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Abstract

■ In face-to-face conversations, listeners gather visual
speech information from a speaker ’s talking face that
enhances their perception of the incoming auditory speech
signal. This auditory–visual (AV) speech benefit is evident
even in quiet environments but is stronger in situations that
require greater listening effort such as when the speech sig-
nal itself deviates from listeners’ expectations. One example
is infant-directed speech (IDS) presented to adults. IDS has
exaggerated acoustic properties that are easily discriminable
from adult-directed speech (ADS). Although IDS is a speech
register that adults typically use with infants, no previous
neurophysiological study has directly examined whether
adult listeners process IDS differently from ADS. To address
this, the current study simultaneously recorded EEG and
eye-tracking data from adult participants as they were pre-
sented with auditory-only (AO), visual-only, and AV

recordings of IDS and ADS. Eye-tracking data were recorded
because looking behavior to the speaker’s eyes and mouth
modulates the extent of AV speech benefit experienced.
Analyses of cortical tracking accuracy revealed that cortical
tracking of the speech envelope was significant in AO and
AV modalities for IDS and ADS. However, the AV speech
benefit [i.e., AV > (A + V)] was only present for IDS trials.
Gaze behavior analyses indicated differences in looking
behavior during IDS and ADS trials. Surprisingly, looking
behavior to the speaker’s eyes and mouth was not corre-
lated with cortical tracking accuracy. Additional exploratory
analyses indicated that attention to the whole display was
negatively correlated with cortical tracking accuracy of AO
and visual-only trials in IDS. Our results underscore the
nuances involved in the relationship between neurophysio-
logical AV speech benefit and looking behavior. ■

INTRODUCTION

The human face holds a plenitude of information. The eye
region generally conveys information about a speaker’s
emotions (Buchan, Paré, & Munhall, 2007) and intonation
patterns (Lansing & McConkie, 1999) whereas the mouth
region typically imparts information about the articulatory
(Owens & Blazek, 1985) and acoustic (Chandrasekaran,
Trubanova, Stillittano, Caplier, &Ghazanfar, 2009) proper-
ties of the auditory speech signal. Such visual cues from
the speaker’s face are exploited by listeners to decode

the acoustic speech signal; visual speech information
from the speaker’s lips and head movements contribute
to speech perception and comprehension. Behavioral and
neurophysiological studies show that adults and children
consistently perform better on speech perception tasks
in auditory–visual (AV) as opposed to auditory-only (AO)
conditions (e.g., Burnham et al., 2022; Alsius, Wayne, Paré,
& Munhall, 2016; Erdener & Burnham, 2013; Ross et al.,
2011; Rosenblum, Johnson, & Saldaña, 1996) and that cor-
tical tracking of the speech envelope is enhanced during
AV speech compared with AO speech (e.g., Crosse, Butler,
& Lalor, 2015). Results from studies conducted using audi-
tory noise reveal that this AV speech benefit is stronger
when greater listening effort is required (e.g., Crosse, Di
Liberto, & Lalor, 2016; Sumby & Pollack, 1954). In the
absence of noise, a greater listening effort may be required
also in situations when the speech signal itself deviates
from listeners’ expectations. Such situations arise when
the speaker’s speech register does not fit the social expec-
tations of the communicative situation, such as when
adults are addressed with infant-directed speech (IDS)
in the absence of an infant or non-native-accented speech
in the absence of a nonnative listener. Whether and to
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what extent the AV speech benefit is experienced in such
situations is the primary aim of this study.

The AV Speech Benefit When Speech Deviates
from Expectations

An AV speech benefit can occur when listening effort is low
(e.g., Fort et al., 2013), but it is stronger when greater listen-
ing effort is required. Listening effort has been commonly
manipulated via the use of the speech-in-noise paradigm
(e.g., Sumby & Pollack, 1954). In their seminal study, Sumby
and Pollack (1954) varied the speech-to-noise ratio of audi-
tory stimuli in AO and AV presentations and found that AV
gain increases with increasing noise. Later studies support
this finding: Speech intelligibility in a cocktail-party scenario
has been found to be higher in AV than in AO conditions
(Schwartz, Berthommier, & Savariaux, 2004), and the degra-
dation of speech comprehension in the presence ofmultiple
competing voices is reduced when the speaker is visible
(Rudmann, McCarley, & Kramer, 2003). AV presentations
of consonants, words, and sentences in noise result in faster
RTs and greater accuracy in identification compared with AO
presentations (Moradi, Lidestam, & Rönnberg, 2013).
Together, these findings provide evidence for an AV speech
benefit in difficult listening situations and suggest that the
extent of this benefit is larger when speech processing is
more effortful.

Apart from auditory noise, greater listening effort is also
required when the speech signal itself deviates from lis-
teners’ expectations, such that a mismatch between the
incoming auditory signal and the listener’s expectations
can result in reduced speech intelligibility (e.g., Gordon-
Salant, Yeni-Komshian, & Fitzgibbons, 2010; Gordon-
Salant, Yeni-Komshian, Fitzgibbons, & Schurman, 2010;
Ferguson, Keum, Jongman, & Sereno, 2009). This situa-
tion is relatively understudied although it is a rather
common occurrence in daily life. One example is exposure
to non-native-accented speech. Even when listeners can
correctly repeat or transcribe non-native-accented speech,
they still report that accented speech is more difficult to
understand (Munro & Derwing, 1995), it is processed
more slowly (Porretta, Buchanan, & Järvikivi, 2020; Adank,
Evans, Stuart-Smith, & Scott, 2009; Floccia, Butler, Goslin,
& Ellis, 2009), and it is comprehended less well than
native-accented speech (Major, Fitzmaurice, Bunta, &
Balasubramanian, 2002). Perhaps unsurprisingly, recogni-
tion of accented speech improves when visual speech cues
accompany the auditory input (e.g., Banks, Gowen,
Munro, & Adank, 2015; Kawase, Hannah, & Wang, 2014;
Janse & Adank, 2012; Arnold & Hill, 2001).

Another case in which perceptual challenges can occur
because of a mismatch between listeners’ expectations
and the acoustic properties of the auditory speech input
is the use of speech registers that are not intended for
the listener or the communicative situation. For instance,
although non-native-directed speech—the speech regis-
ter used in interactions with nonnative speakers of a

language—is rated by nonnative listeners as more intelligi-
ble than native-directed speech (Bobb et al., 2019), native
listeners rate non-native-directed speech as less intelligi-
ble compared with another phonetically exaggerated
speech register that is more familiar to them (e.g.,
Lombard speech, used in noisy situations; Hazan, Uther,
& Grunlund, 2015) and report more negative emotions
when hearing this register compared with native-directed
speech (Knoll, Uther, & Costall, 2011; Knoll & Scharrer,
2007; Uther, Knoll, & Burnham, 2007).
In a similar vein, IDS has been shown to enhance speech

processing in its intended audience, that is, infants (e.g.,
Kalashnikova, Peter, Di Liberto, Lalor, & Burnham, 2018;
Bosseler, Teinonen, Tervaniemi, & Huotilainen, 2016;
Peter, Kalashnikova, Santos, & Burnham, 2016). Compared
with adult-directed speech (ADS), IDS is characterized by
slower tempo and speech rate (Narayan & McDermott,
2016), simplified grammar and lexicon (Soderstrom,
2007), exaggerated acoustic properties such as heightened
pitch (Burnham, Kitamura, & Vollmer-Conna, 2002),
greater pitch range (Fernald et al., 1989), and a positive
warm affect (Kitamura & Burnham, 2003). The exaggerated
acoustic pitch (Kitamura, Thanavishuth, Burnham, &
Luksaneeyanawin, 2001) and prosody (Fernald & Mazzie,
1991) are often paired with exaggerated facial expressions
(Chong, Werker, Russell, & Carroll, 2003) and articulatory
lip movements (Green, Nip, Wilson, Mefferd, & Yunusova,
2010). The acoustic properties of this register make it eas-
ily discriminable fromADS for adults and infants (Kitamura
& Burnham, 2003; Cooper & Aslin, 1990), and infants in the
first year of life already show surprise when IDS is used in
adult–adult interactions (Soley & Sebastian-Galles, 2020).
No previous research has directly investigated whether

adults show increased listening effort or experience a
decrease in intelligibility when processing IDS, but there
is evidence for differences in cortical responses to this reg-
ister indicating an increase in attention when adults hear
IDS (Peter et al., 2016). IDS presents a unique case.
Although it might be speculated that processing IDS
would be no different fromprocessing ADS because adults
produce IDS naturally when interacting with infants,
adults are less accustomed to listening to IDS and so it is
also possible that the exaggerated properties of IDS may
catch an adult listener off guard and inflict processing costs
on the listener. Adults spontaneously adopt IDS and
produce it effortlessly in the presence of an infant, but
the use of this register in adult–adult interactions would
violate interlocutors’ social expectations and may even
elicit negative reactions (e.g., perceived disrespect). This
article is concerned with the relative extent of AV speech
benefit in adults’ cortical tracking of IDS and ADS.

The AV Speech Benefit

As mentioned above, this study will assess the AV speech
benefit as an index of listening effort in situations when lis-
teners are presented with speech styles that are expected
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versus unexpected for the communicative context, specif-
ically when IDS and ADS are used to address adults. For
this, we will use electrophysiology to measure cortical
tracking of speech. Although the bulk of neurophysiolog-
ical evidence on the AV speech benefit comes from studies
that used ERPs (e.g., Baart, Vroomen, Shaw, & Bortfeld,
2014; Knowland, Mercure, Karmiloff-Smith, Dick, &
Thomas, 2014), more studies are now using cortical track-
ing, the temporal alignment between neural signals and
speech (e.g., Ding & Simon, 2012a, 2012b, 2013; Peelle
& Davis, 2012; Ahissar et al., 2001), to examine the AV
speech benefit. Unlike ERP studies that entail the use of
repetitive and discrete stimuli not representative of natu-
ral speech, cortical tracking allows the use of continuous
speech stimuli that better represent natural speech. The
few research studies conducted to investigate the AV
speech benefit in cortical tracking suggest that seeing a
speaker’s talking face augments cortical tracking of the
speech envelope of the speaker (Crosse et al., 2015). For
instance, it has been found that tracking of the speaker’s
temporal speech envelope is stronger when the audio
recordings are paired with matching video recordings of
the speaker’s talking face than when the audio recordings
are presented alone (Zion Golumbic, Cogan, Schroeder, &
Poeppel, 2013). In addition, when participants are
instructed to attend to only one of two speakers presented
simultaneously, augmentation of cortical tracking is evident
when the speakers are presented in AV than AOmode (Zion
Golumbic et al., 2013). Building on these findings, Park,
Kayser, Thut, and Gross (2016) found evidence of cortical
tracking of the lip movements irrespective of the
continuous speech signal and that this phenomenon is
stronger when lip movements are congruent to the
auditory speech signal compared with when lip
movements are incongruent. Furthermore, the researchers
also found that stronger cortical tracking of the lip
movements during congruent speech supports better
speech comprehension. Together, these neurophysiological
findings are consistent with behavioral findings indicating
that visual speech information benefits speech perception
especially in noisy environments (e.g., Sumby & Pollack,
1954) and that dynamic lip movements facilitate speech
processing (Grant & Seitz, 2000). Enhanced tracking of
the speaker’s speech envelope was also found to be
greater in noise than when AV speech is presented in
quiet (Crosse, Di Liberto, Bednar, et al., 2016).

The Effects of Gaze Behavior on Speech Perception

Turning to the focus of listeners’ attention in the AV speech
benefit, when identifying intonation patterns, adults attend
more to the upper half of the face, but when identifying
words, the same adults shift their focus to the lower half
of the face (Lansing & McConkie, 1999). Adults also look
more to the eyes than the mouth when presented with
questioning expressions, whereas they attend more to
the mouth when presented with focused and neutral

expressions (Simonetti, Kim, & Davis, 2016). Thus, the
facial regions on which individuals fixate are strongly
dependent on the type of information that individuals seek.

Variability in gaze behavior toward the eye and mouth
regions influences speech perception. This is clearly
illustrated by the between-participants variability in sus-
ceptibility to the McGurk effect. Adults who perceived
the McGurk effect (a “da” or “tha” response when pre-
sented with auditory /ba/ dubbed onto visual /ga/) on at
least half the trials had fixation durations predominantly
localized on the talker’s mouth (Gurler, Doyle, Walker,
Magnotti, & Beauchamp, 2015). In contrast, adults who
perceived the McGurk effect on less than half the trials
fixated more on the talker’s eyes. In addition, individuals
who looked longer to the mouth consistently reported a
McGurk effect and were more likely to make use of visual
speech information (Gurler et al., 2015). Thus, individual
variability in looking times to the eye and mouth regions
can result in differences in AV speech perception.

Interestingly, despite evidence that individual differ-
ences in gaze behavior can account for differences in AV
speech perception, examinations of gaze behavior to a
face have mostly been conducted separately from AV
speech perception research. This study bridges this gap
by directly investigating the relationship between gaze
behavior and AV speech benefit.

This Study

Although IDS is produced naturally by adults when talking to
infants, the exaggerated acoustic and visual properties of IDS
deviate from an adult listener’s expectations and may thus be
processed differently fromADS as suggested by previous find-
ings (Peter et al., 2016). This study thus aims to examine
whether adults experience an AV speech benefit when watch-
ing a speaker address them in IDS compared with ADS and
whether this benefit is the sameor greater than any AV speech
benefit for ADS. This study also aims to investigate whether
the AV speech benefit is modulated by gaze behavior.

For these purposes, eye-tracking and EEG data were
simultaneously recorded from native Australian English
adults as they listened to IDS and ADS segments that were
presented in auditory (A), visual (V), and AV modalities.
Cortical tracking was indexed by the prediction accuracy
of linear models that describe the mapping between the
speech envelope and the EEG signal, commonly referred
to as temporal response functions (TRFs; e.g., O’Sullivan,
Lim,& Lalor, 2019; Crosse, Di Liberto, & Lalor, 2016; Crosse
et al., 2015). As in previous studies (e.g., Tan, Kalashnikova,
Di Liberto, Crosse, & Burnham, 2022; Crosse, Di Liberto, &
Lalor, 2016; Crosse et al., 2015), AV speech benefit was
quantified using the additive criterion, that is, [AV vs.
(A + V)]; greater cortical tracking in the AV speech condi-
tion that deviates from the algebraic sum of that in AO and
visual-only (VO) speech [AV > (A + V)] would indicate an
AV speech benefit, whereas equivalence would suggest
the absence of a multisensory speech benefit.
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Although no study has examined whether listening
effort is different for IDS and ADS, it is hypothesized that
the deviations from ADS will lead to greater effort in pro-
cessing IDS as in the case of accented speech (e.g., Major
et al., 2002; Munro & Derwing, 1995). This possibility is
also hinted at by the finding that adults show different cor-
tical responses to auditory IDS and ADS (Peter et al.,
2016). As IDS is expected to require greater listening effort
than ADS, the AV speech benefit is expected to be greater
in IDS than in ADS. Next, as gaze behavior reflects an
information-seeking strategy (e.g., Simonetti et al.,
2016), participants are expected to attend to the speaker’s
mouth more during IDS than ADS. Finally, based on pre-
vious behavioral evidence that looking behavior modu-
lates AV speech perception (e.g., Gurler et al., 2015), we
also expected a positive correlation between participants’
attention to the speaker’s mouth and the extent of AV
speech benefit for both speech types.

METHODS

Participants

A final sample of 16 Australian English monolingual adults
aged between 18 and 56 years was included (mean age =
22.76 years, SD= 9.58 years, 14 women). This sample was
derived from the 18 participants reported in Tan and
colleagues (2022) because 16 participants had EEG and
eye-tracking data that fulfilled the inclusion criteria (Tan
et al., 2022) for both IDS and ADS stimuli. This sample
size was modeled on previous work on cortical tracking
of the speech signal (e.g., Fiedler, Wöstmann, Herbst, &
Obleser, 2019; Hausfeld, Riecke, Valente, & Formisano,
2018; Zion Golumbic et al., 2013). Of the 16 participants,
13 were reported to be right-handed. An additional eight
adults were tested but excluded because seven had insuf-
ficient gaze data (see Gaze Measures subsection), and
one experienced technical failure.

All participants had self-reported normal hearing and
normal or corrected-to-normal vision, were free of neuro-
logical diseases, and provided written informed consent.
The participants took part in this study as part of a Psychol-
ogy course requirement and received research participa-
tion points. This study was approved by the Human
Research Ethics Committee at Western Sydney University
(Approval Number H11517). The study adhered to the
approved protocol regarding participant recruitment, data
collection, and data management.

Stimuli

Two sets of 30 short speech passages were recorded, one
in IDS (reported in Tan et al., 2022) and one in ADS. The
only difference between the content of the IDS and ADS
stimuli was the omittance of the word “baby” from two of
the ADS speech passages (1 and 15; Appendix). IDS and
ADS utterances represented the prosodic properties of
the two registers: IDS utterances were significantly slower,
had higher mean pitch, and had greater pitch range than
ADS utterances as it is shown in Table 1.
Sixty (30 passages × 2 registers) AV recordings were

made by a female native speaker of Australian English
experienced in producing IDS and ADS. The recordings
consisted of a close-up of the speaker’s face and shoulders
against a white background. There were three presenta-
tion modes: AO, VO, and AV. Unimodal auditory and visual
recordings were extracted separately from the AV record-
ings to form AO and VO conditions. In the AO condition, a
still image of the speaker’s resting face was displayed on
the screen as the auditory track was played to control
for luminance. In the VO condition, the dynamic video
of the speaker’s talking face was presented in silence. In
the AV condition, both the dynamic video and its sound-
track were played together. The auditory recordings were
sampled at 44.1 kHz with a 16-bit resolution.
IDS and ADS were presented in two separate blocks,

with the order of IDS and ADS presentations counter-
balanced across participants. Within each speech type,
stimulus presentation order was randomized across
modalities, in such a manner that the same sentence
did not appear in two modalities on consecutive trials.

Procedure

Participants were informed before the start of the experi-
ment that they were part of a control group for an infant
and child study (Tan et al., 2022). They were also told that
they would be presented with videos of a speaker talking
and were instructed to pay attention to the videos. Partic-
ipants sat approximately 70 cm away from the center of an
LCD screen. Their gaze data were recorded using a Tobii
X120 eye tracker positioned below the screen, and their
continuous EEG data were recorded with a 128-channel
Hydrocel Geodesic Sensor Net, NetAmps 300 amplifier,
and NetStation 4.5.7 software (EGI Inc) at a sampling rate
of 1 kHz, with the reference electrode placed at Cz. Elec-
trode impedances were kept below 50 kΩ. The EEG
recordings were saved for offline analyses. Stimulus

Table 1. Average (SD) Duration, Mean F0, and F0 Range for the Utterances Used as Auditory Stimuli in IDS and ADS

Measure IDS ADS t Test

Duration (msec) 1696.88 (659.37) 1314.93 (587.98) t(122) = 20.599, p < .001, d = 1.857

Mean F0 (Hz) 245.98 (35.80) 221.29 (34.30) t(122) = 7.527, p < .001, d = 0.679

F0 Range (Hz; Max F0–Min F0) 294.01 (100.35) 253.61 (80.53) t(122) = 4.026, p < .001, d = 0.363
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presentation was controlled using Presentation software
(Neurobehavioural Systems). Triggers indicating the start
and end of each trial were recorded along with the EEG.
Eye-tracking recordings were co-registered with EEG
recordings to ensure that participants were attending to
the screen and to examine whether gaze behavior modu-
lates cortical tracking of the speech envelope.

Data Processing

The preprocessing and data analysis pipeline used here
was identical to that reported in Tan and colleagues (2022).

Preprocessing

EEG data were preprocessed using EEGLAB (Delorme &
Makeig, 2004), FieldTrip (Oostenveld, Fries, Maris, &
Schoffelen, 2011), NoiseTools (https://audition.ens.fr/adc
/NoiseTools/), mTRF Toolbox (Crosse, Di Liberto, Bednar,
et al., 2016), and custom scripts in MATLAB R2019a
(MathWorks Inc.). EEG data from the three outer rings of
the net were removed for our comparison with infants
and children (Tan et al., 2022) because these channels have
been found to be very noisy in infants and children (Di
Liberto et al., 2018; Kalashnikova et al., 2018; Folland, Butler,
Payne, & Trainor, 2015). Data from the remaining 92 chan-
nels were high-pass filtered at 0.1 Hz and low-pass filtered at
12HzwithButterworth 8th order filters. An artifact subspace
reconstruction (Kothe & Jung, 2014) was applied to remove
noise. Finally, EEG data were rereferenced to the average
of all channels (e.g., Kalashnikova et al., 2018) and later
downsampled to 100 Hz to reduce processing time.
To investigate the impact of visual speech cues on the

cortical tracking of auditory speech, preprocessing of the
speech stimuli followed the method described in Jessen,
Fiedler, Münte, and Obleser (2019). The auditory sound-
tracks of each video were extracted, downsampled to
100 Hz to match the sampling rate of the EEG data, and
characterized using the broadband speech envelope of
the acoustic signal using the NSL toolbox, which models
the auditory peripherical and subcortical processing
stages (Ru, 2001). The broadband temporal envelope of
each soundtrack was obtained by summing up the band-
specific envelopes across all 128 logarithmically spaced
frequency bands between 0.1 and 4 kHz.

EEG Analysis

Cortical tracking of the speech envelope was measured by
estimating the linear mapping between the stimulus
speech envelope and the corresponding neural responses
toAO, VO, andAV stimuli.Here, the stimulus–responsemap-
ping function is modeled in the forward direction using the
mTRF Toolbox (see Crosse, Di Liberto, Bednar, et al. [2016]
for details), that is, the resulting model describes an optimal
linear transformation from the stimulus domain to the
neural-signal domain. Such a model is fit by conducting a

lagged ridge regression between the envelope and the
EEGdata while accounting for probable time delays between
speech and the corresponding neural response. The regres-
sion weights obtained using this procedure are taken as an
estimate of the TRF between the envelope and EEG
response at each channel. Significant nonzero weights at a
given EEG channel reflect time lags where cortical activity
is related to stimulus encoding (Haufe et al., 2014).

Instead of computing individual response functions for
each participant, the subject-independent approach was
used (see Di Liberto & Lalor, 2017). This involves comput-
ing an average response function over n-1 participants that
is then used to predict the EEG signal of the nth participant
via a leave-one-out cross-validation. This subject-dependent
modeling approach has been shown to yield better results
than the subject-dependent modeling approach when
applied to short (5-min) EEG recordings from adults
(Jessen et al., 2019). In addition, this approach was used
to be consistent with our previous study (Tan et al., 2022)
that compared part of these data to infant and child data.

TRFs were initially calculated for each condition at time
lags between−200 and 1000 msec before selecting a tem-
poral region of the TRF (0–600 msec) because no visible
response emerged outside of this range. This window
was also chosen because TRFs can be interpreted similarly
to ERPs (Crosse et al., 2015), and previous research
reported a N1/P2 complex in auditory ERPs associated
with AV speech that occurs within 100–200 msec after
the onset of an auditory stimulus (e.g., Pilling, 2009; van
Wassenhove, Grant, & Poeppel, 2005; Besle, Fort, Delpuech,
&Giard, 2004). As Tan and colleagues (2022) also found
TRFs up to 400 msec, the window of 0–600 msec was cho-
sen. A leave-one-out cross-validation using Tikhonov regu-
larization was conducted to assess how well the unseen
EEG data could be predicted based on the TRF. The regu-
larization parameter of the ridge regression was set to λ=
100 for all participants. This value was chosen to mitigate
the potential failure of parameter tuning because of the
limited amount of data available (for a discussion, see
Crosse et al., 2021). The Pearson correlation coefficient
between the predicted and original EEG responses at each
electrode was computed to quantify prediction accuracy.
Correlation values that are significantly greater than zero
indicate that EEG data indeed reflect the encoding of the
speech envelope. To investigate AV speech benefit (A +
V), TRFs were computed and compared with AV TRFs in
accordance with the additive model criterion (Stein &
Meredith, 1993) as was done in previous studies with
similar paradigms (e.g., Crosse, Di Liberto, Bednar,
et al., 2016; Crosse et al., 2015). The rationale for the addi-
tive model criterion is that multisensory integration can be
inferred from the differences between cortical responses
to multisensory stimuli and the summation of cortical
responses to unisensory stimuli, that is, [AV − (A + V)].
The validity of using the additive model to index multisen-
sory integration in electrophysiological studies is well
established (Besle et al., 2004). As in Crosse and
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colleagues (2015), (A + V) TRFs were derived from the
algebraic sum of AO and VO TRFs. The AV speech benefit
was quantified as the difference in prediction accuracy for
AV TRFs relative to A + V TRFs, that is, [AV > (A + V)].

Gaze Measures

Participants’ eye movements were recorded using a Tobii
X120 eye tracker, which sampled gaze data at a rate of
120 Hz. Areas of interest (AOIs) of equal dimensions
(640 × 340 pixels) covering the top half and bottom half
of the speaker’s face demarcated the speaker’s eye and
mouth regions (Figure 1). Gaze data points for each trial
were extracted to calculate the proportion of total looking
time (PTL) to these AOIs and to index attention as was
done in previous investigations of selective attention to a
speaker’s eyes and mouth (e.g., Morin-Lessard, Poulin-
Dubois, Segalowitz, & Byers-Heinlein, 2019):

1. Attention ¼ total looking duration to the screen
trial duration

h i
; (hereafter

referred to as Attention).
2. Proportion looking to the speaker’s eye region

( h e r e a f t e r r e f e r r e d t o a s P T L e y e s )
¼ total looking duration to eyes

total looking duration to the screen

h i
:

3. Proportion looking to the speaker’s mouth region
( he r e a f t e r r e f e r r e d t o a s PT L Mou t h )
¼ total looking duration to mouth

total looking duration to the screen

h i
:

For analysis purposes, participants were required to have
at least 10 out of 30 common trials across the three
conditions (AO, VO, and AV) with a minimum of 15%
attention for each speech type (IDS and ADS) to be
included in the final sample. The mean number of trials
per condition included in the analyses is 25.25 for IDS
and 25.50 for ADS, and the mean levels of attention
across conditions are 78.46 for IDS and 81.12 for ADS.

Statistical Analyses

All statistical analyses were conducted using custom
scripts in MATLAB R2020a (MathWorks Inc.).
Prediction accuracies of the TRFs were quantified by

Pearson correlation coefficient between the predicted
and original EEG responses at each electrode. To examine
the presence of cortical tracking across electrodes, mean
prediction accuracies across all electrodes were averaged
and then tested against zero. To examine whether cortical
tracking differed between conditions and speech type, a 2
(Speech Type: IDS vs. ADS) × 3 (Condition: AO vs. VO vs.
AV) repeated-measures ANOVA was conducted with predic-
tion accuracy as the dependent variable. To investigate the
AV speech benefit, a 2 (Speech Type: IDS vs. ADS)× 2 (Con-
dition: AV vs. [A + V]) repeated-measures ANOVA was con-
ducted with prediction accuracy as the dependent variable.
To examine gaze behavior, 2 (Speech Type: IDS vs. ADS)×3
(Condition: AO vs. VO vs. AV) repeated-measures ANOVAs
were conductedwith PTL eyes and PTLmouth as dependent
variables. In cases where the assumption of sphericity was
violated, the Greenhouse–Geisser-corrected degrees of free-
dom are reported. When required, post hoc comparisons
were conducted using two-tailed paired-samples t tests with
Bonferroni-adjusted alpha levels for multiple comparisons.
To examine the relationship between gaze behavior and cor-
tical tracking, Pearson correlation analyses were conducted
for each condition between (1) cortical tracking and PTL
eyes, and (2) cortical tracking and PTLmouth, where cortical
tracking is quantified by TRF prediction accuracy.

RESULTS

Prediction Accuracies

TRF prediction accuracies were tested against zero to assess
envelope tracking. Envelope tracking was then compared
between conditions and speech types (Figure 2A). Of inter-
est are (1) the differences between cortical tracking of AO,
VO, and AV speech in IDS and ADS, (2) the presence of an
AV speech benefit as quantified by the additive criterion
[i.e., AV > (A + V)] in IDS and ADS, and (3) the differences
between cortical tracking of IDS and ADS. One-sample
t tests were first conducted to test prediction accuracies
against zero. Next, one-way ANOVAs were conducted for
each speech type with their respective prediction accura-
cies as the dependent variable to examine whether predic-
tion accuracies differed between conditions. Subsequent
post hoc comparisons were conducted using two-tailed
paired-samples t tests with Bonferroni-adjusted alpha levels
where multiple comparisons were made.

Evidence of Cortical Tracking of the Speech Envelope

IDS. One-sample t tests1 revealed that prediction accuracy
averaged across all electrodes of AO and AV TRFs, AO:
t(15) = 3.14, p = .007, Hedges’ g = 0.81; AV: t(15) = 5.84,
p < .001, Hedges’ g = 1.51, were significantly greater thanFigure 1. AOIs defined for the speaker’s eye and mouth regions.
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Figure 2. Bar graphs depicting (A) prediction accuracy, (B) attention, (C) PTL eyes, and (D) PTL mouth across conditions and speech types. Error
bars represent SEMs. *p < .05, **p < .01, ***p < .001 for paired-samples t tests with Bonferroni-adjusted alpha levels.

Figure 3. (A) Topographies and TRFs of frontal, occipital, and temporal locations, and (B) prediction accuracy of TRFs for IDS. Topographies are
shown from 0 to 400 msec only because TRF peaks occur at around 100/150/200 msec as reported in the speech literature (e.g., Fiedler et al., 2019).
Prediction accuracy averaged across all electrodes of AO and AV TRFs was significantly greater than zero (AO: p = .007; AV: p < .001). When
compared between conditions, prediction accuracy of AV TRFs was significantly greater than AO (p = .001) and VO TRFs (p < .001) and prediction
accuracy of AO TRFs was significantly greater than VO TRFs (p < .001). Prediction accuracy of AV TRFs was also significantly greater than (A + V)
TRFs (p < .001), indicating that there was an AV speech benefit for IDS.
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zero, whereas prediction accuracy of VO TRFs was not,
t(15) = −0.45, p = .66, Hedges’ g = 0.11. See Figure 3
for topographies of TRF weights and prediction accuracy.

ADS. One-sample t tests indicated that prediction accu-
racy of AO and AV TRFs were significantly greater than
zero, AO: t(15) = 5.43, p < .001, Hedges’ g = 1.40; AV:
t(15) = 2.59, p = .02, Hedges’ g = 0.67, whereas predic-
tion accuracy of VO TRFs was not, t(15) =−0.88, p= .39,
Hedges’ g = 0.23. See Figure 4 for topographies of TRF
weights and prediction accuracy.

IDS versus ADS

A Speech Type (IDS vs. ADS) × Condition (AO vs. VO vs.
AV ) repeated-measures ANOVA was conducted to

examine the differences in cortical tracking of the speech
envelopes. The main effect of Speech Type was not signif-
icant, F(1, 15) = 0.16, p= .70, ηp

2 = .01, whereas the main
effect of Condition was significant, F(2, 30) = 20.73, p <
.001, ηp

2 = .58, and so was the Speech Type × Condition
interaction, F(2, 30) = 3.61, p= .04, ηp

2 = .14. The means
and standard deviations of prediction accuracy for each
speech type and condition are reported in Table 2.
Subsequent post hoc paired-samples t tests with

Bonferroni-adjusted alpha level of .016 (.05/3) were con-
ducted to compare the difference in cortical tracking
between conditions. For IDS, prediction accuracy of
AO TRFs was significantly greater than that of VO TRFs,
t(15) = 4.60, p < .001, Hedges’ g = 0.13, and prediction
accuracy of AV TRFs was significantly greater than that of
AO and VO TRFs, AO: t(15) = 4.05, p= .001, Hedges’ g=

Figure 4. (A) Topographies and TRFs of frontal, occipital, and temporal locations, and (B) prediction accuracy of TRFs for ADS. Prediction accuracy
averaged across all electrodes of AO, AV, and (A + V) TRFs was significantly greater than zero (AO: p < .001; AV: p = .02; A + V: p = .04). When
compared between conditions, prediction accuracy values of AO and AV TRFs were significantly greater than VO TRFs (AO vs. VO: p< .001; AV vs. VO:
p = .008). Prediction accuracy of AV TRFs was not significantly greater than (A + V) TRFs, indicating that there was no AV speech benefit for ADS.

Table 2. Means (and Standard Deviations) of Prediction Accuracy, Attention, PTL Eyes, and PTL Mouth Across Speech Types and
Conditions

Prediction Accuracy (r) Attention (%) PTL Eyes (%) PTL Mouth (%)

IDS ADS IDS ADS IDS ADS IDS ADS

AO .007 (.008) .011 (.008) 74.93 (11.69) 76.73 (12.49) 32.05 (22.96) 36.80 (27.27) 8.05 (12.50) 5.82 (9.39)

VO −.0009 (.008) −.001 (.005) 80.11 (13.45) 84.58 (12.82) 22.16 (20.53) 27.87 (24.48) 18.66 (24.38) 14.40 (22.42)

AV .017 (.012) .011 (.017) 80.34 (11.14) 82.06 (12.93) 31.54 (22.72) 34.95 (26.19) 10.44 (15.81) 8.75 (13.58)

A + V .004 (.009) .007 (.013) – – –
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1.05; VO: t(15) = 7.43, p < .001, Hedges’ g = 1.87. For
ADS, prediction accuracy of AO TRFs was significantly
greater than VO TRFs, t(15) = 5.36, p < .001, Hedges’ g =
1.81, but not significantly different from that of AV TRFs,
t(15) =−0.20, p= .85, Hedges’ g= 0.06. Prediction accu-
racy of AV TRFs was significantly greater than that of VO
TRFs, t(15) = 3.06, p = .008, Hedges’ g = 1.00. Compari-
sons between speech types did not reveal statistically sig-
nificant differences, AO: t(15)= 1.33, p= .20, Hedges’ g=
0.43; VO: t(15)=0.13,p=.90,Hedges’ g=0.04; AV: t(15)=
1.53, p= .15, Hedges’ g= 0.39.
To examine the AV speech benefit, a Speech Type (IDS vs.

ADS)×Condition (AV vs. A+V) repeated-measures ANOVA
was conductedwith prediction accuracy values as the depen-
dent variable. Themain effect of Speech Type was not signif-
icant, F(1, 15) = 0.15, p= .71, ηp

2 = .010, but themain effect
of Condition was significant, F(1, 15)= 12.92, p= .003, ηp

2 =
.46. Notably, there was a significant Speech Type × Condi-
tion interaction, F(1, 15) = 8.52, p = .01, ηp

2 = .51. Subse-
quent post hoc comparisons between conditions for each
speech type revealed that the difference between AV and
(A + V) was significant only for IDS, t(15) = 4.53, p <
.001, Hedges’ g = 1.16, but not for ADS, t(15) = 1.38, p =
.19, Hedges’ g=0.24. These results indicate that participants
experienced an AV speech benefit during IDS but not ADS.

Looking Behavior

Attention

As a preliminary analysis, attention was compared
between speech types, because if attention is significantly
different between speech types, then attention may be a
potential confound for the gaze pattern analyses. The means
and standard deviations of attention for each speech type and
condition are reported in Table 2. A Speech Type (IDS vs.
ADS) × Condition (AO vs. VO vs. AV) repeated-measures
ANOVA revealed only a significant main effect of Condition,
F(0.85, 12.72) = 15.88 with Greenhouse–Geisser correction,
p < .001, ηp

2 = .51. Subsequent paired-samples t tests
revealed that attentionduring AO trials was significantly lower
than VO and AV trials, AO vs. VO: t(31) = −5.03, p < .001,
Hedges’ g = 0.51; AO vs. AV: t(31) = −4.24, p < .001,
Hedges’ g = 0.44, whereas attention between VO and AV
trials was not significantly different, t(31) = 1.24, p = .23,
Hedges’ g = 0.89. Neither the main effect of Speech Type
nor the Speech Type × Condition interaction were signifi-
cant, Speech Type: F(0.85, 6.36) = 1.16 with Greenhouse–
Geisser correction, p = .30, ηp

2 = .07; Speech Type ×
Condition: F(0.85, 12.72) = 0.98 with Greenhouse–
Geisser correction, p = .39, ηp

2 = .06, indicating that
participants attended to IDS and ADS trials similarly.

PTL Eyes

A Speech Type (IDS vs. ADS) × Condition (AO vs. VO vs.
AV ) repeated-measures ANOVA was conducted to

examine whether the amount of time spent looking at
the speaker’s eye region differed between speech types
and conditions. The main effect of Condition was signifi-
cant, F(1.12, 16.80) = 6.96 with Greenhouse–Geisser cor-
rection, p < .001, ηp

2 = .32, whereas the main effect of
Speech Type, F(0.56, 8.40) = 2.18 with Greenhouse–
Geisser correction, p = .16, ηp

2 = .13, and the Speech
Type × Condition interaction were not significant,
F(1.12, 16.80) = 0.48 with Greenhouse–Geisser correc-
tion, p = .62, ηp

2 = .031. Paired-samples t tests were con-
ducted to examine the main effect of Condition. PTL eyes
was greater in AO and AV conditions compared with the
VO condition, AO vs. VO: t(31) = 3.97, p < .001, Hedges’
g = 0.38; AV vs. VO: t(31) = 4.35, p < .001, Hedges’ g =
0.33, but PTL eyes was not significantly different during
AO and AV trials, t(31) = 0.60, p = .55, Hedges’ g = 0.05
(Figure 2B). The means and standard deviations of PTL
eyes for each speech type and condition are reported
in Table 2.

PTL Mouth

A Speech Type (IDS vs. ADS) × Condition (AO vs. VO vs.
AV) repeated-measures ANOVA was conducted to exam-
ine whether PTL mouth differed between speech types
and conditions. The main effect of Speech Type and the
main effect of Condition were significant, Speech Type:
F(0.32, 4.86) = 5.09 with Greenhouse–Geisser correction,
p = .039, ηp

2 = .25; Condition: F(0.65, 9.72) = 6.38 with
Greenhouse–Geisser correction, p = .015, ηp

2 = .30, but
the Speech Type × Condition interaction was not signifi-
cant, F(0.65, 9.72) = 1.95 with Greenhouse–Geisser cor-
rection, p= .18, ηp

2 = .12. Paired-samples t tests indicated
that PTL mouth was significantly greater during VO com-
pared with AO and AV trials, VO vs. AO: t(31) = 3.69, p <
.001, Hedges’ g = 0.51; VO vs. AV: t(31) = 3.78, p < .001,
Hedges’ g = 0.35, whereas PTL mouth during AO and AV
trials was not significantly different, t(31) = −2.00, p =
.054, Hedges’ g = 0.20 (Figure 2C). The main effect of
Speech Type indicates that PTL mouth was greater during
IDS compared with ADS trials. As the Speech Type × Con-
dition interaction was not significant, no further post hoc
tests were conducted. The means and standard deviations
of PTL mouth for each speech type and condition are
reported in Table 2.

Relationship between Prediction Accuracy and
Gaze Measures

Pearson correlations were conducted to investigate
whether gaze measures (PTL eyes and PTL mouth) were
related to prediction accuracy. None of the correlations
were significant (IDS: all rs < .13, all ps > .48; ADS: all
rs < .22, all ps > .42).

Additional exploratory correlational analyses between
attention and prediction accuracy were conducted to
clarify these unexpected nonsignificant results. These
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analyses revealed that prediction accuracy of AO and VO
TRFs in IDS were negatively correlated with attention,
AO: r(15) = −.55, p = .02; VO: r(15) = −.68, p = .004,
whereas the prediction accuracy of AV TRFs in ADS was
positively correlated with attention, r(15) = .70, p =
.002 (Figure 5).

DISCUSSION

To examine the relationship between looking behavior
and cortical tracking of speech, eye-tracking and EEG data
were simultaneously recorded as adults were presented
continuous IDS and ADS segments in auditory, visual,
and AVmodalities. Analyses indicated that cortical tracking
of the speech envelope was significant in AO and AV
modalities for both IDS and ADS. Notably, participants
showed an AV speech benefit during IDS but not during
ADS trials. In IDS, cortical tracking accuracy of AV trials
was greater than AO trials, whereas for ADS, cortical track-
ing accuracy of AV trials was not different from AO trials. In
addition, gaze behavior to the eyes and mouth differed
between IDS and ADS. Finally, gaze measures (i.e., PTL
eyes and PTL mouth) were not correlated with cortical
tracking of IDS and ADS. These three issues—the AV
speech benefit, gaze behavior, and cortical tracking-gaze
behavior correlations are considered in turn below.

An AV Speech Benefit for IDS But Not ADS

In line with previous research (e.g., Crosse, Di Liberto,
Bednar, et al., 2016; Ding & Simon, 2014; Giraud &

Poeppel, 2012), adults in this study showed cortical track-
ing of the speech envelope in both AO and AV conditions.
Most importantly, there was an AV speech benefit for IDS
but not for ADS. Although the exaggerated properties of IDS
enhance speech processing for infants (e.g., Kalashnikova
et al., 2018), it is possible that the same properties may
hinder speech processing for adults because adults do
not expect to be spoken to in IDS, although they can pro-
duce it quite naturally.
Although the IDS and ADS stimuli in this study were

spoken by the same speaker and were nearly identical
in content (except for the use of the word “baby” in
IDS but not ADS), they differed significantly in acoustic
properties. Thus, although the passages produced in
the two registers should have been equally easy to com-
prehend, our findings suggest that the properties of the
auditory ADS signal alone were sufficient for adults’
speech processing without the aid of visual speech infor-
mation, but in IDS, an additional factor over and above
the speech content presumably made the IDS passages
less easy to process.
In difficult listening conditions, visual speech cues

especially enhance speech perception. Behavioral studies
report a near-ubiquitous AV speech benefit in quiet (e.g.,
Fort et al., 2013; Navarra & Soto-Faraco, 2007) and in
noise (e.g., Moradi et al., 2013; Ross, Saint-Amour, Leavitt,
Javitt, & Foxe, 2007; Schwartz et al., 2004; Erber, 1969)
and that the extent of this benefit is also larger during
adverse listening conditions (Ross et al., 2007). In this
regard, Crosse, Di Liberto, Bednar, and colleagues
(2016) provided neurophysiological evidence for greater

Figure 5. Scatter plots and correlations between attention and prediction accuracy for (A) IDS and (B) ADS.
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enhancement of tracking of the speaker’s speech enve-
lope when AV speech was embedded in noise than
when AV speech was presented in quiet. As in Crosse,
Di Liberto, Bednar, and colleagues (2016), adults in the
current study showed an AV gain during an atypical
listening condition (IDS). Therefore, our findings suggest
that visual speech cues may ameliorate the challenges that
unimodal IDS imposes on adults’ speech perception
because such cues are temporally synchronous with the
auditory signal (Bahrick & Lickliter, 2002) or may be
complementary in that they help disambiguate highly
confusable phonemes (Potamianos, Neti, Gravier, Garg,
& Senior, 2003). Although the evidence is consistent with
IDS entailing difficult listening conditions for adult lis-
teners, further work that includes comprehension tests
and questionnaires on adults’ perception of IDS stimuli
is required.
One hypothesis for the neural mechanisms underlying

the AV speech benefit is that the onset of visual speech
cues resets the phase of ongoing oscillations in the audi-
tory cortex (Mercier et al., 2015; Lakatos, Karmos, Mehta,
Ulbert, & Schroeder, 2008). Articulatory information from
lip movements correlates strongly with their correspond-
ing speech sounds (Chandrasekaran et al., 2009, but see
Schwartz & Savariaux, 2014), and the degree of syllable
visual predictability influences functional connectivity
between the auditory and visual cortices (Arnal, Morillon,
Kell, & Giraud, 2009). So, it is postulated that the phase-
reset puts the auditory cortex in a receptive and excitable
state (Lakatos, Chen, O’Connell, Mills, & Schroeder,
2007) that allows for predictions of the upcoming audi-
tory signal to be encoded (Arnal, Wyart, & Giraud,
2011) and for the predicted input to be processed more
easily (Henry & Obleser, 2012; Friston, 2010). Support
for this hypothesis comes from findings that visual
speech information phase-resets the low-frequency neu-
ronal oscillations in the auditory cortex and that this
phase-reset amplifies the strength of cortical responses
to the auditory signal (Mégevand et al., 2020). In
addition, the amount of predictive information provided
by visual speech cues is positively correlated with
the degree of AV speech benefit experienced (van
Wassenhove et al., 2005). As an example, visual speech
cues that are related to the place of articulation will pro-
vide predictive information because these cues can be
observed readily from the speaker’s articulatory move-
ments and are not affected by background noise (Grant
& Bernstein, 2019). The presence of an AV speech bene-
fit only for IDS and not for ADS in our study suggests that
visual speech cues played a larger role in processing IDS
than in ADS, hinting at the possibilities that the degree of
phase-reset is lower for IDS compared with ADS, and/or
that the extent of phase alignment before phase-reset is
lower for IDS than for ADS. Nevertheless, further research
is required because the exact neuronal mechanisms under-
lying the AV speech benefit remain unclear although
there are extensive behavioral and neurophysiological

findings that visual speech information modulates speech
perception.

The AV Speech Benefit and Gaze Behavior

The AV speech benefit is assumed to rely on individuals’
attention to a speaker’s talking face to pick up on available
visual speech information. Previous studies have found
that adults generally fixate on the speaker’s eyes (Lewkowicz
& Hansen-Tift, 2012) but shift their focus to the speaker’s
mouth when listening conditions become difficult or
when the auditory signal is unreliable (Birulés, Bosch,
Pons, & Lewkowicz, 2020; Yi, Wong, & Eizenman, 2013).
The same pattern is found in this study: Participants
attended to themouthmore during IDS than ADS and dur-
ing VO trials than AO and AV trials in both IDS and ADS.
This pattern of gaze behavior is argued to be part of an
information-seeking strategy and is in accordance with
the cognitive relevance hypothesis (Henderson, Malcolm,
& Schandl, 2009), which postulates that visual attention is
driven by current information-gathering needs more than
by visual salience. For instance, Lusk and Mitchel (2016)
found that, when presented with AV recordings of a
speaker producing trisyllabic words from an artificial lan-
guage, adults attended most to the speaker’s mouth, but
their attention to the mouth decreased as they became
more familiar with the artificial language.

If, according to the cognitive relevance hypothesis,
attention to the mouth is an information-seeking strategy,
then one would expect a positive correlation between cor-
tical tracking accuracy and PTL mouth. However, correla-
tional analyses conducted to examine the relationship
here between cortical tracking accuracy and looking
behavior to the eye and mouth regions were not signifi-
cant. This conflicts with the premise of the cognitive rele-
vance hypothesis that gaze behavior to the speaker’s
mouth is an information-seeking strategy. Other studies
have also failed to find a relationship between adults’ look-
ing behavior and speech recognition performance
(Buchan, Paré, & Munhall, 2008; Buchan et al., 2007), so
the present results are not entirely unexpected. At first
glance, this calls into question the utility of such an
information-seeking strategy in which adults redirect their
attention to the speaker’s mouth region especially in diffi-
cult listening conditions. However, it is also possible that
the looking behavior does not accurately index the AV
speech benefit. Recent findings that the extent to which
listeners benefit from the presence of visual speech com-
pared with increased acoustic clarity is correlated with
their lip-reading ability (Aller, Økland, MacGregor, Blank,
& Davis, 2022) suggests that a listener’s lip-reading
ability—rather than the looking behavior to the speaker’s
mouth per se—may reflect more precisely their capacity
to derive an AV speech benefit.

Exploratory correlational analyses were conducted to
clarify the null results from correlational analyses between
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gaze measures (PTL eyes and PTL mouth) and cortical
tracking accuracy. These analyses revealed a significant
negative correlation between the overall attention to the
visual display and cortical tracking accuracy of AO and
VO trials in IDS, and a significant positive correlation
between attention and cortical tracking accuracy of AV tri-
als in ADS. These correlations provide additional insights
when considered alongside the correlational analyses
conducted for PTL eyes and PTL mouth.

The positive correlation between attention and cortical
tracking accuracy of AV trials in ADS provides indirect sup-
port for previous AV speech benefit research by showing
that gaze behavior is associated with cortical tracking of
continuous AV speech but suggests that general gaze
behavior to the screen, the whole display—and not gaze
behavior to a particular region of the speaker’s face—is
sufficient for acquiring linguistic information during
speech processing. Indeed, visual speech information
gleaned from the periphery can still be accurately pro-
cessed (Paré, Richler, ten Hove, & Munhall, 2003), sug-
gesting that direct eye-gaze patterns may not necessarily
entirely index all the visual information that has been pro-
cessed because they do not include information processed
in peripheral vision.

The negative correlation between attention and cortical
tracking found in VO in IDS suggests that visual speech
cues from IDS may hinder rather than aid speech percep-
tion, and this is quite possibly because IDS is also con-
veyed through exaggerated facial expressions (Chong
et al., 2003), which are unexpected in speech directed to
adult listeners. Drawing on previous findings that eyebrow
and rigid head movements are related to changes in fun-
damental frequency ( Yehia, Kuratate, & Vatikiotis-
Bateson, 2002; Cavé et al., 1996) and prosody (Cvejic,
Kim, & Davis, 2010; Munhall, Jones, Callan, Kuratate, &
Vatikiotis-Bateson, 2004), and that inaccurate articulatory
information by nonnative English speakers hampers pho-
neme recognition by native listeners (Kawase et al., 2014),
it could be speculated that the exaggerated head and lip
movements in the silent videos in IDS VO trials (devoid
of their auditory concomitants) were detrimental to partic-
ipants’ speech perception. The presumed oddity of visual
speech cues involved in IDS to adults (especially when
highlighted in VO speech) may compound the costs
involved in processing the auditory signal of IDS. Speech
perception is inherently predictive: Listeners process the
incoming speech signal while actively anticipating upcom-
ing information (Clark, 2013) to facilitate and reduce the
processing load (Pickering & Garrod, 2007). These predic-
tive mechanisms are affected when acoustic properties
deviate from expectations—as in foreign-accented speech
and presumably in IDS (Räsänen, Kakouros, & Soderstrom,
2018). Listeners of foreign-accented speech entertain
more candidate words (i.e., a larger lexical-semantic
neighborhood) for longer durations even after successful
comprehension (Porretta & Kyröläinen, 2019), likely
because of the uncertainty of the auditory signal (Brouwer

& Bradlow, 2016). Further evidence for the adverse effects
of atypical speech on speech processing comes from
reduced effectiveness of auditory primes as a speaker’s
accent becomes thicker (Porretta, Tucker, & Järvikivi,
2016), suggesting that the predictive mechanisms are
implicated when the speech signal differs fromwhat is typ-
ically experienced (Porretta et al., 2020).
A possible explanation for the negative correlation

between prediction accuracy and attention in the AO con-
dition in IDS is that participants were inattentive although
they were looking at the screen. It may be that the auditory
recordings and the static photo of the speaker’s face are
not as striking as the dynamic AV or VO conditions.
Although participants were instructed to listen attentively
to the speaker, there may have been instances where their
minds wandered during AO trials. This is supported by
research showing that mind wandering in adults tends to
produce long fixations (e.g., Krasich et al., 2018; Bixler &
D’Mello, 2016; Foulsham, Farley, & Kingstone, 2013) and
is associated with increased looking durations on the
speaker’s image (Zhang, Miller, Sun, & Cortina, 2020).
To clarify whether this is indeed the case, future studies
could include a self-report measure of mind wandering
and, more objectively, a comprehension test at the end
as ameasure of attention. Future work could also compare
passages differing in comprehension difficulty to modu-
late inattention.

Limitations and Future Directions

The explanations raised here regarding the correlational
results between cortical tracking and looking behavior
remain speculatory and await future research. To deter-
mine whether participants perceive visual speech cues
of IDS as unexpected, odd, and/or distracting, future stud-
ies could include a short questionnaire, and participants
could also be asked to report their familiarity with IDS.
For instance, participants who have infants in their house-
holds may be more familiar with IDS and may show stron-
ger cortical tracking accuracy of IDS than participants who
have almost no exposure to or experience in producing
IDS. Next, to determine whether visual speech cues of
IDS impede the predictive mechanisms underlying
speech perception, future studies could examine IDS
by implementing a gating paradigm as used in previous
AV speech perception studies (e.g., Moradi, Lidestam,
Saremi, & Rönnberg, 2014; Moradi et al., 2013). In these,
participants could be presented AV sentences in increasing
gates until a target is correctly identified. If IDS is more
challenging to process than ADS, then participants should
require more time for correct identification of IDS targets
than ADS targets. Such a study would directly address the
issue of whether there are costs involved in adults’ pro-
cessing of IDS.
Although the present study did not explicitly measure

listening effort, future studies should also include a rating
scale for participants to rate their perception of the degree
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of listening effort required for IDS and ADS. This measure-
ment would then allow for direct conclusions to be drawn
between participants’ perceived listening effort and their
behavioral performance in AV speech perception tasks.
Including an additional physiological measure such as
pupil dilation (de Gee, Correa, Weaver, Donner, & van
Gaal, 2021) or skin conductance response ( Jang, Park,
Park, Kim, & Sohn, 2015) as a marker of surprise may aid
in teasing apart whether IDS deviates from expectations
and whether this deviation modulates listening effort.
Another possible future direction is to compare the

extent of AV speech benefit experienced in different listen-
ing conditions. Most research investigating speech per-
ception in suboptimal listening conditions uses paradigms
that involve vocoded speech (Bernstein, Auer, Eberhardt,
& Jiang, 2013), multiple speakers (Schwartz et al., 2004;
Rudmann et al., 2003), or varying degrees of speech in
noise (speech-to-noise ratio; Moradi et al., 2013). Varying
acoustic speech intelligibility in amore naturalisticmanner
(as opposed to vocoded speech) and comparing speech
perception in different suboptimal listening conditions
(e.g., IDS, foreign-accented speech, multitalker speech)
would allow the context-dependent contribution of visual
speech cues to speech perception to be discerned.

Conclusion

As expected, based on the evidence for greater AV speech
benefit in cortical tracking when speech is difficult or vio-
lates social expectations of the communicative interaction,
the AV speech benefit here was present for IDS but not for
ADS. This evidence is consistent with the notion that IDS
is an unexpected register for adult listeners, but further
research is required to pinpoint the source of the AV
speech benefit for IDS. In addition, participants attended
more to the speaker’s mouth during IDS than ADS trials,
suggesting that IDS was more challenging to comprehend
than ADS. Accordingly, it was expected that there would
be a correlation between cortical tracking accuracy and
looking behavior to the speaker’s mouth; however, there
was no evidence of this. Nevertheless, exploratory analy-
ses revealed unexpected negative correlations between
attention and cortical tracking of AO and VO trials in
IDS. These unexpected and seemingly contradictory find-
ings are preliminary and call for future studies to examine
further whether there are processing costs involved in
comprehending IDS and, if so, whether such processing
costs occur in unimodal speech but are mitigated by mul-
timodal presentations of IDS.
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APPENDIX

Stimuli

1. Hi baby! How are you today? It’s a wonderful day today! You look happy! Are you ready for some fun?

2. We’re going to read a story now! Do you want to read a story? This story is about a sheep, shoe and shark. Here we go!

3. Here comes the sheep! It’s a lovely sheep! It’s nice and fluffy! The sheep has white wool! Can you feel the soft wool?

4. Does the sheep have a tail? Does the sheep have ears? Can you see the two ears? The nice soft sheep has two ears!

5. This sheep has a black nose! What noise does the sheep make? Ba-a ba-a. You like the sheep, don’t you?

6. Let’s have a look at some pictures! What have we got here? This is a funny picture! Should we look at another picture? Look
at this one!

7. What is this? This is a very nice shoe! What colour is the shoe? It’s a red shoe. I like red shoes!

8. Shoes go on feet! Can we put the shoes on your feet? Do you like the shoes? Do you want to hold the shoes?

9. These are some beautiful flowers! That’s a daisy! There’s a butterfly on the daisy! Can you see the butterfly?

10. Can you see the sky? Look at the blue sky! Isn’t it beautiful? The clouds look like fairy floss!

11. Uh oh! Someone threw the shoe up into the tree! Isn’t that silly? What should we do now?

12. Can you look here? Here is the shark! Can you see the shark? The shark is having a good time!

13. Would you like to clap for me? Clap clap clap! Clap your hands! You love that, don’t you?

14. It’s a beautiful day today! I see the sun shining brightly! It’s really nice that you came to see me today!

15. You came from far away to see me today! It’s really nice to meet you! I hope it’s also the case for you! You are a beautiful
baby!

16. We’re going to the park later! The weather is great for some outdoor time! I bet we’re going to see many dogs! What do
you think?

17. My! Look at those shoes! There are pink flowers on them! Aren’t they pretty? I think I can wear them all day! Do you like
them too?

18. Look! I have four soft toys. How many have you got? My favourite is this brown teddy bear! I take it everywhere with me!

19. What would you like to do today? It’s a very sunny day! Shall we go to the beach? Let’s head to the beach! It’s time to find
our cossies!

20. There’s a little bird over there! It’s green and red and yellow! Oh, look! It’s eating a worm! The little bird must be hungry!

21. A rainbow has seven colours! Red, orange, yellow, green, blue, violet, and indigo. My favourite colour is blue! What’s your
favourite colour?

22. Can you hear that sound? I wonder where it’s coming from! Oh, it’s coming from under that box! Will we take a look?

23. Whee! This is fun! I love playgrounds! My favourite part is the slide! The higher the slide, the better it is! Do you like
slides too?

24. Look! A kitten’s coming my way! It has grey patches all over it! It’s so cute! I want to play with it! Let’s go!

25. It’s me again! Look at what I’ve got! What do we have here? What’s in here? Oh, it’s an apple! I love eating apples!

26. Wow! Look at that tree! It has lots of pretty pink flowers on it! Let’s go closer so we can have a better look!

27. I like going to parks! There’s such a huge space to run about! What about you? Do you like parks too?

28. When the weather gets too hot, I like to wear my cap! The cap keeps the sun off my face. Do you also wear a cap?

29. When the weather gets too cold, I always drink hot chocolate! It keeps me warm! What’s your favourite drink?

30. You’ve been so attentive today! Thank you for listening to me! I enjoyed talking to you! I hope you enjoyed listening to
me too!
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Note

1. It is possible that values different from 0 may still occur by
chance, which would not be captured by one-sample t tests
against 0 (we thank an anonymous reviewer for pointing this
out). To ensure that this was not the case, a permutation test
with 100 randomizations was additionally conducted against a
null distribution of shuffled data for each condition in both
speech types. Shuffled data were derived by randomly shuffling
the order of trials in the stimulus. The permutation tests
showed the same pattern of results as the one-sample t tests:
prediction accuracy values of AO (IDS: p = .015; ADS: p =
.001), AV (IDS: p = .015; ADS: p = .006), and (A + V) (IDS:
p = .011; ADS: p < .001), but not VO (IDS and ADS: ps >
.05), were significantly greater than the shuffled data for both
IDS and ADS.
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