m from the participant. A
microphone installed next to the participant was used to record answers
4

during the task. The eye-tracking system (SensoMotoric Instrument,
RED250mobile (Berlin, Germany)) was placed at a maximum of 70 cm in
front of the participant. Data were sampled at 250 Hz with a 0.4� spatial
resolution. Eye positions and pupil data were recorded for both eyes. To
avoid color/luminance variation effect, no computer screen was used. A
five-point calibration was performed using colored pieces of paper on
each corner of a virtual rectangle, placed around the front loudspeaker.
The same setup was used during the task, and the participants were asked
to fixate a white paper cue on the loudspeaker placed in front of them.

2.4. Stimuli

Words used as stimuli were disyllabic words, with high frequency
occurrence in the French language and pronounced by a female voice.
Each word lasted 500 ms on average. Word lists were balanced with
respect to their linguistic properties (e.g. occurrence frequency above 2
occurrences per million words and more than 2 phonological neighbors
in the French language), acoustic characteristics (frequency spectra), and
psychometric curves (50% word recognition threshold and slope)
(Moulin and Fourcaud-Trocm�e, 2019) so that each word list, presented at
the same level, gave similar speech perception performance, as compa-
rable word lists commonly used in audiology laboratories typically do
(Moulin et al., 2017).

Each trial was designed as follows (see Figure 2):

- first second: stationary noise;
- auditory cue (“Beep”: 500 Hz pure-tone lasting 400 ms), announcing
the occurrence of the next word;

- 1.5 s of stationary noise preceding the word;
- 4 s (including the word) to process the word;
- auditory cue (“Blop”: two 400-Hz pure tones followed by a 450-Hz
pure-tone, each 100 ms in duration, separated by a 50-ms inter-
stimulus interval), announcing the start of the temporal window for
repeating the word;



Figure 2. Design of one trial with baseline periods used in analyses. Noise is first played, followed by a first auditory cue announcing the beginning of the word
(“Beep”). After the word has been processed, a second auditory cue allows participant to repeat the word heard (“Blop”). Time is fixed for all trials. Each block contains
12 trials.
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- 5 s temporal window, to allow the participant to repeat the word that
he/she just heard.
Each trial lasted 12.25 s.

3. Analyses

3.1. Subjective data

3.1.1. Speech perception scores
A correct answer was recorded when participants repeated the whole

word correctly after the auditory cue. Scores are averaged across con-
ditions for each participant and expressed as percentages.

3.1.2. Subjective rating
Subjective ratings given at the end of each sequence in the pupill-

ometry session are also averaged across conditions for each participant
(10 ¼ maximum difficulty).

3.2. Pupillometric data

To allow for adaptation of the participant and of the hearing-aids to
changes in the signal and/or noise levels, only data corresponding to the
10 last words of each 12-word block were included in the analyses. Trials
for which participants repeated the word before the auditory cue were
also excluded from analysis.

3.2.1. Pre-processing of pupil data
Pupil diameters were recorded binocularly and continuously using an

SMI� RED eye-tracking system. Data were sampled at 250 Hz. All data
processing and analysis were performed using Python (Python Software
Foundation. Python Language Reference, version 3.7. Available at htt
p://www.python.org/, the “cili” library (Acland and Braver, 2014) was
adapted for data pre-processing. Zero values and pupil diameters below
two standard errors of the mean were coded respectively as blinks and
“half-blinks”. Blink events were linearly interpolated from 8 ms before
the starting point until 16 ms after the ending point of the blink.
“Half-blink” events were interpolated from 40 ms before the starting
point until 40 ms after the ending point of the “half-blink”. The data were
then corrected for artefacts due to eye movements using linear interpo-
lation. Each step of this pre-processing was performed for both eyes.
Pupil data were then smoothed using a low-pass 7th order Butterworth
filter (cut-off frequency: 25 Hz) to remove high frequency artefacts. Trials
containing more than 60% of interpolated data were rejected. Finally,
traces were visually inspected to manually include or exclude trials.
5

Following these criteria, 3 participants were excluded from analysis due
to insufficient recording of pupil data and too much interpolated data.
Around 10% of trials were excluded from the remaining data of 27
participants, leading to 474, 501, 471, 473 trials in the Quiet Aided,
Quiet Unaided, Noise Aided, Noise Unaided conditions respectively. For
each participant, we chose to analyze pupil traces from the eye in which
we found least interpolations and missing data across all conditions.

3.2.2. Task-Evoked Pupil Response (TEPR): baseline-related analysis
Overall, task performance was high, with a mean percent score of

90.3 (SEM ¼ 2.7) in the Quiet Aided condition, 89.3 (SEM ¼ 2.9) in the
Quiet Unaided condition, 73.5 (SEM ¼ 3.2) in the Noise Aided condition
and 78.8 (SEM ¼ 1.9) in the Noise Unaided condition. To identify
changes in pupil dilation related to listening effort unbiased by response
correctness, main analyses focused on pupil responses measured during
correct-response trials (“hits”) only. However, analyses including data
from all trials (correct and incorrect) were also performed, and their
results were compared with those of the main analyses using only
correct-response trials (Supplementary Figures S3 to S6). Therefore,
participants who repeated correctly at least 8 entire words out of 20 (2 �
10 words per condition) for each condition were included in the analyses
(N ¼ 20 participants).

3.2.2.1. Baseline correction. All included trials were baseline-corrected.
Baseline correction is a common operation in pupillometry, whereby
the average pupil size measured over some time period (epoch) prior to
stimulus onset is computed, then subtracted from pupil-dilation mea-
surements collected over a subsequent epoch –typically, post stimulus
onset. To investigate the influence of the choice of baseline epoch, ana-
lyses were performed using four different baseline epochs (see Figure 2),
with durations of 500 ms (Supplementary Figures S1 to S4) or 1 s:
Baseline Start: The first baseline period used in these analyses coincided
with the trial onset, defined as the onset of the background noise. This
baseline period is the most anterior, relative to the onset of the word.
Baseline StartCue: This baseline period started with the onset of the cue
announcing the word. Baseline EndCue: This baseline period started with
the offset of the cue announcing the word. Baseline StartWord: This
baseline period ended with the onset of the word.

3.2.2.2. Normalization. To take inter-individual differences in physio-
logical pupil dynamic range into account, several normalization methods
(Winn et al., 2018) were applied on the data. This was done separately,
for each baseline correction described above. Results obtained using
these normalization methods were then compared with results obtained

http://www.python.org/
http://www.python.org/
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using baseline-corrected data (Koelewijn et al., 2014; Kramer et al.,
2010; Zekveld et al., 2011b) to observe potential differences.

Proportional change from baseline: One way to express local deviation
from baseline is to present the percentage of pupillary dilation (Hess and
Polt, 1964; Payne et al., 1968) or to express data as a proportional change
from baseline (Johnson et al., 2014; Wierda et al., 2012). In our analysis,
task-evoked pupil dilation was expressed in this way for each data point
x: xnorm ¼ ðxdata �baselineÞ=baseline (Wierda et al., 2012).

Within-trial mean scaling: This method has been used in previous
studies to ensure a consistent scaling of pupil across trials and partici-
pants (Kuchinsky et al., 2013, 2014, 2016). Each trial data point was
divided by the mean of the relevant period of the trial (from the start of
the trial to the cue before the repetition of the word), then, a baseline
correction was performed.

Grand mean scaling: Grand mean scaling has also been used to assess
change in pupil size (Engelhardt et al., 2010). The grand mean of the
whole time series (periods from the start of each trial to the cue before
the repetition of the word of the entire block (10 words)) was computed
and each data point was divided by the grand mean. Then, we applied
baseline correction on the normalized data.

Z-score transformation: Finally, a z-score transformation was applied
(McCloy et al., 2016; Nassar et al., 2012). To do so, the mean of the
relevant period of the trial (from the start of the trial to the cue before the
repetition of the word) was subtracted from each trial data point, then
each data point was divided by the standard deviation of the relevant
period of the trial. The z-score transformation was followed by a baseline
correction.

3.3. Statistical analyses

3.3.1. Behavioral data
Performance during the task was analyzed using a Generalized Linear

Mixed-effects Model (GLMM) at the trial-level, following a binomial
distribution (0/1 for correct/incorrect trial). The model contained fixed-
effects for the hearing-aid factor (Aided vs Unaided), the noise factor
(Quiet vs Noise) and interaction between these two factors. Subject was
modeled as a random factor. To confirm the need for a mixed nested
model, we used a likelihood ratio analysis to test each model fit, before
and after sequential addition of random effects (in particular, random
intercepts and slopes for the hearing-aid and noise factors). We used the
Akaike information criterion and the Bayesian information criterion as
estimators of the quality of the statistical models generated (Matuschek
et al., 2017). The best model contained fixed-effects for the hearing-aid
factor (Aided vs Unaided), the noise factor (Quiet vs Noise) and inter-
action between these two factors and Subjects as a random factor with
by-subject slopes for the factor noise. A type-II ANOVA (using type-II
Wald X2 test) was then applied to the model. Analysis were conducted
with R (R Development Core Team, 2020), the “lme4” package (Bates
et al., 2015) was used to compute the model, the “car” package (Fox and
Weisberg, 2019) was used to compute the type-II ANOVA.

Participants’ subjective ratings expressed as ordinal data (from 1 to
10) were analyzed at the block level using a Cumulative Link Mixed
Models (CLMM) to test fixed within-subject effects of hearing-aid (Aided
vs Unaided) and background noise (Quiet vs Noise). Subject was modeled
as a random factor. To confirm the need for a mixed nested model, we
used a likelihood ratio analysis to test each model fit, before and after
sequential addition of random effects (in particular, random intercepts
and slopes for the hearing-aid and noise factors). We used the Akaike
information criterion and the Bayesian information criterion as estima-
tors of the quality of the statistical models generated (Matuschek et al.,
2017). The best model contained fixed-effects for the hearing-aid factor
(Aided vs Unaided), the noise factor (Quiet vs Noise) and interaction
between these two factors and Subjects as a random factor with
by-subject slopes for the factor noise. A type-II ANOVA (using type-II
Wald X2 test) was then applied to the model. Post-hoc pairwise
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comparisons were conducted using least-squares means testing. The
“emmeans” package was used to compute least-squares means testing
(Searle et al., 1980).

3.3.2. Pupillometric data
Since we are interested in anticipation processes and how different

conditions could affect them, statistical analyses were conducted on two
time-windows: anticipation and stimulus processing. The anticipation
window is defined between the cue announcing the word and the
beginning of the word (i.e., 1900 ms long). The stimulus processing
window is defined between the beginning of the word and the cue before
the repetition of the word (i.e., 4000 ms).

We investigated the impact of the baseline period on the mean dila-
tion of the pupil obtained in the anticipation window, using a Linear
Mixed-effects Model (LMM) with “baseline period” (Start, StartCue,
EndCue, StartWord) and “condition” (QuietUnaided, QuietAided,
NoiseUnaided, NoiseAided) as fixed factors. Subject was modeled as a
random factor. Data were averaged across normalization methods. We
used the Akaike information criterion and the Bayesian information
criterion (Matuschek et al., 2017) as estimators of the quality of the
statistical models generated, before and after sequential addition of
random effects (in particular, random intercepts and slopes for the
‘baseline period’ and ‘condition’ factors). The best model contained fixed
effects for the “baseline period” factor and “condition” factor and inter-
action between these two factors, and Subjects as a random factor. A
type-II ANOVA (using type-II Wald X2 test) was then applied to the
model. Post-hoc pairwise comparisons were conducted using
least-squares means testing. The “emmeans” package was used to
compute least-squares means testing (Searle et al., 1980).

Between-subject variability between conditions over time was inspec-
ted for eachnormalizationmethod. Todo so, a ratiowas computed for each
time point. This ratio was computed per normalization method as follows:
hðtÞ=H, with h(t) the width of the confidence interval of the group mean
computed for each time point per condition and H the width of the con-
fidence interval of the group mean computed on the entire time window
per condition. H is then constant for each time window and condition.

Further statistics were conducted in order to find within-subject ef-
fects of the different factors on the amplitude dilation of the pupil during
the task. Listening effort is usually assessed using the maximum dilation
value (peak pupil dilation) in a defined window (Koelewijn et al., 2014;
Ohlenforst et al., 2018; Y. Wang, Kramer, et al., 2018; Zekveld et al.,
2014a; Zekveld and Kramer, 2014; Zekveld et al., 2014b). In our study a
peak value would hardly be definable in the anticipationwindow, wewill
then use the mean dilation of the pupil in the two time-windows to assess
cognitive demands during the task (Koelewijn et al., 2012; Kramer et al.,
2013; Zekveld et al., 2010, 2011a). Therefore, dependent variables were
defined as the mean dilation in the anticipation window and the mean
dilation around the peak pupil dilation (maximum dilation) in the
stimulus processing window. Since the stimulus processing window is
larger than the anticipation window, the mean dilation in the stimulus
processing window was computed on the same length as in the antici-
pation window (i.e., 1900ms) centered around peak pupil dilation. Mean
dilations of the pupil were analyzed using a Linear Mixed-effects Model
(LMM) with the fixed factors hearing-aid (Aided vs Unaided) and noise
(Quiet vs Noise). Subject was modeled as a random factor. We used the
Akaike information criterion and the Bayesian information criterion
(Matuschek et al., 2017) as estimators of the quality of the statistical
models generated, before and after sequential addition of random effects
(in particular, random intercepts and slopes for the hearing-aid and noise
factors). For each window separately (Anticipation and Stimulus pro-
cessing), the best model contained fixed-effects for the hearing-aid factor,
the noise factor and interaction between these two factors, and Subjects
as a random factor. We then performed a type-II ANOVA (using type-II
Wald X2 test) on the model. Post-hoc pairwise comparisons were con-
ducted using least-squares means testing.
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4. Results

4.1. Behavioral data

As mentioned earlier, the task was very well completed with high
speech perception scores (see Material and Methods section). The type-II
ANOVA showed a main effect of the noise factor (X2 (1, N¼ 20)¼ 19.34,
p ¼ 1.1e-5), indicating better performances when words were presented
in Quiet. The subjective difficulty of the task was rated as follows (the
higher the more difficult): 1.98 (SEM ¼ 0.47) in the Quiet Aided con-
dition, 1.65 (SEM ¼ 0.39) in the Quiet Unaided condition, 5.28 (SEM ¼
0.59) in the Noise Aided condition and 4.05 (SEM ¼ 0.59) in the Noise
Unaided condition. The type-II ANOVA indicated significant effect of
noise on subjective ratings (X2 (1, N ¼ 20) ¼ 19.45, p ¼ 1*10e-5)
showing that the task was perceived as easier when words were pre-
sented with a high SNR. A significant effect of aid was also found on
subjective ratings (X2 (1, N ¼ 20) ¼ 12.38, p ¼ 0.00043) indicating that
participants rated the task as easier when they were not wearing their
hearing aids. A significant interaction between the noise and aid factors
was also found (X2 (1, N ¼ 20) ¼ 4.02, p ¼ 0.045). Post-hoc pairwise
comparisons indicated that all conditions were significantly different
from each other, except the Quiet Aided and the Quiet Unaided condi-
tions, suggesting that the task was perceived as easier without hearing
aid in case of high SNR only.

4.2. Pupillometric data

Different patterns were observed in participants pupil traces. In more
challenging conditions, some participants showed a dilation peak when
the word is presented and when the word is repeated (see Figure 3: left),
but other showed a continuous increase in dilation from the beginning of
the trial to the presentation of the word reflecting preparation to process
the word (see Figure 3: right). In this particular case, the choice of the
baseline period can have a critical outcome regarding the measure of the
listening effort: if the chosen baseline period was too close to the word,
this anticipation would not be taken into account. Following this idea,
several baseline periods were tested (see Figure 4a to d). As well as
different patterns of dilation, differences in terms of variability and pupil
size were observed in collected data. In light of such inter-individual
variability, several normalization methods were computed as well (see
Figure 4.1 to 4.5).

When considering all participants (N ¼ 20), the choice of the base-
line period seemed to influence dilation values obtained in the antici-
Figure 3. Different individual dilation patterns. Left: Pupil trace from a participant s
challenging condition (words presented in noise) (N ¼ 1). Right: Pupil trace from a pa
(green line) in a more challenging condition (words presented in noise) (N ¼ 1). Trace
each block (the 2 first trials are excluded) in the Noise Unaided condition. Traces r
fidence intervals.
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pation window, between the first auditory cue and the presentation of
the word (i.e. 1900 ms–2900 ms from trial start) (see Figures 5 and 6).
The type-II ANOVA (using type-II Wald X2 test) showed a main effect of
the “baseline period” factor (X2 (3, N ¼ 20) ¼ 12.81, p ¼ 0.0051) and a
main interaction between the “baseline period” and “condition” factor
(X2 (9, N ¼ 20) ¼ 22.02, p ¼ 0.0088). Post-hoc pairwise comparisons of
the baseline period main effect showed larger pupil dilation in the
anticipation window when using the baseline period Start compared to
the baseline period StartWord (p ¼ 0.0061). Post-hoc pairwise com-
parisons of the baseline period by condition interaction indicated sig-
nificant differences in mean dilation between conditions during the
anticipation window while using the Start baseline period only, with
larger pupil dilations in the NoiseAided condition compared to the
QuietAided condition (p ¼ 0.0038) and to the NoiseUnaided condition
(p ¼ 0.0009) (see Figure 7). This finding suggests that the choice of the
baseline period can have a strong impact on the potential differences
between conditions in anticipation of the relevant sounds. In particular,
anticipation processes could be observed using a baseline period suffi-
ciently anterior to the stimulation, but not when the baseline period is
defined just before the presentation of the stimuli. Further analyses were
then conducted on traces obtained with baseline correction using the
baseline Start.

Applied to all participants (N ¼ 20), the different normalization
techniques showed similar patterns (see Figures 5 and 6). However, the z-
score transformation seemed to better homogenize the variability be-
tween conditions (see Figures 5.5 and 6.5), we looked at the variability
between conditions over time in the anticipation and processing window
for each normalization method (using the baseline period Start). As
observed in Figure 8, only the z-score transformation provided homog-
enous variability between conditions. This normalization method was
then used in further analysis.

As well as different baseline periods and normalization methods,
different baseline lengths were tested (500 ms and 1000 ms). Similar
results were obtained with both baseline lengths (see supplementary
figures S1 to S4).

Results obtained with all traces included (words repeated correctly
or not) and those obtained with only hit trials (word repeated
correctly only) showed similar results (see supplementary figures S3
to S6).

In the following, we applied z-score transformation and 1000 ms
baseline period from start to our pupil responses, in order to compare
pupil dilation between the different conditions, and between the
different time windows, using hit trials only.
howing no dilation increase before the word presentation (green line) in a more
rticipant showing a continuous increase in dilation before the word presentation
s were obtained by averaging the correctly answered trials of the 10 last trials of
epresent raw pupil diameter during the task. Shaded areas represent 95% con-



Figure 4. Individual pupil-dilation patterns
computed using different normalization methods and
baseline periods. Pupil traces obtained by averaging
the correctly answered trials in the Noise Unaided
condition. Blue traces were obtained from a partici-
pant presenting no increase in pupil dilation before
the word presentation (green line). Red traces were
obtained from a participant showing a continuous
increase in pupil dilation before the word presenta-
tion (green line). Traces were computed using several
normalization methods (1: baseline correction only,
2: proportional change from baseline, 3: within-trial
mean scaling, 4: grand mean scaling, 5: z-score
transformation) and several baseline periods (dashed
rectangles) (a: Start: from start (dashed black line) to
the auditory cue before word presentation (blue line),
b: StartCue: starting at the beginning of the auditory
cue before word presentation (blue line), c: EndCue:
starting at the end of the auditory cue before word
presentation, d: StartWord: ending at the beginning
of the word (green line)). Baseline lengths were set at
1000 ms. Shaded areas represent 95% confidence
intervals.
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Figure 5. Group pupil dilation in the Quiet condi-
tion according to different normalization methods
and baseline periods. Pupil traces obtained by
averaging the correctly answered trials in the Quiet
conditions (N ¼ 20). Grey traces were obtained in
the Quiet Aided condition, blue traces were obtained
in the Quiet Unaided condition. Traces were
computed using several normalization methods (1:
baseline correction only, 2: proportional change
from baseline, 3: within-trial mean scaling, 4: grand
mean scaling, 5: z-score transformation) and several
baseline periods (dashed rectangles) (a: Start: from
start (dashed black line) to the auditory cue before
word presentation (blue line), b: StartCue: starting at
the beginning of the auditory cue before word pre-
sentation (blue line), c: EndCue: starting at the end
of the auditory cue before word presentation, d:
StartWord: ending at the beginning of the word
(green line)). Baseline lengths were set at 1000 ms.
Shaded areas represent 95% confidence intervals.
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Figure 6. Group pupil dilation in the Noise condition
according to different normalization methods and
baseline periods. Pupil traces obtained by averaging the
correctly answered trials in the Noise conditions (N ¼
20). Grey traces were obtained in the Noise Aided con-
dition, red traces were obtained in the Noise Unaided
condition. Traces were computed using several
normalization methods (1: baseline correction only, 2:
proportional change from baseline, 3: within-trial mean
scaling, 4: grand mean scaling, 5: z-score trans-
formation) and several baseline periods (dashed rect-
angles) (a: Start: from start (dashed black line) to the
auditory cue before word presentation (blue line), b:
StartCue: starting at the beginning of the auditory cue
before word presentation (blue line), c: EndCue: starting
at the end of the auditory cue before word representa-
tion, d: StartWord: ending at the beginning of the word
(green line)). Baseline lengths were set at 1000 ms.
Shaded area represent 95% confidence intervals.
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Figure 7. Mean pupil dilation in the Anticipation window using different baseline periods. Mean pupil dilation in the Anticipation window for each condition using
different baseline periods (N ¼ 20). **: p < 0.01, ***: p < 0.001.

Figure 8. Inter-subject variability according to different normalization methods. Variability over time for each condition per normalization method in the anticipation
window (Top) and in the processing window (Bottom). The 1000 ms baseline period Start was used and only correctly answered trials were included.
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4.3. Hearing in noise

In addition to the methodological investigation, our work aimed at
highlighting pupillometric measures contribution to listening effort
measures. Therefore, statistics were conducted in order to find within-
subject effects of noise and hearing-aid on objective pupillometric re-
sponses elicited by participants. The type-II ANOVA was performed on z-
score transformed pupil dilation amplitude using a 1000 ms baseline
Start for baseline correction only when participants repeated the word
correctly (hits only) (see Figure 9: left). Statistical analyses in the antic-
ipation window showed a main interaction between the aid and noise
factor (X2 (1, N ¼ 20) ¼ 6.87, p ¼ 0.0088). Post-hoc pairwise compari-
sons showed an effect of the aid in the Noise condition only: mean pupil
dilation in the anticipation window was significantly larger when par-
ticipants wore their hearing-aids rather than not (p ¼ 0.0039). They also
showed an effect of the noise in the Aided condition only: the mean pupil
dilation in the anticipation window was significantly larger when words
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were presented in a low SNR condition rather than in a high SNR con-
dition (p ¼ 0.0106) (see Figure 9: middle). No significant effects of fac-
tors on mean pupil dilation were found in the stimulus processing
window (see Figure 9: right) .

5. Discussion

Pupillary responses have been widely used to assess cognitive effort
and various ways of analyzing them are described in the literature (see
Table 1). In audiology, pupil responses are mostly processed using sub-
tractive baseline correction with a 1-s pre-stimulus baseline (see Table 1).
Other analysis methods have been used as well, but the aforementioned
processing seems to prevail in this research area. While Attard-Johnson
et al. (2019) compared different pupillometric analysis methods to
measure arousal in response to images, to our knowledge, such system-
atic comparisons had not been undertaken in the context of
listening-effort studies. In the present study, we compared several



*
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Figure 9. Pupillary measures using z-score transformation and Start baseline period. Left: Pupil traces obtained by averaging the correctly answered trials of the 10
last trials of each block in the different conditions (N ¼ 20). Traces were computed using z-score transformation and 1000 ms baseline Start period (from start (dashed
black line) to the auditory cue before word presentation (blue line)). Shaded areas represent 95% confidence intervals. Middle: Mean dilation in the anticipation
window (from the auditory cue before word presentation (blue line) to the word presentation (green line). Right: Mean dilation in the stimulus processing window
(centered around maximum dilation between the word presentation (green line) and the cue before the repetition of the word (red line), with the same length as the
anticipation window). Error bars represent standard errors of the mean. **: p < 0.01.
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methods of analysis using different normalization techniques, baseline
periods and baseline durations, using data collected during a
speech-in-noise task to assess listening effort in hearing-impaired lis-
teners. Five normalization techniques were compared: subtractive base-
line correction, proportional change from baseline, within-trial mean
scaling, grand mean scaling and z-score transformation; as well as four
baseline periods: anterior to just before stimulus onset; and two baseline
durations: 500 ms and 1 s.

The different normalization methods yielded similar results.
Attard-Johnson et al. (2019) reached similar conclusions when
comparing raw pupil sizes, z-scored pupillary data, percentage changes in
pupil size and subtractive baseline corrected data recorded to measure
arousal elicited by viewing images. Three of the normalization methods
included in the current study were also considered in this previous study,
but the two studies used different stimuli (images vs uttered words),
different populations (healthy vs hearing-impaired), different recording
systems (SR EyeLink 1000 recording left eye at 1000Hz vs SMI RED-
mobile250 recording both eyes at 250Hz), and they investigated very
different cognitive processes (sexual arousal vs listening effort). This
makes more detailed comparisons between these studies difficult. How-
ever, the consistent conclusions of these two studies regarding the lack of
impact of the normalization method on the pupil dilation pattern sug-
gests that this conclusion may hold across different applications of
pupillometry, including different types of stimuli, populations, and
cognitive processes. Although pupillary traces observed with the
different normalization methods were highly similar, the z-score trans-
formation elicited a uniformed inter-subject variability between condi-
tions, while greater differences in terms of variance were observed
between easy and most adverse conditions with other methods (see
Figure 7). The standardization of the data therefore homogenized vari-
ability across conditions without affecting the qualitative aspect of the
results. This method though, calls for some caution, as it is more sensible
to differences in pupil tonic activity. Reilly et al. (2019) modulated the
pupil dilation baseline level of their participants by using different levels
of brightness. They showed that, after simple baseline correction, the
different baseline levels didn't change the task evoked pupillary response.
However, their different baseline levels were elicited by an external
stimulus, mediated first by the retinal photoreceptors, i.e. modulating the
parasympathic system. Different baseline levels mediated by arousal, or
tonic activity (i.e., sympathic activity) might have a different influence
on the task evoked pupillary peak. Also, it is important to keep in mind
that divisive baseline correction can be highly sensitive to artefacts
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present during the baseline period such as blinks, eyelid closure and
especially very low baseline values (Mathôt et al., 2018).

Indeed, the results reveal that the choice of baseline period can have a
major impact on the conclusions of studies involving pupillometry to
evaluate listening effort. This conclusion may apply, in particular, to
studies in which participants may anticipate the occurrence of perceptual
or motor demands, which require effort for correct task performance. In
the current study, an attempt was made to control for such anticipatory
processes, by including into the stimulus sequence explicit cues to
announce the occurrence of target stimuli and response periods. How-
ever, even with such precautions, some participants only showed a
dilation peak during stimulus presentation, while for others, pupil dila-
tion increased continuously, starting as soon as cue presentation. The
latter pattern was observed for words in high-level noise, but not for
words in low-level noise, suggesting greater cognitive preparation when
listening conditions are challenging than when they are less so. The
comparison of several baseline periods showed that the early increase in
pupil dilation observed in some participants was taken into account in
the results, when the chosen period was the most anterior to stimulus
presentation. Therefore, it appears that using a baseline period well
before cue onset allowed us to measure both anticipatory processes and
stimulus processing. While a few pupil-dilation studies have explicitly
limited or controlled for the influence of anticipatory processes on pupil
dilation (Lewis and Bidelman, 2020; Winn et al., 2015), most studies of
listening effort using implicit or explicit cues have focused exclusively on
pupil dilation during stimulus processing. Anticipation has also been
observed with pupillometry, when participants were engaged in a diffi-
cult attention task (McCloy et al., 2016, 2017) or preparing to answer
questions in a task involving linguistic challenge (Vogelzang et al., 2016).
In particular, McCloy observed that participants’ pupil started to show
greater dilation as soon as they were informed that they would have to
switch their attention from one talker to another, instead of just main-
taining their attention on one talker. Likewise, Vogelzang et al. (2016)
showed that pupil dilation remained larger during the presentation of a
story with a complex structure until participants had to answer a question
about the story, while pupil dilation slowly decreased before a question
about a simpler story. As well as in the auditory modality, anticipatory
behavior has been observed through pupillary activity in visual attention
tests. Indeed, larger pupil dilations were elicited in anti-saccade tasks
before difficult trials (Wang et al., 2015), especially when participants
reported being “on-task” rather than during mind wandering (Hutchison
et al., 2020), reflecting preparation and anticipation processes during the
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most challenging conditions. Previous fMRI studies (Kurniawan et al.,
2013; Vassena et al., 2014) showed that preparation to cognitively
demanding tasks seemed to rely on the same brain system than the one
implied in attentional control (Krebs et al., 2012; Voisin et al., 2006) and
working memory (Engstr€om et al., 2013). These findings suggest that
anticipatory effects in speech-in-noise listening tasks should be consid-
ered for inclusion into the overall measure of listening effort. In this
context, it may be important to use baseline periods that precede explicit
or implicit cues to stimulus and/or response periods.

Finally, results obtained using two different baseline durations (500
and 1000 ms) were similar. These findings are in accordance with Winn
et al. (2018), who compared baseline-corrected pupil data using different
baseline lengths (ranging from 100 ms to 3 s) and found negligible dif-
ferences between the resulting curves. Although, the baseline durations
being compared in the present study only differed by a factor of two, in
the literature, baseline-period durations typically range from 100 ms
(Lewis and Bidelman, 2020) to 2 s (Ayasse et al., 2017; Winn et al., 2015)
(see Table 1). This variability may be related, in part, to differences in
recording devices and techniques. For instance, if the recording sampling
rate is relatively low, longer baseline durations (>1000 ms) may be
needed to prevent the occurrence of blink (during the baseline period) to
lead to the necessary elimination of the trial (Winn et al., 2018); with a
higher sampling rate, longer baseline periods are more affected by pupil
fluctuations (Mathôt et al., 2018). Using short baseline periods may
reduce the risk that baseline estimates be contaminated by after-effects
from the previous trial (Winn et al., 2018), but it increases the risk that
precise baseline estimation be precluded due to a blink or some other
source of physiological “noise” in the recording (Mathôt et al., 2018).

Similarly to studies investigating listening effort with speech-in-noise
task requiring participants to repeat sentences (Koelewijn et al., 2014;
Koelewijn et al., 2018; Ohlenforst et al., 2018; Y. Wang, Kramer, et al.,
2018; Zekveld and Kramer, 2014; Zekveld et al., 2010; Zekveld et al.,
2011a), we managed to obtain clear pupillary responses to shorter
stimuli such as disyllabic words, similarly to Kramer et al. (2013) in
young normally hearing participants. Contrary to previous studies
assessing listening effort at different intelligibility levels (Koelewijn
et al., 2012; Koelewijn et al., 2014; Zekveld et al., 2014a; Zekveld and
Kramer, 2014; Zekveld et al., 2010; Zekveld et al., 2011a), our aimwas to
investigate whether pupillary responses can provide information about
listening effort even when speech intelligibility is perfect, i.e., when only
correct-response trials are included in the analysis. Sounds levels were
adjusted individually to yield scores above 90% in quiet without
hearing-aids, in order to have a sufficient number of hit responses per
condition per patient. One limitation of this methodological choice is that
the resulting sound levels were relatively high (above the typical
conversational level for speech), so that when participants wore their
hearing-aids, the level of these sounds may have been unusually high
(compared to conversational speech). This may partly explain the
counter-intuitive outcome, whereby participants rated the listening task
as more difficult with hearing-aid than without, in the low SNR condi-
tions (i.e. higher noise). A more likely explanation is that this effect was
caused by the background noise being amplified by the hearing-aids
compared to the high SNR conditions. Although only correct-response
trials were used in the main data analyses, the greater listening effort
in the Noise Aided than in the Noise Unaided condition is consistent with
the results of these analyses: an interaction between the factors, “noise”
and “hearing-aid” was observed for pupil dilation measured during the
anticipation window, and post-hoc comparisons revealed that partici-
pants‘ pupil dilation was greater in the Noise Aided than in the Noise
Unaided condition. This is consistent with the fact that patients reported
greater difficulties with their hearing-aid, than without, in the noise
condition, and that they anticipated that difficulty.

However, no effect of hearing-aid or noise on pupil dilation was found
in the stimulus processing window. Even though hearing-aid or noise
effects are usually observed during the processing period, Zekveld,
Kramer, et al. (2018) did not observe any effect of signal-to-noise ratio on
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pupil responses during this specific time window in a concurrent memory
and auditory perception task. This result indicates that differences in
listening effort are not systematically observed during the processing of
the target stimulus, especially when maximum intelligibility is reached,
but could be observed at a different period during the trial. Indeed, in the
present study, differences in provided effort during the task were
observed before stimulus processing, during the anticipation window.
Therefore, this time-window played a key role to highlight differences in
listening effort during this task. As Kuchinsky et al. (2014, 2013) did in
an orthographic Visual Word Paradigm, we managed to show subtle
changes in cognitive load during a speech in noise recognition task via
pupil dilation with short uttered words in older adults and exclusively in
correct trials. Such differences could not be observed with subjective
measures, hence proving the relevance of the use of an objective mea-
sure, such as pupillary responses, to effectively assess listening effort.

To conclude, this study compared several methods of analyzing pu-
pillary responses during a speech-in-noise task in hearing-impaired pa-
tients. In agreement with previous findings, different normalization
methods and baseline durations result in similar pupil dilation patterns.
Importantly, the present results highlight the strong influence of the
choice of baseline period, with regards to anticipatory processes during
effortful listening. A significant impact of baseline period on conclusions
was observed, even though only correct-response trials were included in
the analyses, so that task performance and intelligibility were near per-
fect. The findings confirm the feasibility, and potential usefulness, of
pupil-dilation as an objective measure to investigate listening effort in
older hearing-impaired individuals, with or without hearing-aids.
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