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Abstract

Humans pay special attention to faces and speech from birth, but the interplay of
developmental processes leading to specialization is poorly understood. We investi-
gated the effects of face orientation on audiovisual (AV) speech perception in two age
groups of infants (younger: 5- to 6.5-month-olds; older: 9- to 10.5-month-olds) and
adults. We recorded event-related potentials (ERP) in response to videos of upright
and inverted faces producing /ba/ articulation dubbed with auditory syllables that
were either matching /ba/ or mismatching /ga/ the mouth movement. We observed
an increase in the amplitude of audiovisual mismatch response (AVMMR) to incongru-
ent visual /ba/-auditory /ga/ syllable in comparison to other stimuli in younger infants,
while the older group of infants did not show a similar response. AV mismatch response
to inverted visual /ba/-auditory /ga/ stimulus relative to congruent stimuli was also
detected in the right frontal areas in the younger group and the left and right frontal
areas in adults. We show that face configuration affects the neural response to AV mis-
match differently across all age groups. The novel finding of the AVMMR in response
to inverted incongruent AV speech may potentially imply the featural face processing
in younger infants and adults when processing inverted faces articulating incongruent
speech. The lack of visible differential responses to upright and inverted incongru-
ent stimuli obtained in the older group of infants suggests a likely functional cortical

reorganization in the processing of AV speech.

KEYWORDS
audiovisual mismatch response (AVMMR), audiovisual speech processing, EEG/ERP, face inver-
sion effect, face processing, McGurk effect

(Sams et al., 1991); thus, it is possible that speech may have bi- or

multimodal neural representations early in development (Guellai et al.,

Humans are exposed to speech sounds already in the womb. How-
ever, when they are born, their language experience is not purely
auditory given that speech sounds are normally accompanied by faces
and mouth movements (Weikum et al., 2007). Visual speech not only

facilitates language acquisition but also activates the auditory cortex

Abbreviations: AV, audiovisual; AVMMR, audiovisual mismatch response; AVSI, audiovisual
speech integration; EEG, electroencephalography; ERP, event-related potential.

2014; Kushnerenko et al., 2008; Teinonen et al., 2008).

One of the examples of bimodal speech representation is the
McGurk effect, in which an auditory syllable is dubbed onto a visually
mismatching syllable (speaking lips do not match the speech sound),
for example, auditory (A) /ba/ onto visual (V) /ga/ (McGurk & MacDon-
ald, 1976). Although auditory and visual cues are conflicting, the brain

assimilates them, which results in the perception of the closest legal
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phoneme—in this case, /da/. Different pairs of syllables can result in
other types of illusions, not necessarily producing fused and coherent
percepts. For example, the same syllables in the reversed compound
(auditory /ga/ and visual /ba/) typically result in the illusory perception
of combination /bga/, which in many languages, including Polish and
English, is considered illegal.

The audiovisual speech integration (AVSI) in infants has been widely
tested using the McGurk effect (Burnham & Dodd, 2004; for a review,
see Tomalski, 2015), and studies showed that preverbal infants could
detect the incongruence between auditory and visual stimuli (Lewkow-
icz, 2010). The visual cues from the articulation affect speech percep-
tion, support phonological learning and comprehension (Hazan et al.,
2005), and enhance it under noisy conditions (Grant & Seitz, 2000;
Teinonen et al., 2008). However, facial information facilitates speech
perception only in an upright configuration. Previous adult studies
reported that the McGurk illusion is mitigated by face inversion when
configural facial information is disrupted (Hietanen et al., 2001; Mas-
saro & Cohen, 1996). In addition, the interdependence between these
two processes has been shown in an electrophysiological study using
McGurk stimuli and face inversion. It showed that face configuration
affects speech perception, resulting in a change detection only when
the face is in the upright orientation (Eskelund et al., 2015). Thus, the
configural aspect of face processing may influence the processing of
audiovisual (AV) speech information, especially under incongruent con-
ditions (Jordan & Bevan, 1997). These findings raise questions about
how this overlapping interdependence between AVSI and face pro-
cessing unfolds throughout the first year of life (Rosenblum et al,,
2000).

Newborns show a basic preference for upright faces and face-like
patterns (Farroni et al., 2005; Johnson et al., 1991); however, face
processing undergoes significant changes in infancy (for a review, see
Johnson et al., 2015). With age and experience, infants start to prefer
faces of their own race (Kelly et al., 2007) as well as faces in the upright
rather than inverted orientation. Changes in face processing occur
also as a shift from featural to configural processing. A habituation
study indicated that 4-month-olds process eyes and mouth featurally,
whereas 10-month-olds integrate eyes and mouth into a whole face
(Schwarzer et al., 2007). Extensive electrophysiological research on
face processing shows that from the age of 3 months, infants differen-
tiate between upright and inverted faces (de Haan et al., 2002; Halit
et al., 2003; Peykarjou & Hoehl, 2013). From the age of 6 months,
their neural responses to upright facial configuration become more
pronounced (see de Haan et al., 2002), and it is shown that by the age of
7-9 months, they process faces configurally (Cohen & Cashon, 2001).
These processes are likely the result of experience-dependent special-
ization in the processing of information that is present in an infant’s
environment. This specialization (also known as perceptual narrow-
ing) is not limited to auditory (e.g., native phonemes; Werker & Tees,
1984) or visual processing (Kelly et al., 2007; Krasotkina et al., 2021;
Weikum et al., 2007), but may occur to some extent in all modalities.
Findings that speech and face processing share neural (Belin et al.,
2011; Pascalis et al., 2014) and developmental mechanisms (Krasotk-

ina et al., 2018, 2021), which emerge around the same time, support
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the hypothesis that specialization might be a modality-general, multi-
sensory process (Lewkowicz & Ghazanfar, 2009; Ujiie et al., 2020; for
a review, see Maurer & Werker, 2014). In the present study, we took
infants’ age as a proxy for their level of face specialization. As such, we
tested two groups of infants (younger, aged 5-6.5 months; older, aged
9-10.5 months), which according to previous literature should differ in
their processing of upright versus inverted faces.

The integration of AV speech stimuli has previously been tested
behaviorally as well electrophysiologically in infants. Behavioral stud-
ies reported that integration between auditory and visual information
is possible (Burnham & Dodd, 2004) from 4.5 months of age but
not mandatory (Desjardins & Werker, 2004; Desjardins et al., 1997).
On the neural level, AV speech perception, just like face process-
ing, undergoes a developmental transition around 6-8 months of age
(Kushnerenko, Tomalski, Ballieux, Ribeiro, et al., 2013). Specifically,
previous infant studies that have used electroencephalography (EEG)
in the McGurk paradigm have shown that perception of VbaAga (illegal
combination) in 5-month-olds elicits an event-related component sen-
sitive to the bimodal incongruence, the audiovisual mismatch response
(AVMMR). The presence of AVMMR supports the view that early
experience with visual speech may have an impact on speech per-
ception skills (Kushnerenko et al., 2008). Importantly, in a group of
infants aged 6-9 months, the AVMMR was observed only in those
infants who showed less looking to the mouth relative to the eyes
(Kushnerenko, Tomalski, Ballieux, Ribeiro, et al., 2013). Using both
EEG and eye-tracking methods, these researchers showed that infants
with a more mature pattern of visual scanning (increased attention
to the mouth area relative to the eyes) did not have the AVMMR in
response to the VbaAga stimulus suggesting that AVMMR may be tran-
sient and indexes the lack of integration between signals coming from
two modalities. In younger, 5-month-old infants and those showing
decreased attention to the mouth, the AVMMR reflects a less mature
pattern of processing of AV speech information (Kushnerenko, Toma-
Iski, Ballieux, Ribeiro, et al., 2013). Given this complex developmental
trajectory, the use of AVMMR may index how information from differ-
ent modalities is integrated at different stages of infant development,
while infants accumulate experience and build proficiency in speech
processing.

Kushnerenko, Tomalski, Ballieux, Ribeiro, et al. (2013) were first
to demonstrate that the AVMMR disappears in typical development
as AV speech processing matures between 6 and 9 months of age.
On the basis of their results, they hypothesized that the AVMMR
is a transitory component and its diminishing reflects neural reorga-
nization of AV speech processing in late infancy. This hypothesis is
further supported by our recent functional near-infrared spectroscopy
(FNIRS) results, which investigated neural correlates of AV integra-
tion of speech cues in similar age groups, but in a different paradigm.
Dopierata et al. (2023) found differences in the spatial distribution
of neural responses to bimodal (audiovisual) versus alternating uni-
modal (auditory + visual) syllables in 5- and 10-month-olds (Dopierata
et al, 2023). Since responses were widely distributed across the
cortex, they used multivariate pattern analysis (MVPA) to identify

areas, which selectively responded to stimuli, which require AV speech
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integration (bimodal synchronized AV syllables). MVPA correctly clas-
sified responses at 5 months of age, with key input from inferior frontal
and superior temporal channels of the right hemisphere. Surprisingly,
MVPA classification was not successful at 10 months of age in identify-
ing selective channels for bimodal AV syllables. This lack of successful
classification is consistent with previous studies from another method
(EEG/event-related potentials [ERPs]), which showed diminishing AV
mismatch response by the age of 9 months (Kushnerenko, Tomalski,
Ballieux, Ribeiro, et al., 2013). Both these studies suggest that around
the age of 9-10 months, there is functional cortical reorganization
in the perception of AV speech occurring in typical development (for
further discussion, see Dopierata et al., 2023).

Our current question is focused on investigating the sources of
this reorganization in terms of emerging face processing skills in late
infancy. As previously mentioned, the developmental timing of the
AVMMR disappearance seems to coincide with the emergence of con-
figural face processing, raising the possibility of shared neural and
developmental mechanisms of speech and face perception as sug-
gested by earlier studies (Belin et al., 2011; Krasotkina et al., 2018,
2021; Pascalis et al., 2014). Therefore, to better understand the rela-
tions between the specialization for speech and face processing, we
investigated a group of infants (aged 5-6.5 months) at the onset of
the postulated period of configural face processing (before the age of
7 months; Cohen & Cashon, 2001). We tested another, older, group
(aged 9-10.5 months) at a stage when specialization for upright faces
has likely already emerged. The older group was also expected to
have more mature AVSI, as suggested by a previous electrophysio-
logical study (Kushnerenko, Tomalski, Ballieux, Ribeiro, et al., 2013).
To measure AV speech integration, we used the McGurk stimuli (con-
gruent VbaAba and incongruent nonfusible VbaAga) and measured
the amplitude of the AVMMR component as its index. To investi-
gate the relationship between developmental changes in AV speech
integration and developmental changes in configural face process-
ing, these stimuli were presented in the upright and the inverted
orientation.

The intertwining of configural face processing and AV speech con-
flict has already been studied using an oddball paradigm in adults
(Eskelund et al., 2015). However, the interdependence of AV speech
integration and configural face processing was not tested when both
processes emerge: during the first year of life. Our main goal was to
test whether the presence of the AVMMR is modulated by face inver-
sion in infants at different stages of the process of face specialization.
We propose that differential responses to incongruent upright versus
inverted faces would reflect the intertwining of those two mechanisms.
If these processes are in some way interconnected from early on, then
we hypothesize that only the younger group of infants would process
the AV mismatch, regardless of the face orientation. The growing pro-
ficiency in the processing of upright faces might affect AVSI; thus, we
studied an older group (9- to 10.5-month-olds) to test if their elec-
trophysiological responses resemble more adultlike patterns, assuming
that they process upright faces configurally (Cohen & Cashon, 2001).

For control purposes, we also studied a group of adults to test if face
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inversion affects their AVSI. Previous findings showed that the fron-
tocentral AVMMR in response to AV mismatch was not observed in
adult participants (Control Study S3 in Kushnerenko, Tomalski, Bal-
lieux, Ribeiro, et al., 2013); thus, it was suggested that AVMMR is a
developmentally transient ERP component. Therefore, we wanted to
test whether face inversion will result in a differential response to
upright versus inverted AV mismatch, as no study has tested those two
manipulations in a single paradigm. We hypothesize that proficiency in
the processing of upright faces facilitates the integration of conflicting
AV speech cues in the VbaAga mismatch conditions, thus no AVMMR
would be observed in adults. However, the less proficient AV process-
ing when observing AV mismatch in inverted faces will not result in the
integration of conflicting AV stimuli and adults will show AVMMR for

inverted faces.

2 | METHODS

2.1 | Participants

2.1.1 | Infants

The final sample consisted of 42 infants in two age groups: 20 infants
(seven girls) at the age of 5-6.5 months (M = 5.74; SD = 0.41) and 22
infants (eight girls) at the age of 9-10.5 months (M = 9.88; SD = 0.44).
Additional 19 infants were tested but excluded from analysis due to
preterm birth (N = 1), bad electrode signal (N = 3), excessive move-
ments and failure to reach the criterion of minimum of 20 segments
per condition (N = 12), and refusal to keep on an EEG net (N = 3). All
infants came from monolingual Polish-speaking families and were born
full-term (37-42 gestational age). Families of the infants were asked
questions about the vision/hearing deficits, diagnosis of any type of
disorders, for example, autism spectrum disorder, major complications
during pregnancy and delivery, and maternal age to control for other
influencing factors.

The study was approved by the Research Ethics Committee at the
Faculty of Psychology, University of Warsaw, Poland, and conformed
to the standards of the Declaration of Helsinki. Prior to the testing, all
parents gave written informed consent. As a thank-you gift for their
participation, the families received a diploma, a small baby book, and

avideo recording of their play in the laboratory.

2.1.2 | Adults

The adult group consisted of 20 participants (women, N = 15), aged
between 21 and 43 years (M = 26.26; SD = 5.14). All participants
reported that they were free of neurological disorders and had normal
or corrected-to-normal visual ability. The group of adults was tested for
control purposes. All participants were volunteers who were not paid
for participation and had signed a consent form before participation in
the study.
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1 block = 10 trials

1 block = 10 trials

®/ba/tv/gal ®/ba//ba/ ®/ba/ar/ga/ ®/ba/y/ga/ ®/ba//ba/ @ /ba/+/ga/

760 ms 760 ms

760 ms t

760 ms 760 ms 760 ms t

FIGURE 1 Schematic diagram of the procedure. Each block consisted of five congruent and five incongruent trials presented in pseudorandom

order.

2.2 | Facilities and equipment

EEG signals were recorded in Netstation 4.2 software and an
EGI NetAmps200 amplifier with 64-channel water-based electrolyte
Hydrocel Sensor Nets (EGI, Inc.) referenced to vertex (Cz). Stimuli were
displayed on a 24” monitor (1920 x 1200 pixels) with a 60-Hz refresh
rate. Auditory stimuli were presented with two symmetrically spaced
speakers (embedded in the monitor) at the level of approximately 65 dB
SPL. The session was recorded with two remote-controlled CCTV color

cameras in HD quality to code infant-looking behavior during EEG.

2.3 | Experimental design and stimuli

Video recordings (frontal view) of three female professional actresses
(native Polish speakers) articulating isolated /ba/ and /ga/ sounds were
recorded in a professional audio recording studio. AV stimuli consisted
of 760-ms-long videos of faces producing syllables with sound onset
at 360 ms after the stimulus appearance on the screen. To generate
two types of stimuli, the congruent sound stimulus /ba/ as well as
incongruent /ga/ stimulus were dubbed onto a visual representation
of syllable /ba/ (see Figure S2 for a schematic illustration of an incon-
gruent upright stimulus). The combination of visual /ba/ and auditory
/ga/ typically leads to AV mismatch perceived as /bga/ or /baga/ as was
reported in adults (McGurk & MacDonald, 1976).

The created dynamic videos were displayed in two configurations:
upright or inverted (stimuli created from the original stimuli by rotat-
ing them 180° upside-down). The digitization rate of the video clips
was 25 frames per second, and the stereo sound digitization was
44.1 kHz with 16-bit resolution. Each block was displayed in one of
two face conditions—upright or inverted—containing 10 repetitions of
the visual syllable accompanied by auditory stimuli (pseudorandom-
ized presentation of /ba/ or /ga/; see Figure 1 for the schematic diagram
of the procedure). The procedure contained a maximum of 42 blocks;
however, in most cases, the procedure was terminated earlier, due to
a lack of infants’ interest or fussiness. In the present study, four types
of AV stimuli were presented with equal probability. During testing,
infants sat approximately 65 cm away from the screen, with the moni-

tor position centered on the infant’s eye level. The faces were centered

on the middle of the screen, approximately life-size, and covered 16°
visual angle in width.

24 | Testing procedure
After the parent’s written consent, the infant was seated on the par-
ent’s lap in a dimly lit room. Before the experiment, an animation of
Elmo’s World was displayed on the screen to grab the infants’ attention
and/or aresearch assistant was talking to the infant to distract him/her
from the researcher who was placing the net on the infant’s head.
After the net correct placement, the parent was instructed not to
speak to the infant and not to distract him/her from the stimuli on the
screen. The experiment lasted 7 min or until the infant lost interest in

the stimuli or became excessively fussy.

2.5 | EEG signal preprocessing

251 | Infant data

The data were preprocessed with a standard procedure (Kushnerenko
et al,, 2008) using EGI Netstation 4.2 software. The EEG signal was
amplified, digitized at 500 Hz, and band-pass filtered from 0.1 to
200 Hz. Continuous EEG recordings were off-line low-pass filtered
at 30 Hz and segmented into 1100-ms-long epochs. Each segment
included 760-ms-long stimulus, a period of 100 ms prior to stimulus
onset and 240 ms after stimulus offset. Channels contaminated by eye
or motion artifacts were rejected manually, and segments with more
than 10 bad channels were excluded. In addition, video recordings of
the infants’ behavior were coded frame by frame, and segments dur-
ing which the infant did not attend to the stimulus on the screen were
excluded from further analysis. The remaining marked channels were
replaced via trial-by-trial channel interpolation. Artifact-free segments
were re-referenced to the overall average and then averaged for each
infant within each condition. A baseline correction was performed by
subtracting mean amplitudes in the 260-360 ms window from the
stimulus onset (i.e., the period of 100 ms immediately before the sound

onset). The average number of segments per condition contributed by
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individuals had to reach a minimum of 20 (criterion based on previous
studies of Kushnerenko et al., 2008; Kushnerenko, Tomalski, Ballieux,
Ribeiro, et al., 2013) for the participant to be included in the analysis:
upright VbaAba (M = 29.45; SD = 12.93), inverted VbaAba (M = 28.25;
SD = 11.63), upright VbaAga (M = 29.50; SD = 11.12), and inverted
VbaAba (M = 28.80; SD = 11.65) for the younger group of infants;
upright VbaAba (M = 26.27; SD = 8.19), inverted VbaAba (M = 25.91;
SD = 7.52), upright VbaAga (M = 26.36; SD = 8.26), and inverted
VbaAba (M = 26.14; SD = 8.09) for the older group of infants. The
number of segments included in the analysis did not differ across con-
ditions in both younger (F3 57y = 2.10; p = .135) and older (F(3 43 = .73,
p =.541) groups of infants.

252 | Adult data

The adult data were preprocessed offline utilizing Matlab and the
EEGLAB toolbox (Delorme & Makeig, 2004) with custom-made
scripts. The EEG signal was amplified, digitized at 500 Hz, and band-
pass filtered from 0.1 to 200 Hz. Three, second-order Butterworth
filters were implemented with 12 dB/octave roll-off to filter continu-
ous EEG data with the high-pass cutoff of 1 Hz, the low-pass cutoff of
30 Hz, and the notch for the 49.5—50.5 Hz band. For one participant,
five channels contaminated with high noise were removed (E27, E28,
E45, E46, and E48). Next, missing channels were reconstructed using
spherical interpolation.

The continuous EEG signal was segmented into 1100-ms-long
epochs, ranging from —100 to 1000 ms, with O being the onset of the
visual stimulus. Signals were passed through automatic artifact detec-
tion followed by visual inspection. Eye blinks were detected when the
value of the difference between the maximum and the minimum ampli-
tude, in the 0-9200 ms time window, exceeded 70 uV. When searching
for motion artifacts, all channels were inspected, and the threshold
between maximal and minimal amplitude was set to 150 uV. Epochs
contaminated by eye or motion artifacts were removed. Artifact-free
segments were re-referenced to the overall average and then averaged
for each participant within each condition. Averaged signals from each
participant were baseline corrected using 260-360 ms intervals (i.e.,

the period of 100 ms immediately before the sound onset).

2.6 | ERP analysis

To obtain the average amplitudes from areas of interest—frontal and
central areas on each hemisphere (see Figure S1; based on Kush-
nerenko et al., 2008; Kushnerenko, Tomalski, Ballieux, Ribeiro, et al.,
2013)—the mean voltage potential was averaged from the groups of
electrodes in a 100-ms-long time window. Previously, AVMMR was
reported in the time window of 190-290 ms after sound onset (i.e.,
550-650 ms after stimulus onset; Kushnerenko et al., 2008); thus,
we conducted the main analysis within the exact same time window
as in prior work. The analysis for additional time windows of infant

data, namely, 90-190 ms and 290-390 ms after sound onset, was also
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conducted and is presented in Supporting Information S3. Adult data
from a 90- to 190-ms time window were added to the results section,
due to time differences between infant and adult electrophysiologi-
cal responses (de Haan et al., 2002). Left and right frontal channels
were centered around FC3 (channels 12, 14, 15) and FC4 (chan-
nels 53, 57, 60), respectively. The left and right central area channels
included electrodes around C3 (channels 20, 21, 22) and C4 (chan-
nels 41,49, 50; see Supporting Information for channels location map),
respectively.

Statistical analysis was conducted separately for each age group. As
a first step, repeated-measures analyses of variance (ANOVAs) were
conducted with three within-subject factors: area (frontal left, frontal
right, central left, and central right), stimulus (congruent, incongru-
ent), and orientation (upright, inverted). As a second step, we used
planned contrasts to test the presence of previously reported effects of
the mismatch condition (VbaAga vs. rest). Additional pairwise compar-
isons (with Bonferroni correction) were used to further test differences

between conditions.

3 | RESULTS

3.1 | Younger group

See descriptive statistics of mean amplitude within the 190-290 ms
interval in Table 1. We first conducted a three-way ANOVA with area
(4) x stimulus (2) x orientation (2) to investigate the presence of the
AVMMR in frontal and central areas. The analysis revealed a significant
main effect of the area (F(1 19) = 11.13,p <.001,7? =.369) and a three-
way interaction of area x stimulus x orientation (F(1 19y = 3.74,p =016,
72 =.164).

Visual inspection of the grand-averaged plots (see Figure 2) sug-
gested that the three-way interaction is driven by specific responses
to the upright and inverted mismatch stimuli over two areas, the left
central and right frontal areas, respectively. Thus, we compared ampli-
tudes for each stimulus separately in each of these two areas. Over
the left central area, the amplitude for the upright VbaAga was signif-
icantly higher than that for the upright VbaAba (p = .008; Figure 2C).
Also, there was a marginal effect suggesting a difference between the
upright and the inverted incongruent stimulus over the left central
area, with the amplitude in response to the upright VbaAga tending to
be higher than to the inverted VbaAga (p = .069; Figure 2C). This pat-
tern of results was confirmed using contrast in a one-way ANOVA with
all four conditions entered into the model as a single within-subjects
factor. The amplitude for the upright incongruent VbaAga was sig-
nificantly higher than the other conditions over the central left area
(F(1,19) = 7.42,p = 013, n? =.281; see Figure 2C). The corresponding
central channels over the right hemisphere showed no significant dif-
ferential response to the upright mismatch stimulus (VbaAga, p = .664,
n% =.009; see Figure 2D).

Pairwise comparisons revealed significant differences over the
frontal right area, showing that the amplitude for the inverted incon-

gruent VbaAga was higher than for the upright one (p = .019; see
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TABLE 1

Group

Younger (5- to
6.5-month-olds)

Older (9- to
10.5-month-olds)
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Descriptive statistics of mean amplitude (in V) within the 190-290 ms time window after sound onset.

Upright Inverted

Mean (SD) [Minimum, Maximum] Mean (SD) [Minimum, Maximum]
1.51(3.74) [-4.48,11.16] 1.689 (2.94) [-3.33,6.47]
249(3.71) [-3.55,8.99] 1.00(3.37) [-5.95,9.41]
0.61(4.18) [-13.66,5.58] 0.38(4.36) [-8.06,9.77]
0.12(3.81) [-8.02,6.20] 2.34(3.72) [-3.44,9.36]
—0.28(3.39) [-7.08,7.82] 0.24(3.3¢) [-5.92,5.52]
1.91(3.75) [-3.58,11.50] 0.01(3.71) [-6.22,7.74]
-2.10(2.94) [-8.37,3.57] —2.53(4.99) [-12.65,7.87]
-1.56 (4.40) [-10.78, 6.68] —2.22(3.34) [-6.67 4.47]
1.02(2.83) [-5.01,5.08] 2.18(3.48) [-4.00, 10.99]
2.70(4.03) [-2.34,11.31] 1.69(2.84) [-4.37,7.39]
0.9686 (3.49) [-4.17,8.55] 0.9673(3.71) [-4.89,11.07]
0.80 (3.96) [-5.09,8.57] 1.40(2.89) [-2.68,8.40]
-0.29(2.51) [-4.20,4.70] —1.24(3.21) [-6.91,5.76]
0.90(3.56) [-5.09, 9.44] 0.32(3.78) [-7.68,10.20]
0.01(2.77) [-5.09, 4.08] —1.25(2.56) [-6.51,4.96]
—0.92(2.73) [-7.59,5.44] —0.64(3.19) [-6.59, 6.83]
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time window (from the sound onset).
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window (from the sound onset).

Figure 2B). Again, we confirmed this result using contrast in a one-
way ANOVA. Over the right frontal area, the amplitude for the
inverted VbaAga was significantly higher than the other conditions
(F(1,19) = 8.35,p =.009, n? =.305). The contrast for the corresponding
channels over the right frontal area did not show a significantly higher
amplitude of responses to inverted VbaAga condition relative to other
conditions (p =.501, »% = .040; Figure 2A).

3.2 | Older group

To test whether the AVMMR is elicited by incongruent stimulus in the
upright and inverted orientation, a 4 (area) x 2 (stimulus) x 2 (orien-
tation) ANOVA was conducted for the older group of infants, which
showed only a significant main effect of area (F(3 43 = 14.10, p <.001,
772 =.40). No other effect was significant.

Analogously to the younger group, planned contrasts over the left
central area were conducted to test the presence of the AVMMR. The
amplitude of response to the upright VbaAga stimulus did not signifi-
cantly differ from the remaining three conditions over the left (p =.137,

=.102; Figure 3C) and right central channels (p = .664, 772 =.009;
Figure 3D), which may imply a lack of AVMMR for the upright VbaAga.
Also, the contrast for the right frontal area did not show a significantly
higher amplitude of responses to inverted VbaAga condition relative to
other conditions over the left (p = .730, 52 = .006; Figure 3A) and right

hemisphere (p =.581, 7% = .015; Figure 3B).

3.3 | Adults

In adults, we observed peaks of ERP response to AV stimuli earlier than
in infants, which is consistent with the literature (de Haan et al., 2003).
Thus, due to discrepancies in ERP timing between infants and adults,
we analyzed an earlier window of 90-190 ms (results for the subse-
quent time window of 190-290 ms are presented in the Supporting
Information). In the analysis of adult data, we focused on testing the
presence of responses to upright and inverted VbaAga stimuli over two
areas that showed differential responses in infants: the left central and
the right frontal channels groups.

In the 90-190 ms time window, three-way ANOVA, 4 (area) x 2
(stimulus) x 2 (orientation), showed a significant interaction of
=417, p = 028, 5?2 = .180) and a significant
=4.32,
.185). The interaction of area x orientation was
=.122). There

area x stimulus (F3 57
three-way interaction of area X stimulus X orientation (F(3 57)
p = .023 »? =
approaching significance (F(3 57 = 2.64, p = .058, 7)2
were no significant main effects.

Data for the younger infant group showed two specific responses
to the upright and inverted mismatch stimuli, respectively, over the
left central and the right frontal areas. We used planned contrasts
to test the presence of these responses in the adult data. The ampli-
tude of response to the upright VbaAga stimulus did not significantly
differ from the remaining three conditions over the left central area
(p = .640, 52 = .012; see Figure 4C) and over the right central area

(p = .109, 7;2 = .130; see Figure 4D). The planned contrast for the
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TABLE 2 Descriptive statistics of mean amplitude (in uV) within the 90-190 ms time window after sound onset.

Upright Inverted
Group Area Condition Mean (SD) [Minimum, Maximum] Mean (SD) [Minimum, Maximum]
Adults Left frontal Congruent VbaAba —-0.52(0.14) [—0.44,0.25] 0.05(0.20) [-0.32,0.52]
Incongruent VbaAga —0.04(0.27) [-0.77,0.51] 0.22(0.37) [-0.12, 1.40]
Right frontal Congruent VbaAba 0.03(0.44) [-1.-1, 1.46] —0.08(0.29) [-0.70,0.37]
Incongruent VbaAga 0.06 (0.28) [-0.35,0.90] 0.23(0.37) [-0.10, 1.29]
Left central Congruent VbaAba —0.04(0.42) [-0.98,1.32] 0.07(0.31) [-0.45,1.13]
Incongruent VbaAga —0.1(0.39) [—1.48,0.50] —0.20(0.35) [-1.09,0.26]
Right central Congruent VbaAba 0.01(0.19) [-0.56,0.41] —0.16(0.53) [-2.31,0.48]
Incongruent VbaAga —-0.11(0.22) [-0.87,0.11] 0.01(0.17) [-0.19,0.56]

frontal areas showed that adults had a significantly higher amplitude
to inverted VbaAga condition relative to other conditions over the
left (F(1,19) = 5.08, p = .036, n% = .211; Figure 4A) and right hemi-
sphere (F(1, 19) = 7.21, p = .015, n? = .275; Figure 4B). See Table 2 for

descriptive statistics of mean amplitude for both time windows.

4 | DISCUSSION

The aim of the study was to investigate the effect of face orienta-
tion on the neural processing of AV speech in infants at two different

stages of the development of face specialization. To this end, we pre-
sented two groups of infants (younger, aged 5-6.5 months; older, aged
9-10.5 months) and a group of adults with AV speech (actresses artic-
ulating syllables) consisting of congruent /ba/ syllable (VbaAba) and
incongruent VbaAga (mismatching McGurk) stimuli in the upright and
the inverted face orientation. In the younger group of infants, we
found the AVMMR to the upright incongruent stimulus in the 190-
290 ms time window. A notable novel finding is that the younger
group of infants also showed the AVMMR to the inverted incon-
gruent VbaAga stimulus relative to the upright one. By contrast, in
the older group of infants, we found no AVMMR to the incongruent
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stimulus in either upright or inverted orientation. Finally, the AVMMR
only for the inverted incongruent stimulus was also found over frontal
areas in adults, although in an earlier time window, 90-190 ms. Alto-
gether, our study shows different patterns of neural responses to AV
mismatch in two infant age groups, whose age ranges were selected
with respect to the timing of emerging specialization for configu-
ral face processing. We interpret these findings as suggesting that
specialization for face processing may influence the development of
AVSI.

The AVMMR was previously interpreted as evidence for the detec-
tion of conflicting cross-modal speech stimuli and was observed in
5-month-olds (Kushnerenko et al., 2008). Further research on AVSI
provided evidence that the gradual decrease of the AVMMR can be
related to more mature patterns of face scanning (Kushnerenko, Toma-
Iski, Ballieux, Ribeiro, et al., 2013) and to later development of language
(Kushnerenko, Tomalski, Ballieux, Potton, et al., 2013). In our cur-
rent study, we replicated previous findings regarding the AVMMR in
response to upright incongruent VbaAga stimulus in younger infants
aged 5-6.5 months. Since the AVMMR in response to upright VbaAga
stimulus is absent in adults, which was demonstrated both in our cur-
rent study and in previous work (see Control Study S3 in Kushnerenko,
Tomalski, Ballieux, Ribeiro, et al., 2013), we consider the absence of
the AVMMR in the older group of infants as an index of more mature
AVSI. We also propose that the diminishing AVMMR in response to
the upright conflicting AV speech information is a result of AV speech
integration overlapping with emerging configural face processing.

Existing behavioral data are in line with different patterns of
responses to AV mismatch in the two age groups in our results.
Longer looking to the mouth area of articulating face was observed
in infants during the perception of McGurk stimuli in comparison
to the congruent native speech stimuli (Mercure et al., 2019). Such
increased visual attention to the mouth has been considered in the
literature as an index of mature scanning patterns, related to speech
perception development (Lewkowicz & Hansen-Tift, 2012; Lozano
et al.,, 2022; Morin-Lessard et al., 2019). Mercure and collaborators
(2019) concluded that longer fixations to the articulating mouth in
younger infants (6.5- and 8-month-olds) in the incongruent condition
may be due to novelty or surprise effect. That possible explanation
implies that infants at that developmental stage may have an AV rep-
resentation of syllables so they detect a novel, unpredicted sound that
is incongruent with the mouth movement. However, a study conducted
by the same research team on an older group of monolinguals (7- to
10-month-olds) showed the reverse effect: more looking to the eyes
in the incongruent condition (Mercure et al., 2022). Interpretation of
the latter result was that infants shifted their attention away from
mismatching mouth movements to tolerate articulatory inconsisten-
cies. Thus, this argumentation strengthens the possibility that our older
group of infants ignored the conflicting cues to reduce uncertainty. As
a result, older infants in our study would be able to integrate the con-
flicting AV cues, thus showing no AVMMR to either upright or inverted
mismatch.

Another possible explanation for the lack of significant differences

in response to incongruent stimuli in both upright and inverted condi-
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tions in the older group of infants is cortical reorganization for speech
processing. Recent fNIRS study from our lab with two groups of infants
of similar age ranges showed that younger infants showed specific cor-
tical responses to stimuli, which required integration of auditory and
visual speech cues relative to asynchronous auditory + visual stim-
uli, but older infants did not show such specific responses (Dopierata
et al,, 2023). MVPA did not show condition-specific neural responses
to bimodal, AV speech in the older group of infants, while it did find
such responses in younger infants, aged 5-6 months. This lack of a suc-
cessful classification of cortical responses to speech stimuli found in
the older group suggests a likely functional cortical reorganization in
the perception of AV speech around the age of 9-10 months (Dopierata
etal.,, 2023). These fNIRS findings closely resemble our current results,
where we did not find significant differences in responses to AV mis-
match stimuli in either orientation in infants aged 9-10.5 months.
Altogether, we interpreted the current findings as further evidence
for a lack of stable, consistent responses to AV speech in infants,
suggestive of functional reorganization.

The scalp topography of the AVMMR to the upright mismatch stim-
ulus observed in our study is consistent with previous ERP studies,
reported in the same time window of analysis (Kushnerenko et al.,
2008; Kushnerenko, Tomalski, Ballieux, Ribeiro, et al., 2013). Inversion
of the incongruent VbaAga, however, resulted in a mismatch response
in a different location—over right frontal channels—which is a novel
finding. Differences in scalp location of responses to the upright ver-
sus inverted mismatch stimulus may suggest that AV speech processing
mechanisms depend on face configuration from early on. We propose
that frontal AVMMR is a response elicited due to the novelty effect
of inverted faces, which occurred only for incongruent stimuli in the
younger group of infants, with less advanced specialization of face pro-
cessing in comparison with the older group. The involvement of frontal
regions in relation to novel stimuli has been reported in 3-month-olds
both in fNIRS (Nakano et al., 2009) and EEG (Bristow et al., 2009),
where the right frontal activation in response to the incongruent cross-
modal AV speech stimuli has been demonstrated. Both studies showed
that frontal areas might respond to novelty processing early in infancy,
so it is likely that in our study younger infants also activated this area
while processing previously unseen incongruent VbaAga.

In our current study, adults also showed differential responses to
inverted incongruent stimuli over frontal areas. We propose that this
response is an effect of conflict detection in an inverted face, possi-
ble when the face is processed featurally. Existing studies suggest that
when looking at inverted faces, featural processing precedes configu-
ral processing (Carbon & Leder, 2005). As a result of the AV conflict in
likely featurally processed inverted faces, the AVMMR was observed
on frontal channels in the 90-190 ms time window after sound onset.
The differences in time windows are common because the latencies
and morphology of infantile ERPs vary from the ones observed in adults
(de Haan et al., 2002; Wunderlich et al., 2006). The visible frontal
positivity in response to inverted AV mismatch can be discussed inrele-
vance to the anterior cingulate cortex activity during conflict detection
resulting in error positivity (e.g., Orr & Carrasco, 2011; van Veen &
Carter, 2002); however, the large differences in procedures should be
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acknowledged between conflicting speech cues in this study and in the
mentioned attention tasks. Taken together, the frontal AVMMR is a
novel effect found in response to inverted conflicting AV speech in 5-
to 6.5-month-olds and adults (in different time windows, but with simi-
lar scalp topography). The AVMMR in response to inverted VbaAga was
not detected in infants aged 9-10.5 months, again possibly indicating a
transition period in this age group.

Our results are not fully in line with Riva and collaborators (2022),
who in a later time window (350-650 ms) reported responses to
upright AV speech mismatch over the left temporal area in 12-month-
olds—several months past the age at which we no longer observed
mismatch response to the upright VbaAga in an earlier time window.
Direct comparisons between the two studies are not possible due
to important differences in the experimental paradigm: shorter dura-
tion of our stimuli, the native language of participants, the difference
in speech sounds used in each study, and the use of inverted stim-
uli. Thus, more in-depth research is needed to fully understand the
nuances of infant scalp topography as well as the time course of differ-
ent neural responses in relation to both AV speech integration and face
processing.

Our study is subject to several limitations. The number of infants
included in the study is limited and does not allow a robust direct
comparison between age groups. Another limitation is the number of
segments included in infant analyses. It is comparable to the numbers
achieved in similar studies (Kushnerenko, Tomalski, Ballieux, Ribeiro
etal.,2013; Rivaet al.,2022); however, with such a low number of repe-
titions compared to adults, there is an increased risk related to a lower
signal-to-noise ratio. Potential solutions for future research would be
in limiting the number of conditions, which might help to increase the
number of repetitions, as well as the number of infants contributing
sufficient data (Hoehl & Wahl, 2012).

The suggestion for future research is to investigate the fusible
McGurk (visual /ga/ dubbed onto auditory /ga/) stimulus across the
ages to understand how potential featural processing in inverted faces
occurs for fusible AV speech. Rosenblum et al. (2000) suggested that
facial configuration might be more important for some phonemes than
others. The combination of visual /ba/ and auditory /ga/ results in the
illegal Polish language percept of /bga/ and bilabial /ba/ viseme can-
not result as /ga/ phoneme. The combination of syllables using velar
/ga/ viseme may be more difficult to detect by the perceiver since the
lip movement of /ga/ might be mistaken with other syllables. Future
research should also explore older infants within similar paradigms
to assess the age when the infant neural responses resemble more
adultlike patterns. Also, the coregistration with an eye tracker may
potentially answer how the scanning patterns of the speaking face are
connected with the amplitude of AVMMR.

5 | CONCLUSION

Our electrophysiological study demonstrates that AVSI and face pro-
cessing are related already in infancy, sharing some neural mechanisms

resulting in differential responses dependent on face orientation. Our
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results shed new light on the development of speech processing by
showing that neural responses to AV conflict diminish with age, a pro-
cess likely related to emerging configural face processing. We also
showed that face inversion of incongruent speech results in neural
responses in the frontal areas in younger infants and adults. These
differential neural responses suggest that AV integration depends
on face orientation already in mid-infancy. The lack of consistent
responses to AV speech in the older group of infants reflects the sug-
gested potential functional cortical reorganization in the processing of
AV speech.
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