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European Portuguese (EP) is a language with unpredictable stress. Previous

behavioral studies have shown that without vowel reduction EP adult speakers

displayed a stress deafness effect akin to that observed in speakers of fixed-

stress languages, suggesting that vowel quality may be the primary cue for stress

discrimination in EP. However, an event-related potentials (ERPs) study reported

that EP adults were able to discriminate stress contrasts pre-attentively in the

absence of vowel quality cues. These results seemed to indicate that EP adult

speakers may attend to different cues in the attentive and pre-attentive stress

perception. Moreover, both the behavioral and ERPs studies have revealed a

processing advantage for iambic stress, which could not be predicted by the

rhythmic properties of EP, the language-specific weighting of stress correlates,

or the frequency distributions of trochaic and iambic stresses in EP. A recent

eye-tracking study has found that EP-learning infants at 5–6 months already

exhibited an iambic preference in the absence of vowel reduction, manifested

by longer looking time at the iambic stress. The present study used a passive

oddball paradigm to examine pre-attentive stress perception without vowel

quality cues by 5-to-7-month-old EP-learning infants. Results from twenty-

two participants showed that both the trochaic and iambic conditions yielded

a positive discrimination response (p-MMR). In addition, the iambic condition

elicited a prominent late discriminative negativity (LDN) as well as a P3a

component. Our findings present the first evidence for reciprocal discrimination

of stress patterns in EP-learning infants, showing that, as in adult speakers,

stress processing might also differ at the pre-attentive and attentive stages in

infants. Importantly, the stress perception ability in EP-learning infants seems

to develop asymmetrically, with an advantage for the iambic stress pattern. The

present study highlighted the role of language-specific factors that may affect

developing stress perception.
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1 Introduction

The perception of prosody plays a crucial role in infants’
language acquisition. The prosodic bootstrapping hypothesis
argues that infants use prosodic features, such as word stress
and intonational phrasal boundaries, to learn the lexical and
morphosyntactic information of their native languages (e.g.,
Wanner and Gleitman, 1982; Höhle, 2009; Gervain et al., 2020,
for a recent review). Previous empirical research has found that
infants’ stress discrimination abilities emerge at birth (Sansavini
et al., 1997), and develop in language-specific ways between 4
and 9 months of age (e.g., Becker et al., 2018; Friederici et al.,
2007; Jusczyk et al., 1993). This early sensitivity to lexical stress
may facilitate infants’ word segmentation and thus word learning
(Jusczyk et al., 1999; Nazzi et al., 2006; Shi et al., 2006; Shukla
et al., 2011; Polka and Sundara, 2012). Stress perception has also
been regarded as an early indicator of infants’ later language
development (Friedrich et al., 2009; Weber et al., 2005). This article
presents the first ERP study on the development of stress processing
in European Portuguese, a language where the cues to word stress
offer a challenging combination of features hitherto not examined
in the ERP literature on developing stress perception.

Languages vary in a number of aspects regarding word stress,
such as stress position and the acoustic correlates of stress. In
some languages, the placement of stress is fixed (e.g., Finnish,
Hungarian, and Polish), while in others the position of stress
is mostly unpredictable (e.g., English, Spanish, and Russian),
and this unpredictable stress can create minimal pairs, such as
/'InsaIt/ insight versus /In'saIt/ incite. Since stress processing is
particularly important in languages with variable stress position,
infants who are learning these languages demonstrated better
stress discrimination abilities compared with French-learning
monolingual infants who do not use contrastive stress lexically in
their native language (e.g., Abboub et al., 2015; Bijeljac-Babic et al.,
2012; Friederici et al., 2007; Höhle et al., 2009; Skoruppa et al., 2009,
2011, 2013). This has been found in contexts with limited segmental
variability (using a disyllabic item produced with either a trochaic
or an iambic stress), as well as in contexts with segmental variability
(using segmentally varied trochaic and iambic disyllables).

In addition, lexical stress is signaled by different acoustic
cues across languages. It is widely accepted that all acoustic cues
are examined simultaneously when determining lexical stress in
English, and that none of them, such as pitch, duration, or intensity
per se, is the single cue (Liberman, 1960). But in some languages,
such as Polish and Thai, stress may be marked uniquely by one
acoustic cue (Dogil and Williams, 1999; Potisuk et al., 1996). Even
when the same acoustic correlates of stress are employed, languages
may differ in the exact weightings for the same cues (Bleakley, 1973;
Llisterri et al., 2003). A previous study on Italian-learning infants
has suggested that the pitch and duration weighting may follow
separate developmental paths, with the weighting of duration
emerging from language experience (Bion et al., 2011). Bion et al.
(2011) also pointed out that the early prosodic bias may be highly
influenced by the acoustic cues in the speech stream. A trochaic bias
may be elicited by prominence marked by pitch, while an iambic
bias may be triggered by prominence marked by duration. This
claim has been partially supported by empirical results obtained
from English-learning infants and Hebrew-learning infants. In

English, relative pitch prominence is considered as the primary
cue for stress (e.g., Fry, 1958; Morton and Jassem, 1965), while
in Hebrew duration is the main acoustic correlate for stress (e.g.,
Bat-El et al., 2019; Most, 1999). In the presence of segmental
variability, English-learning 9-months-old infants have been found
to exhibit a trochaic preference (Jusczyk et al., 1993), whereas
Hebrew-learning 9-month-olds prefer iambs over trochees (Segal
and Kishon-Rabin, 2012). However, studies on German-, Spanish-,
and Catalan-learning infants presented conflicting evidence on the
link between the early prosodic bias and the dominant acoustic cues
in the speech stream. Even though duration is regarded as the most
reliable cue to word stress in German (e.g., Dogil and Williams,
1999; van der Hulst, 1999; Jessen et al., 1995), German-learning
infants displayed a trochaic advantage as early as 4–6 months of
age (Höhle et al., 2009; Weber et al., 2004). Moreover, duration
has been found to be the primary cue to stress in both Spanish
and Catalan (Astruc and Prieto, 2006; Ortega-Llebaria et al., 2008,
2010), but neither Spanish-learning nor Catalan-learning infants
have demonstrated a preference for either stress pattern at 6 or
9 months of age (Pons and Bosch, 2007). These results suggest
that the weighting of stress cues alone could not explain infants’
preference for a specific lexical stress pattern.

Another possible explanation for infants’ asymmetrical
processing of stress is the rhythmic properties of the language.
According to the rhythmic-activation proposal, infants’ early
word segmentation is guided by the rhythmic unit of their native
language. Stress preference should only be evident when infants
are learning stress-based languages such as English, Dutch, or
German, yet should not emerge for infants learning syllable-based
languages such as Catalan, French, Italian, or Spanish. Nazzi et al.
(2006) showed that English-learning infants relied on a trochaic
stress unit to segment words, while French-learning infants used
a syllabic strategy instead. This could explain the absence of stress
preference in both the Spanish- and Catalan-learning infants.

Furthermore, it might be the frequency of stress patterns in the
language that trigger the iambic or the trochaic bias. For example,
the predominant pattern in English and German is trochaic
stress (e.g., Alber, 2020; Cutler and Carter, 1987; Vennemann,
1990), but iambic stress predominates in Hebrew (Segal et al.,
2009; Segal and Kishon-Rabin, 2012). By contrast, in Spanish
and Catalan the difference between the frequencies of the two
stress patterns is smaller (Pons and Bosch, 2007). Nevertheless,
Pons and Bosch (2010) found that Spanish-learning infants’ stress
preferences might be modulated by word shape. According to the
LEXESP database (Sebastián-Gallés et al., 2000), 95% of the Spanish
CVC.CV words have trochaic stress, whereas 93% of the CV.CVC
words have iambic stress. Although 9-month-old Spanish-learning
infants did not show a stress preference on CV.CV pseudo-
words, a trochaic and an iambic preference was observed when
they were tested with CVC.CV and CV.CVC items respectively
(Pons and Bosch, 2010).

Previous research seems to suggest that the rhythmic properties
of the native language might determine whether infants may
develop a stress preference, and the language-specific weighting of
stress correlates along with stress frequency distribution influence
which stress pattern infants may prefer. However, European
Portuguese (EP) is a typologically interesting language that differs
from English, German, French, Spanish or Catalan regarding its
rhythmic properties and stress correlates, and from English and
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Hebrew regarding the frequency distributions of stress patterns
(Frota et al., 2020, for a recent review of prosodic features and
lexical stress in EP). EP has a prosodic profile that includes mixed
features of stress-timed and syllable-timed languages (Frota and
Vigário, 2001). The language displays contradictory frequency
distributions of trochaic and iambic stress, with different stress
patterns predominating if type or token frequency is considered,
and if frequency is computed over the lexicon or at the prosodic
word level in connected speech (Vigário et al., 2010; Frota et al.,
2020). Additionally, duration and vowel quality, rather than pitch,
have been found to be the primary perceptual correlates for stress in
EP. Therefore, investigating stress perception in EP-learning infants
can broaden the understanding of the factors that influence the
development of infants’ early stress perception.

EP has variable stress, which may fall on one of the last three
syllables of a prosodic word. Although the language has mixed
rhythm, Frota et al. (2002) showed that the prosodic perception of
native EP adult speakers relied more on syllable-timed properties,
as they discriminated EP from Dutch based solely on prosodic cues.
This result pointed to a syllable-timed nature of EP and suggested
that EP-learning infants might segment speech similarly to infants
who are learning a syllable-timed language. However, Butler and
Frota (2018) revealed that unlike Spanish-, Catalan-, or French-
learning infants, who are learners of syllable-timed languages, EP-
learning infants did not use the syllable in a similar way as the
major rhythmic unit for segmentation, probably due to the mixed
rhythmic properties of EP. Hence, based on the rhythmic properties
alone, we are unable to predict whether EP-learning infants would
develop an early processing advantage for a given stress pattern.

According to the FrePOP and P-PAL databases (Frota et al.,
2010; Soares et al., 2018), penultimate stress is the predominant
pattern in EP. More than 65% of disyllabic words (the most
frequent word type) in adult speech have trochaic stress. A rather
similar distribution has also been found in child-directed speech
(Vigário et al., 2006). However, iambic stress becomes slightly
more frequent than trochaic stress if monosyllabic stressed words
are taken into account (Vigário et al., 2010). We should consider
the monosyllabic stressed words to have iambic stress for two
fundamental reasons. First, it was reported by Vigário et al. (2006)
that EP monosyllabic words and stress-final syllables share a
number of properties. Second, clitics make up around 30% of all
word tokens in EP (Frota et al., 2006; Viana et al., 1996). A great
majority of these clitics are unstressed syllables that attach to the
following stressed word, yielding an iambic stress pattern. Thus, we
cannot draw a definitive conclusion from the frequency of stress
patterns in EP regarding which stress pattern predominates.

With regard to the correlates of stress, vowel quality has been
reported to be the main cue for stress perception in EP. Prior
behavioral studies have shown that without vowel reduction EP
adult speakers displayed a stress “deafness” effect (also referred to
as “stress insensitivity”, see Nikolić and Winters, 2022), which is
comparable to what was observed in speakers of languages with
no lexical stress or fixed stress (Correia et al., 2015; Lu et al.,
2018). When the vowel quality cue is not present, duration has
been found to be the primary cue for word stress in EP (Andrade
and Viana, 1989; Delgado-Martins, 1977). However, pitch is not
considered as a correlate of word stress, because most stressed
syllables in EP lack a pitch accent (Frota et al., 2002; Frota,
2014). In a previous ERP study, EP adult speakers demonstrated

discrimination between trochaic and iambic stress in the absence of
vowel quality cues at the pre-attentive stage, suggesting that stress
processing might differ at the pre-attentive and attentive stages,
with duration emerging as a sufficient cue for stress only in the
former (Lu et al., 2018). Moreover, both behavioral and ERP studies
demonstrated a processing advantage for iambic stress in adult
speakers’ stress perception (Lu et al., 2018). Using an anticipatory
eye movement paradigm, Frota et al. (2020) conducted the only
study on EP-learning infants’ perception of stress. They found that
5–6 month-old EP-learning infants displayed an iambic preference.
Specifically, in the presence of segmental variability and in the
absence of vowel quality cues, infants looked longer at disyllabic
pseudo-words with iambic stress than at those with trochaic stress.
This finding provided evidence for the early development of
asymmetrical perception of iambic stress in EP.

Previous behavioral and ERP studies on native Russian speakers
have shown conflicting results concerning the asymmetrical
processing of stress patterns. Russian, unlike EP, is a stress-
timed language; however, and like EP, it has a controversial
frequency distribution of trochaic and iambic stress patterns (e.g.,
Mitciuk and Pelts, 2022). Using ERP measures, Molczanow et al.
(2013) demonstrated that trochaic stress is less costly in prosodic
processing than iambic stress, whereas Crosswhite et al. (2003)
found evidence in favor of an iambic advantage using behavioral
measures.

To our knowledge, no ERP study has been conducted on
EP-learning infants to examine whether they would show stress
discrimination and/or asymmetrical stress perception at the pre-
attentive stage. It is thus unknown whether EP-learning infants
already show adult-like stress discrimination (as reported in
Lu et al., 2018), and whether they exhibit a language-specific
asymmetrical stress perception (as reported in Frota et al., 2020).
Therefore, the present study adopted a passive oddball paradigm to
record ERPs from 5 to 7-month-old EP-learning infants, in order to
investigate whether they already developed a stress discrimination
ability and asymmetrical stress perception inattentively, in the
absence of vowel reduction.

We mainly focused on three ERP components which have been
extensively used to study auditory discrimination. The mismatch
negativity (MMN) is a frontocentrally-distributed negative wave
elicited by an infrequent change in a sequence of standard stimuli.
It typically peaks at 100–300 milliseconds after change onset in
adults, but may vary slightly depending on different paradigms and
the type of deviant stimuli (e.g., Näätänen et al., 1993, 2004). The
MMN has also been found in infancy, but with a positive polarity
(i.e., positive mismatch responses, p-MMR, e.g., Leppänen et al.,
1997; Morr et al., 2002; Weber et al., 2004). Research has suggested
that the p-MMR matures towards the adult-like MMN between
3 and 9 months of age, despite a wide individual variation (e.g.,
Jing and Benasich, 2006; Maurer et al., 2003; Trainor et al., 2003).
Besides neural development, stimulus parameters (e.g., Cheng et al.,
2015) and signal processing approaches, such as filter setting
(e.g., Trainor et al., 2003; Weber et al., 2004), may also influence
the polarity of the mismatch response. Moreover, in infants and
young children, the peak latency and the scalp distribution of the
mismatch response tend to be longer and broader than that in
adults (e.g., Cheour et al., 1998; Cheour-Luhtanen et al., 1995,
1996). A prominent mismatch response may not only be observed
over the frontal and central areas but also over the parietal area
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in infants. The second component that can be elicited by deviant
stimuli in a passive oddball experiment is late discriminative
negativity (LDN). The LDN is also a frontally dominant negativity
which follows MMN and peaks around 300–600 milliseconds after
the change onset (e.g., Korpilahti et al., 2001). Some studies have
suggested that the occurrence of LDN may be language-specific
(e.g., Yu et al., 2017), and it may represent auditory rule extraction
(e.g., Zachau et al., 2005), or involuntary reorientation of attention
(e.g., Escera et al., 2000; Shestakova et al., 2003). Other studies have
argued that an increase in LDN amplitude may reflect increased
automatic detection of phonological representations (e.g., Alonso-
Búa et al., 2006), and the absence of the LDN may suggest
reduced ability of auditory discriminative processing (e.g., Azaiez
et al., 2023; Cheour et al., 2001). Lu et al. (2018) reported that
for adult EP speakers the MMN and the LDN components in
the iambic condition were more negative and extended across
a larger temporal window than that in the trochaic condition.
These two components were also accompanied by EP adults’ better
performance on iambic trials in a behavioral task, indicating a
processing advantage for iambic stress at the pre-attentive and
attentive stages in adult EP speakers. In the present study, if EP-
learning infants also demonstrated asymmetrical stress perception
at the pre-attentively stage, we expect to find larger MMN and
LDN amplitudes for iambic stress than for trochaic stress. Another
ERP component that often follows the MMN is the P3a, which
has been argued to index rapid involuntary attention switching
(e.g., Escera et al., 1998; Polich, 2007). This positive component
typically emerges between 300 and 400 milliseconds after deviant
stimulus presentation, but may extend to 900 milliseconds (Patel
and Azzam, 2005). P3a differs from the P300 or P3b component in
that it has shorter latency and more frontally-oriented topography
(Knight et al., 1989; Squires et al., 1975). Previous research has
found that the larger the acoustic difference between the deviant
and standard sounds, the larger the P3a component (e.g., Escera
and Corral, 2007; Friedman et al., 2001). Besides, P3a elicitation
may only happen when preceded by a significant MMN response
(e.g., Escera et al., 1998; Novitski et al., 2004).

In summary, the current study used the ERPs method to
examine early stress perception abilities in the absence of vowel
reduction in 5–7-month EP-learning infants. Previous behavioral
and ERP studies have shown that language-specific asymmetrical
perception of stress patterns emerges after 4 months of age in some
languages (e.g., Höhle et al., 2009; Weber et al., 2004). Since EP
is a language that has a mixed prosodic profile and controversial
stress frequency distributions, combining a diverse set of prosodic
and segmental cues to stress, it is difficult to predict whether EP-
learning infants would demonstrate stress discrimination and a
language-specific asymmetrical stress perception pre-attentively.
A previous study using the eye-tracking method has shown that 5–
6-month-old EP-learning infants exhibited a preference for iambic
stress (Frota et al., 2020). However, given that conflicting evidence
for stress discrimination was found for adult EP speakers, stress
processing might also differ at the pre-attentive and attentive
stages in infants. Using infants at similar ages as in Frota et al.
(2020), the present study aims to test whether EP-learning infants
would demonstrate stress discrimination, and if so if they equally
discriminate trochaic and iambic stress or exhibit an iambic
advantage at the pre-attentive stage.

2 Materials and methods

2.1 Participants

Using G∗Power version 3.1.9.7 (Faul et al., 2007), we performed
an a priori power analysis to determine the minimum sample
size for our study. Results showed that to detect a medium effect
(f = 0.25) at a significance criterion of α = 0.05 the required sample
size to obtain .80 power was 19 for 2 × 2 × 2 repeated measure
ANOVAs. The data from twenty-two infants (13 females), who were
raised in monolingual EP families from the wider Lisbon area, was
included in the analysis. The age range of the infants was between
5 months 7 days to 7 months 11 days (M = 6 months 18 days,
SD = 17 days). The infants were recruited from the Lisbon Baby Lab
database of participants, and parents were given a complimentary
voucher in appreciation for their participation in the study. For
all the infants tested, parents reported no health-related issues
(including hearing-related problems), and no familial risks for
language impairment. According to an EP adapted version of
the Communication and Symbolic Behavior Scales Developmental
Profile (CSBS DP) Checklist, a widely used tool for the screening
of early language and social communication skills (Filipe et al.,
2023), the participants were typically developing infants with scores
as expected for their age range (Table 1). An additional nineteen
infants1 were tested but excluded from data analysis because they
did not complete the experiment (n = 12), or meet the EEG data
quality standards (n = 7). Informed written consent was obtained
from the infants’ legal guardians prior to data collection. This
study was approved by the Ethics Committee of the School of
Arts and Humanities of the University of Lisbon (13_CEI2019),
and was carried out in compliance with the recommendations
of the European Union Agency for Fundamental Rights and the
Declaration of Helsinki.

2.2 Stimuli

The stimuli used in the current study were the same as those
in Lu et al. (2018, 2023). In order to avoid changes in vowel
quality due to vowel reduction in unstressed position, only high
vowels ([i] and [u]) could be used since they do not show vowel

1 If an infant cried inconsolably, the session was terminated; if an
infant’s data failed to reach the minimum 25 of clean trials for each
experimental condition, his or her data were dropped from analysis. Stets
et al. (2012) examined 149 ERP articles published between 1999 and 2010
and concluded that compared with other infant study designs EEG seems to
have particularly high attrition rates, with an average of 49.2 percent.

TABLE 1 CSBS DP Checklist standard scores and percentile rank for the
infants included in the study (n = 20, as two participants had missing
data).

CSBS DP Mean SD Range Cut-off
level for
concern

Standard Score 97.00 8.73 82–117 < 81

Percentile Rank 42.50 20.09 12–87 ≤ 10
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TABLE 2 Duration, mean intensity, and mean pitch of the first(1) and second(2) syllable for each stimulus.

Total
Duration

(ms)

Duration1
(ms)

Duration2
(ms)

Mean
intensity1

(dB)

Mean
intensity2

(dB)

Mean
pitch1 (Hz)

Mean
pitch2 (Hz)

['bubu]1 875 450 425 73 64 247 173

['bubu]2 868 435 433 72 68 245 181

[bu'bu]1 865 317 548 68 71 219 249

[bu'bu]2 880 313 567 71 70 222 246

reduction. Moreover, the presence of [i] in word final unstressed
syllables is uncommon in the language, whereas the presence of
[u] is extremely frequent. Therefore, the vowel [u] was used. In
addition, the bilabial plosive was chosen, a consonant commonly
used in ERP stress discrimination studies with infants (e.g., Weber
et al., 2004; Friederici et al., 2007). The sequence [bubu], although
not an actual word in the language, closely resembles words and
word-like sequences commonly used in infant direct speech, like
[ku'ku] ‘peekaboo’ which is one of the items of the EP CDI Short
form for infants (Frota et al., 2016), and ['kuku] ‘cuckoo’. A female
native EP speaker naturally produced the disyllable [bubu] with
either a trochaic or an iambic stress pattern. Each stress pattern
was produced twice, yielding a total of four tokens (['bubu]1,
['bubu]2, [bu'bu]1, and [bu'bu]2). All stimuli were nonsense words
in EP and had a sampling rate of 22050 Hz. The average durations
for the trochaic and iambic tokens were 872 milliseconds and
873 milliseconds respectively. Table 2 describes the total duration,
as well as the duration, intensity and pitch for each of the two
syllables for each token. Figure 1 presents illustrative waveforms
and spectrograms with fundamental frequency (F0) contour of
the trochaic and iambic tokens. To control the onset acoustic
differences between tokens, we followed Weber et al. (2004) and
substituted the first 100 milliseconds of ['bubu]1, ['bubu]2 and
[bu'bu]2 with the first 100 milliseconds of [bu'bu]1. There was
no discernible pitch discontinuity in any of the tokens after the
manipulation, and physical differences between them began at 100
milliseconds. Three native EP speakers who did not participate in
the experiment assessed all the stimuli to be perceptually natural.

2.3 Procedure

The experiment was carried out in a shielded and soundproof
booth. Infants sat on their parents’ laps and were entertained by
watching a silent animation video while the stimuli were delivered
at a constant and comfortable volume through a loudspeaker. The
video was playing during the full length of the EEG task and was
the same for all infants. It consisted of an infant age-appropriate
video showing slowly moving animated images. Infants heard two
types of blocks that were generated in a passive oddball paradigm.
In trochaic block, the trochaic tokens functioned as deviants and
infrequently interrupted the regularly recurring iambic tokens. In
iambic block, the iambic tokens behaved as deviants, and the
trochaic tokens acted as standards. There were a total of 600 trials
in each block (2 tokens × 50 + 2 tokens × 250), with each deviant
token being presented 50 times and each standard token occurring
250 times. The stimulus presentation was pseudo-randomized, with

each deviant following two to seven standards. From each block
we selected a hundred clean standards (2 tokens × 50) that were
not immediately preceding or after a deviant to compare with
the same stress pattern delivered as deviants in the other block.
We arbitrarily varied the offset-to-onset inter-stimulus interval
between 800, 825, and 850 milliseconds to avoid participants’
anticipation of stimulus onset. To prevent participants’ fatigue,
we split each block into two sub-blocks, resulting in four 8-min
sub-blocks in total. The four sub-blocks were delivered through
E-Prime 2.0 software (Psychology Software Tools, Pittsburgh, PA)
in counterbalanced order across participants (Schneider et al.,
2012). The entire experiment took 1 to 1.5 hours including
preparation time and inter-block breaks.

2.4 EEG recording and averaging

The EEG signals were collected in DC mode using 32 Ag/AgCI
electrodes at a sampling rate of 1000Hz. The electrodes were
placed in an elastic cap (Quik-cap, Compumedics, NeuroScan,
Victoria, Australia) according to the international 10–20 system
and were connected to a SynAmps RT 64-channel Amplifier
(Compumedics NeuroScan, Victoria, Australia). The ground
electrode was defaulted by the EEG amplifier and the reference
electrode was placed at the infants’ left mastoid. Two electrodes
were positioned above and below the left eye of the infants to
track their eye movements. All electrodes had an impedance of less
than 10 k� .

EEGLAB (Delorme and Makeig, 2004) and ERPLAB (Lopez-
Calderon and Luck, 2014) which are toolboxes in MATLAB
(The MathWorks Inc.) were used to preprocess the EEG data.
The EEG signals were band-pass filtered with 0.1–30 Hz2 and
were re-referenced to average reference. Independent Component
Analysis (ICA, EEGLAB) was applied to remove artifacts, such
as eye movements, blinks, and muscle artifact. The continuous
EEG was segmented into epochs from 200 milliseconds pre-
stimulus to 800 milliseconds post-stimulus, corrected to a 200

2 We have also processed the data using a 1–30 Hz band-pass filter.
No significant discrimination effect was observed for the trochaic stress
pattern, while a positive discrimination response (MMR) at 500–600 ms
after stimulus onset was found for the iambic stress pattern. Some studies
have found that the low-pass filtering cutoff has minimal impact on the
detectability of MMN or MMR, whereas a higher high-pass filter cutoff
may significantly reduce the amplitude of the waking MMN (e.g., Sabri and
Campbell, 2002; Uhler et al., 2018). Besides, Luck (2022) has pointed out that
the 0.1 Hz cutoff for the high-pass filter works best in most cases. Therefore,
we used the 0.1–30 Hz band-pass filter. It is worth noting that no matter
whether the 0.1–30 Hz or the 1–30 Hz bandpass filter was utilized, the result
revealed a processing advantage for the iambic stress pattern.
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FIGURE 1

Waveforms and Spectrograms with fundamental frequency (F0) contour of the trochaic and iambic stress patterns.

milliseconds pre-stimulus baseline. Trials with voltage deviations
more than ± 150µV on any electrode were discarded. Across
participants, an average of 48 trials (SD = 17.28) for each
stimulus type was retained for further analysis. ERPs were averaged
separately for each participant, each electrode, and each stimulus
type. Difference waves were obtained for the trochaic and iambic
stress patterns respectively by subtracting the ERP evoked by
the clean standards from the ERP evoked by the corresponding
deviants.

2.5 Data analysis

According to previous ERP studies on infant stress perception
(e.g., Friedrich et al., 2009), we calculated the mean amplitudes of
five consecutive time windows of 100 milliseconds from 200 to
700 milliseconds after the stimulus onset. The mean amplitudes
were statistically analyzed into four regions of interest (ROIs): left-
frontal (LF: F7, F3, FT7, and FC3), right-frontal (RF: F4, F8, FC4,

and FT8), left-posterior (LP: TP7, CP3, P7, and P3), and right-
posterior (RP: CP4, TP8, P4, and P8). A series of 2 × 2 × 2 repeated
measure ANOVAs were performed on the mean amplitudes in the
four ROIs for each stress pattern, with Discrimination (deviant vs.
standard), Anteriority (anterior vs. posterior), and Hemisphere (left
vs. right) as within-subject factors. For each stress pattern, we also
performed 2 × 5 repeated measure ANOVAs on midline electrodes
with the factors of Discrimination (deviant vs. standard) and Site
(Fz, FCz, Cz, CPz, and Pz). The Greenhouse-Geisser correction was
applied to all F-values and p-values and the Bonferroni correction
was used for multiple comparisons.

3 Results

Figure 2 displays the ERPs averaged for the four analyzed ROIs
as well as the two midline electrodes (Fz and Pz) for the trochaic
and iambic stress patterns.
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FIGURE 2

ERPs averaged for the four ROIs as well as the two midline electrodes (Fz and Pz) for (a) trochaic and (b) iambic stress patterns.

3.1 Trochaic stress

For trochaic stress, neither the main effect of Discrimination
nor the main effect of Hemisphere was significant in any of the
time windows. The main effect of Anteriority was significant in
all five time windows {200–300ms: [F (1, 21) = 19.84, p < 0.001,
η2 = 0.49]; 300–400ms: [F (1, 21) = 31.18, p < 0.001, η2 = 0.60];
400–500 ms: [F (1, 21) = 39.51, p < 0.001, η2 = 0.65]; 500–
600 ms: [F (1, 21) = 31.85, p < 0.001, η2 = 0.60]; 600–700 ms:
[F (1, 21) = 46.87, p < 0.001, η2 = 0.69]}. The mean amplitudes
were positive in the frontal electrodes, while were negative in
the posterior electrodes. In the time window of 300–400ms, the
interaction of Discrimination × hemisphere was significant [F
(1, 21) = 4.44, p = 0.047, η2 = 0.17]. There was a significant
discrimination effect in the left hemisphere [t (21) = −2.31,
p = 0.031], but not in the right hemisphere [t (21) = 0.36, p = 0.72].
No other significant interactions were found.

The analysis on the midline electrodes showed that the main
effect of Site reached significance in the time windows of 200–
300ms: [F (2, 39) = 6.34, p = 0.005, η2 = 0.23], 300–400 ms

[F (2, 32) = 10.06, p = 0.001, η2 = 0.32], 400–500 ms [F (2,
35) = 11.45, p < 0.001, η2 = 0.35], 500–600 ms [F (2, 38) = 12.62,
p < 0.001, η2 = 0.38], and 600–700 ms [F (2, 40) = 19.24,
p < 0.001, η2 = 0.48]. Moreover, there were significant interactions
of Discrimination × Site in the time windows of 300–400 ms [F (2,
40) = 3.86, p = 0.031, η2 = 0.16], and 400–500 ms [F (2, 49) = 3.62,
p = 0.028, η2 = 0.15]. Post hoc analyses revealed a significant
discrimination effect at electrode Fz with a positive polarity in the
time window of 400–500 ms [t (21) = −2.41, p = 0.025]. No other
significant discrimination effect was found.

3.2 Iambic stress

For iambic stress, the main effect of Anteriority was also
significant in all five time windows {200–300 ms: [F (1, 21) = 4.91,
p = 0.038, η2 = 0.19]; 300–400 ms: [F (1, 21) = 9.50, p = 0.006,
η2 = 0.31]; 400–500 ms: [F (1, 21) = 8.66, p = 0.008, η2 = 0.29];
500–600 ms: [F (1, 21) = 10.42, p = 0.004, η2 = 0.33]; and
600–700 ms: [F (1, 21) = 11.08, p = 0.003, η2 = 0.35]}. The
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mean amplitudes were positive in the frontal regions, and were
negative in the parietal regions. In addition, in the time windows
of 400–500 ms [F (1, 21) = 10.89, p = 0.003, η2 = 0.34], 500–
600 ms [F (1, 21) = 7.24, p = 0.014, η2 = 0.26], and 600–
700 ms [F (1, 21) = 6.17, p = 0.021, η2 = 0.23], there was
a main effect of Hemisphere. In the time window of 300–
400 ms, the interaction of Discrimination × Hemisphere reached
significance [F (1, 21) = 7.05, p = 0.015, η2 = 0.25]. However,
further analysis demonstrated that the discrimination effect was
borderline at the left hemisphere [t (21) = −2.00, p = 0.058]
and not significant at the right hemisphere [t (21) = 1.15,
p = 0.26]. In the time window of 400–500 ms, the interaction of
Discrimination × Anteriority [F (1, 21) = 5.19, p = 0.033, η2 = 0.20]
and the interaction of Discrimination × Hemisphere × Anteriority
[F (1, 21) = 10.19, p = 0.004, η2 = 0.33] were significant.
The LF region exhibited a significant discrimination effect with
positive polarity [t (21) = −2.88, p = 0.009], and the RP region
showed a significant discrimination effect with negative polarity [t
(21) = 3.26, p = 0.004]. There was also a significant interaction of
Discrimination × Hemisphere × Anteriority in the time window of
600 – 700ms [F (1, 21) = 5.51, p = 0.029, η2 = 0.21]. Further analysis
only revealed a significant positive-going discrimination effect in
the LF region [t (21) = −3.11, p = 0.005].

The analysis on the midline electrodes only exhibited a
significant main effect of Site in the time window of 600–700 ms
[F (2, 45) = 3.49, p = 0.036, η2 = 0.14]. No additional main effect or
interaction was discovered in any other time windows.

3.3 Difference waves

Figure 3 displays the difference waves of the four ROIs and the
two midline electrodes (Fz and Pz) for the trochaic and iambic
stress patterns. Figure 4 illustrates the topographic maps for the
trochaic and iambic stress patterns in the five time windows.

Näätänen et al. (2019) have pointed out that because of
the low signal-to-noise ratio and instability of infant data, it is
essential to make sure that the responses under examination differ
significantly from zero. Therefore, we performed the following tests
to double check the discrimination effects we found in the previous
section. The mean amplitudes of the LF electrodes for the trochaic
difference wave were significantly different from zero in the time
windows of 200–300 ms [t (21) = 2.38, p = 0.027], and 300–400 ms [t
(21) = 2.25, p = 0.036]. Moreover, the amplitude of the electrode Fz
significantly differed from zero in the time window of 400−500 ms
[t (21) = 2.41, p = 0.025].

For the iambic difference wave, the mean amplitudes of the
LF electrodes were significantly different from zero in the time
windows of 300−400 ms [t (21) = 2.40, p = 0.026], 400−500 ms
[t (21) = 2.88, p = 0.009], 500−600 ms [t (21) = 3.16, p = 0.005],
and 600−700 ms [t (21) = 3.11, p = 0.005]. In addition, the mean
amplitudes of the RP electrodes were significantly different from
zero in the time windows of 300−400 ms [t (21) = −2.41, p = 0.025]
and 400−500 ms [t (21) = −3.26, p = 0.004]. As in the trochaic
condition, the amplitude of the electrode Fz also significantly
differed from zero in the time window of 400−500 ms [t (21) = 2.46,
p = 0.023].

We performed a series of 2 × 2 × 2 repeated measures
ANOVAs on the difference waves in the five time windows

to directly compare the differences between the trochaic and
iambic stress. The result showed a significant interaction of
Stress × Hemisphere × Anteriority in the 400−500 ms [F (1,
21) = 5.31, p = 0.031, η2 = 0.20], and 500−600ms [F (1, 21) = 5.18,
p = 0.033, η2 = 0.20] time windows. Post hoc analysis exhibited a
significant difference between trochaic and iambic stress in the RP
region in the 400−500ms time window [t (21) = 2.25, p = 0.035],
with iambic stress displaying a prominent negativity [iambic RP vs.
0: t (21) = −3.25, p = 0.004].

The amplitudes of the midline electrodes were also submitted
to five 2 × 5 repeated measure ANOVAs, with stress (trochee vs.
iamb), and Site (Fz, FCz, Cz, CPz, and Pz) as within-subject factors.
The main effect of Site was significant in the 400−500 ms time
window [F (2, 40) = 3.51, p = 0.041, η2 = 0.14]. There was no
additional significant main effect or interaction in any other time
windows. Table 3 summarizes all the significant results in the five
time windows.

4 Discussion

The current study used event-related potentials (ERPs) to
examine EP-learning infants’ stress discrimination abilities in the
absence of vowel reduction. We found that both the trochaic and
iambic stress patterns elicited a p-MMR. For trochaic stress, the
p-MMR was evident in the left-frontal region in the 300–400ms
time window, and was also significant at Fz in the 400–500ms time
window. For iambic stress, a salient p-MMR was detected in the
left-frontal area in the 400–500ms time window. In addition, iambic
stress displayed a prominent negativity in the right-parietal region
in the 400–500 ms time window, and another positive component
in the left-frontal area in the time window of 600–700 ms. Our
findings are compatible with Frota et al. (2020) study that used eye-
tracking to demonstrate that 5–6 month-old EP-learning infants
were sensitive to the trochaic/iambic stress contrast. However,
Frota et al. did not find reciprocal discrimination of stress patterns,
but reported an asymmetrical perception or preference for iambic
stress. Thus, the present findings add to previous results by showing
that early stress perception is characterized by (i) the discrimination
of both trochaic and iambic patterns, and (ii) a language-specific
processing advantage for iambic stress.

Vowel reduction has been regarded as the main cue for EP stress
discrimination. Previous behavioral studies have demonstrated that
in the absence of vowel reduction EP adult speakers demonstrated
a “stress deafness” effect comparable to that observed in speakers
of languages with no lexical stress or fixed stress (Correia et al.,
2015; Lu et al., 2018). However, in an ERP study, EP adult
speakers displayed MMN responses in both the trochaic and iambic
conditions, suggesting that without vowel reduction they could
inattentively discriminate both stress patterns (Lu et al., 2018). In
the present study, 5–7 month-old EP-learning infants exhibited
similar results as the EP adult speakers, manifested by prominent
p-MMRs in both the trochaic and iambic conditions. P-MMRs have
been observed in newborns and infants for the discrimination of
changes in various features, such as in segmental phonetic contrasts
(e.g., Dehaene-Lambertz and Dehaene, 1994; Dehaene-Lambertz
and Pena, 2001), frequency of pure tones (Leppänen et al., 1997;
Morr et al., 2002), and vowel duration (Friederici et al., 2002).
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FIGURE 3

Difference waves of the four ROIs as well as the two midline electrodes (Fz and Pz) for the trochaic and iambic stress patterns.

FIGURE 4

Topographic maps for the trochaic and iambic stress patterns in the five time windows.

Studies measuring MMRs across age have reported that adult-like
MMN may emerge between 4 and 6 months of age, and as children
get older it becomes more prevalent (e.g., He et al., 2009; Trainor
et al., 2003). Other research has suggested that p-MMR is likely to
be elicited by small deviants while MMN tends to be induced by
large deviants (e.g., Cheng et al., 2015; Maurer et al., 2003; Morr
et al., 2002). For instance, Morr et al. (2002) found that infants
younger than 12 months revealed a p-MMR in response to a smaller
pure tone deviant, whereas infants as young as 2 months showed an
adult-like MMN for a larger deviant. These results suggest that the
polarity of the MMR may depend on stimuli-related factors as well
as infants’ maturational status (Cheng and Lee, 2018). Although its
exact neural function has been debated, the MMR has been claimed
to represent auditory discrimination irrespective of its polarity (see
Fitzgerald and Todd, 2020, for a review). Therefore, our findings
indicate that, at the pre-attentive stage, 5–7-month-old EP-learning
infants already show stress discrimination of both trochaic and
iambic patterns, like EP adult speakers.

In addition to the p-MMR, we found a prominent right-
parietal negativity in the 300−500 ms time windows, and a salient
left-frontal positivity in the 600−700 ms time window for the
iambic condition. Although the negative component emerges in
the same time window as the LDN reported in previous studies
(e.g., Korpilahti et al., 2001), it has a different scalp distribution
from the LDN. Mueller et al. (2008) also found a parietal LDN
component overlapping with the frontal MMN in young children,
suggesting that the scalp distribution of LDN in children may
be different from that in adults. In the present study, the LDN-
like component occurred in similar time windows as the p-MMR
for the iambic stress, probably reflecting deviance rule extraction
(e.g., Zachau et al., 2005), or an increase in involuntary shifting
(e.g., Shestakova et al., 2003). Researchers have not yet reached
an agreement regarding the role of LDN, but studies seemed to
suggest that the presence of LDN might be language-specific and
the function of LDN might differ across participant characteristics
(e.g., Yu et al., 2017) and various tasks (e.g., Shestakova et al., 2003).
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TABLE 3 Main effects and interactions in the five time windows for (a) trochaic stress, (b) iambic stress and (c) difference waves.

Time windows

200–300 300–400 400–500 500–600 600–700

a. Trochaic stress

Anteriority (Ant) *** *** *** *** ***

Discrimination (Dis) x Hemisphere (Hem) *

Dis−Fz *

a. Iambic stress

Ant * ** ** ** **

Hem ** * *

Dis x Hem *

Dis x Ant *

Dis x Hem x Ant ** *

c. Difference waves

Stress x Hem x Ant * *

*** p ≤ 0.001, **p ≤ 0.01, *p < 0.05.

The significant left-frontal positivity in the 600–700 ms time
window could be regarded as a P3a component, since some
studies have indicated that children typically exhibit a longer
P3 component latency than adults (e.g., Cycowicz et al., 1996;
Fuchigami et al., 1995). Previous studies on stress processing
by adult speakers have reported a late positive component
(LPC) and found a strong correlation between LPC amplitude
and recognition memory (e.g., Böcker et al., 1999; Broś et al.,
2021). Because of this correlation researchers claimed that the
LPC might be a late instance of P3, manifesting categorization
or context updating (Donchin et al., 1978). Besides, previous
longitudinal studies have reported contradictory results regarding
the developmental trajectory of the P3a magnitude. Some studies
found that the magnitude of P3a increases and matures toward
adult-like positivity until late adolescence (e.g., Linnavalli et al.,
2018; Putkinen et al., 2014), while others showed that the P3a
amplitude decreases with age (e.g., Gumenyuk et al., 2004; Mahajan
and McArthur, 2015). Linnavalli et al. (2022) speculated that the
decrease of P3a magnitude might be attributed to adults’ more
effective suppression of involuntary attention.

In the present study, the prominent P3a together with
the LDN component seemed to indicate that the EP-learning
infants perceived lexical stress asymmetrically, with more robust
perception of iambic stress. This co-occurring MMR-P3a-LDN
complex has been reported in previous research using linguistic
stimuli, and has been claimed to reflect further auditory
discriminative processing or even complex cognitive processes
(e.g., Azaiez et al., 2023; Jakoby et al., 2011). Our results are
also consistent with previous behavioral and ERPs findings on
EP adult speakers (Lu et al., 2018), as well as findings from an
eye-tracking study with 5–6 month-old EP-learning infants (Frota
et al., 2020). For adults, the behavioral data from a discrimination
task (ABX) revealed an iambic advantage, with more accurate and
fast responses when X had iambic stress. In addition, the MMN
and late negative components in the iambic condition were more
negative and spanned over a larger temporal window. For infants,
the eye-tracking data showed longer looking times for iambic stress

indicating that infants preferred this stress pattern. The processing
advantage for the iambic stress pattern could be explained by a
language-specific combination of features, as argued in Frota et al.
(2020), in particular, the high weight of duration as a perceptual
correlate for stress, along with the phonological patterns that
influence the frequency distribution of stress patterns in EP. Several
studies have suggested that trochaic and iambic groupings rely
heavily on acoustic cues, emerging from prominence marked by
pitch and intensity in the case of trochaic patterns and prominence
marked by duration in the case of iambic patterns (Bion et al., 2011;
Peña et al., 2016). In the present study, duration was the primary
correlate for stress, and thus we would expect an iambic advantage.
Infants’ perception of stress has also been proposed to rely on the
language-specific frequency distribution of stress patterns. Studies
have shown that infants’ early stress preferences or asymmetrical
stress perception tend to match the predominant stress pattern
in their native language (Jusczyk et al., 1993; Segal and Kishon-
Rabin, 2012; Weber et al., 2004). In EP, iambic stress predominates
if frequency is computed beyond lexical words and the phonetics
and phonology of monosyllables and cliticization are taken into
account (Vigário et al., 2010). The iambic advantage found in the
present study indicates that we should consider the phonetic and
phonological features of the language in connected speech when
computing the language-specific stress frequency. The present
findings thus confirmed that by 5–7 months EP-learning infants
already developed a language-specific asymmetrical discrimination
towards iambic stress at the pre-attentive stage, echoing earlier
findings in Frota et al. (2020) which showed that EP-learning
infants’ demonstrated an iambic preference at the attentive stage.

In conclusion, the present study was the first to use the
ERPs method to investigate stress processing by EP-learning
infants. Our results indicated that both the trochaic and iambic
conditions elicited a p-MMR, showing that in the absence of
vowel reduction EP-learning infants at 5–7 months could pre-
attentively discriminate stress patterns. In addition, the iambic
condition revealed a prominent LDN-like component, as well as
a P3a component, suggesting a processing advantage for iambic
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stress. Thus, our findings present the first evidence for reciprocal
discrimination of stress patterns in EP-learning infants, showing
that stress processing might also differ at the pre-attentive and
attentive stages in infants. Moreover, in line with earlier results
for adults and infants, our findings provide further support for a
processing advantage for iambic stress in EP, found in both the
attentive and pre-attentive stages. This suggests that EP-learning
infants seem to develop their stress perception abilities through
an asymmetrical perception mechanism triggered by iambic stress.
These findings underline the need to study developing stress
processing in languages with different combinations of stress-
related phonetic and phonological properties, advancing the
understanding of the language-specific factors that influence the
acquisition of stress.
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Broś, K., Meyer, M., Kliesch, M., and Dellwo, V. (2021). Word stress
processing integrates phonological abstraction with lexical access – An ERP study.
J. Neurolinguist. 57:100959. doi: 10.1016/j.jneuroling.2020.100959

Butler, J., and Frota, S. (2018). Emerging word segmentation abilities in European
Portuguese-learning infants: New evidence for the rhythmic unit and the edge factor.
J. Child Lang. 45, 1294–1308. doi: 10.1017/S0305000918000181

Cheng, Y. Y., and Lee, C. Y. (2018). The development of mismatch responses to
Mandarin lexical tone in 12- to 24-month old infants. Front. Psychol. 9:488. doi:
10.3389/fpsyg.2018.00448

Cheng, Y. Y., Wu, H. C., Tzeng, Y. L., Yang, M. T., Zhao, L. L., and Lee, C. Y.
(2015). Feature-specific transition from positive mismatch response to mismatch
negativity in early infancy: Mismatch responses to vowels and initial consonants. Int.
J. Psychophysiol. 96, 84–94. doi: 10.1016/j.ijpsycho.2015.03.007

Cheour, M., Alho, K., Ceponiené, R., Reinikainen, K., Sainio, K., Pohjavuori, M.,
et al. (1998). Maturation of mismatch negativity in infants. Int. J. Psychophysiol. 29,
217–226. doi: 10.1016/s0167-8760(98)00017-8

Cheour, M., Korpilahti, P., Martynova, O., and Lang, A. H. (2001). Mismatch
negativity and late discriminative negativity in investigating speech perception and
learning in children and infants. Audiol. Neuro Otol. 6, 2–11. doi: 10.1159/000046804

Cheour-Luhtanen, M., Alho, K., Kujala, T., Sainio, K., Reinikainen, K., Renlund, M.,
et al. (1995). Mismatch negativity indicates vowel discrimination in newborns. Hear.
Res. 82, 53–58. doi: 10.1016/0378-5955(94)00164-l

Cheour-Luhtanen, M., Alho, K., Sainio, K., Rinne, T., Reinikainen, K., Pohjavuori,
M., et al. (1996). The ontogenetically earliest discriminative response of the human
brain. Psychophysiology 33, 478–481. doi: 10.1111/j.1469-8986.1996.tb01074.x

Correia, S., Butler, J., Vigário, M., and Frota, S. (2015). A stress “deafness” effect in
European Portuguese. Lang. Speech 58, 48–67. doi: 10.1177/0023830914565193

Crosswhite, K., Alderete, J., Beasley, T., and Markman, V. (2003). “Morphological
effects on default stress placement in novel Russian words,” in Proceedings of the
West coast conference on formal linguistics, Vol. 22, eds G. Garding and M. Tsujimura
(Somerville, MA), 151–164.

Cutler, A., and Carter, D. M. (1987). The predominance of strong initial syllables in
the English vocabulary. Comput. Speech Lang. 2, 133–142. doi: 10.1016/0885-2308(87)
90004-0

Cycowicz, Y. M., Friedman, D., and Rothstein, M. (1996). An ERP developmental
study of repetition priming by auditory novel stimuli. Psychophysiology 33, 680–690.
doi: 10.1111/j.1469-8986.1996.tb02364.x

Dehaene-Lambertz, G., and Dehaene, S. (1994). Speed and cerebral correlates of
syllable discrimination in infants. Nature 370, 292–295. doi: 10.1038/370292a0

Dehaene-Lambertz, G., and Pena, M. (2001). Electrophysiological evidence for
automatic phonetic processing in neonates. Neuroreport 12, 3155–3158. doi: 10.1097/
00001756-200110080-00034

Delgado-Martins, M. R. (1977). Aspects de L’accent en Portugais. Voyelles Toniques
et Atones. [Ph.D. thesis]. Strasbourg: University of Strasbourg.

Delorme, A., and Makeig, S. (2004). EEGLAB: An open-source toolbox for analysis
of single trial EEG dynamics. J. Neurosci. Methods 134, 9–21. doi: 10.1016/j.jneumeth.
2003.10.009

Dogil, G., and Williams, B. (1999). “The phonetic manifestation of word stress
in Lithuanian, Polish and German and Spanish,” in Word prosodic systems in
the languages of Europe, ed. H. van der Hulst (Berlin: Mouton de Gruyter),
273–311.

Donchin, E., Ritter, W., and McCallum, W. C. (1978). “Cognitive psychophysiology:
The endogenous components of the ERP,” in Event-related brain potentials in man,
eds E. Callaway, P. Tueting, and S. H. Koslow (New York, NY: Academic Press),
349–411.

Escera, C., Alho, K., Schroger, E., and Winkler, I. W. (2000). Involuntary attention
and distractibility as evaluated with event-related brain potentials. Audiol. Neurotol. 5,
151–166. doi: 10.1159/000013877

Escera, C., Alho, K., Winkler, I., and Näätänen, R. (1998). Neural mechanisms of
involuntary attention to acoustic novelty and change. J. Cogn. Neurosci. 10, 590–604.
doi: 10.1162/089892998562997

Escera, C., and Corral, M. J. (2007). Role of mismatch negativity and novelty-P3 in
involuntary attention. J. Psychophysiol. 21, 251–264. doi: 10.1027/0269-8803.21.34.251

Faul, F., Erdfelder, E., Lang, A.-G., and Buchner, A. (2007). G∗Power 3: A flexible
statistical power analysis program for the social, behavioral, and biomedical sciences.
Behav. Res. Methods 39, 175–191. doi: 10.3758/bf03193146

Filipe, M. G., Severino, C., Vigário, M., and Frota, S. (2023). Adaptation and
validation of the European Portuguese Communication and Symbolic Behaviour
Scales Developmental ProfileTM (CSBS DPTM) Infant-Toddler Checklist. Int. J. Lang.
Commun. Disord. 59, 223–233. doi: 10.1111/1460-6984.12937

Fitzgerald, K., and Todd, J. (2020). Making sense of mismatch negativity. Front.
Psychiatry 11:468. doi: 10.3389/fpsyt.2020.00468

Friederici, A. D., Friedrich, M., and Christophe, A. (2007). Brain responses in 4-
month-old infants are already language specific. Curr. Biol. 17, 1208–1211. doi: 10.
1016/j.cub.2007.06.011

Friederici, A. D., Friedrich, M., and Weber, C. (2002). Neural manifestation of
cognitive and precognitive mismatch detection in early infancy. Neuroreport 13,
1251–1254. doi: 10.1097/00001756-200207190-00006

Friedman, D., Cycowicz, Y. M., and Gaeta, H. (2001). The novelty P3: An event-
related brain potential (ERP) sign of the brain’s evaluation of novelty. Neurosci.
Biobehav. Rev. 25, 355–373. doi: 10.1016/s0149-7634(01)00019-7

Friedrich, M., Herold, B., and Friederici, A. D. (2009). ERP correlates of processing
native and non-native language word stress in infants with different language
outcomes. Cortex 45, 662–676. doi: 10.1016/j.cortex.2008.06.014

Frota, S. (2002). Nuclear falls and rises in European Portuguese: A phonological
analysis of declarative and question intonation. Probus 14, 113–146.

Frota, S. (2014). “The intonational phonology of European Portuguese,” in Prosodic
typology II, ed. S. A. Jun (Oxford: Oxford University Press), 6–42.

Frota, S., and Vigário, M. (2001). On the correlates of rhythmic distinctions: The
European/Brazilian Portuguese case. Probus 13, 247–272. doi: 10.1515/prbs.2001.005

Frota, S., Butler, J., Correia, S., Severino, C., Vicente, S., and Vigário, M.
(2016). Infant communicative development assessed with the European Portuguese
MacArthur–bates communicative development inventories short forms. First Lang. 36,
525–545. doi: 10.1177/0142723716648867

Frota, S., Butler, J., Uysal, E., Severino, C., and Vigário, M. (2020). European
Portuguese-learning infants look longer at iambic stress: New data on language
specificity in early stress perception. Front. Psychol. 11:1890. doi: 10.3389/fpsyg.2020.
01890

Frota, S., Vigário, M., and Martins, F. (2002). “Language discrimination and rhythm
class: Evidence from Portuguese,” in Proceedings of speech prosody 2002, eds B. Bel and
I. Marlien (Aix en Provence: Laboratoire Parole et Langage), 315–318.

Frota, S., Vigário, M., and Martins, F. (2006). “FreP: An electronic tool for
extracting frequency information of phonological units from Portuguese written text,”
in Proceedings of the 5th international conference on language resources and evaluation;
May 22-28, 2006, (Genoa), 2224–2229.

Frota, S., Vigário, M., Martins, F., and Cruz, M. (2010). FrePOP (version 1.0).
Laboratório de fonética (CLUL). Lisboa: Faculdade de Letras da Universidade de
Lisboa.

Fry, D. B. (1958). Experiments in the perception of stress. Lang. Speech 1, 126–152.
doi: 10.1177/002383095800100207

Fuchigami, T., Okubo, O., Ejiri, K., Fujita, Y., Kohira, R., Noguchi, Y., et al. (1995).
Developmental changes in P300 wave elicited during two different experimental
conditions. Pediatr. Neurol. 13, 25–28. doi: 10.1016/0887-8994(95)00086-u

Gervain, J., Christophe, A., and Mazuka, R. (2020). “Prosodic bootstrapping,” in The
Oxford handbook of language prosody, eds C. Gussenhhoven and A. Chen (Oxford:
Oxford Academic), 563–573. doi: 10.1093/oxfordhb/9780198832232.013.36

Gumenyuk, V., Korzyukov, O., Alho, K., Escera, C., and Näätänen, R. (2004). Effects
of auditory distraction on electrophysiological brain activity and performance in
children aged 8-13 years. Psychophysiology 41, 30–36. doi: 10.1111/1469-8986.00123

He, C., Hotson, L., and Trainor, L. J. (2009). Maturation of cortical mismatch
responses to occasional pitch change in early infancy: Effects of presentation rate and
magnitude of change. Neuropsychologia 47, 218–229. doi: 10.1016/j.neuropsychologia.
2008.07.019

Höhle, B. (2009). Bootstrapping mechanisms in first language acquisition.
Linguistics 47, 359–382. doi: 10.1515/LING.2009.013

Höhle, B., Bijeljac-Babic, R., Herold, B., Weissenborn, J., and Nazzi, T. (2009).
Language specific prosodic preferences during the first year of life: Evidence from
German and French infants. Infant Behav. Dev. 32, 262–274. doi: 10.1016/j.infbeh.
2009.03.004

Jakoby, H., Goldstein, A., and Faust, M. (2011). Electrophysiological correlates
of speech perception mechanisms and individual differences in second language
attainment. Psychophysiology 48, 1517–1531. doi: 10.1111/j.1469-8986.2011.
01227.x

Jessen, M., Marasek, K., Schneider, K., and Claßen, K. (1995). “Acoustic correlates
of word stress and the tense/lax opposition in the vowel system of German,” in
Proceedings of the 13th international congress of phonetic sciences, Vol. 4, (Stockholm),
428–431.

Frontiers in Neuroscience 12 frontiersin.org

https://doi.org/10.3389/fnins.2024.1415854
https://doi.org/10.1371/journal.pone.0030843
https://doi.org/10.1177/0023830910388018
https://doi.org/10.1159/000259444
https://doi.org/10.1111/1469-8986.3660706
https://doi.org/10.1016/j.jneuroling.2020.100959
https://doi.org/10.1017/S0305000918000181
https://doi.org/10.3389/fpsyg.2018.00448
https://doi.org/10.3389/fpsyg.2018.00448
https://doi.org/10.1016/j.ijpsycho.2015.03.007
https://doi.org/10.1016/s0167-8760(98)00017-8
https://doi.org/10.1159/000046804
https://doi.org/10.1016/0378-5955(94)00164-l
https://doi.org/10.1111/j.1469-8986.1996.tb01074.x
https://doi.org/10.1177/0023830914565193
https://doi.org/10.1016/0885-2308(87)90004-0
https://doi.org/10.1016/0885-2308(87)90004-0
https://doi.org/10.1111/j.1469-8986.1996.tb02364.x
https://doi.org/10.1038/370292a0
https://doi.org/10.1097/00001756-200110080-00034
https://doi.org/10.1097/00001756-200110080-00034
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1159/000013877
https://doi.org/10.1162/089892998562997
https://doi.org/10.1027/0269-8803.21.34.251
https://doi.org/10.3758/bf03193146
https://doi.org/10.1111/1460-6984.12937
https://doi.org/10.3389/fpsyt.2020.00468
https://doi.org/10.1016/j.cub.2007.06.011
https://doi.org/10.1016/j.cub.2007.06.011
https://doi.org/10.1097/00001756-200207190-00006
https://doi.org/10.1016/s0149-7634(01)00019-7
https://doi.org/10.1016/j.cortex.2008.06.014
https://doi.org/10.1515/prbs.2001.005
https://doi.org/10.1177/0142723716648867
https://doi.org/10.3389/fpsyg.2020.01890
https://doi.org/10.3389/fpsyg.2020.01890
https://doi.org/10.1177/002383095800100207
https://doi.org/10.1016/0887-8994(95)00086-u
https://doi.org/10.1093/oxfordhb/9780198832232.013.36
https://doi.org/10.1111/1469-8986.00123
https://doi.org/10.1016/j.neuropsychologia.2008.07.019
https://doi.org/10.1016/j.neuropsychologia.2008.07.019
https://doi.org/10.1515/LING.2009.013
https://doi.org/10.1016/j.infbeh.2009.03.004
https://doi.org/10.1016/j.infbeh.2009.03.004
https://doi.org/10.1111/j.1469-8986.2011.01227.x
https://doi.org/10.1111/j.1469-8986.2011.01227.x
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-18-1415854 September 20, 2024 Time: 14:31 # 13

Lu et al. 10.3389/fnins.2024.1415854

Jing, H., and Benasich, A. A. (2006). Brain responses to tonal changes in the first two
years of life. Brain Dev. 28, 247–256. doi: 10.1016/j.braindev.2005.09.002

Jusczyk, P. W., Cutler, A., and Redanz, N. (1993). Preference for the predominant
stress patterns of English words. Child Dev. 64, 675–687. doi: 10.1111/j.1467-8624.
1993.tb02935.x

Jusczyk, P. W., Houston, D. M., and Newsome, M. (1999). The beginnings of word
segmentation in English-learning infants. Cogn. Psychol. 39, 159–207. doi: 10.1006/
cogp.1999.0716

Knight, R. T., Scabini, D., Woods, D. L., and Clayworth, C. C. (1989). Contributions
of temporal-parietal junction to the human auditory P3. Brain Res. 502, 109–116.
doi: 10.1016/0006-8993(89)90466-6

Korpilahti, P., Krause, C. M., Holopainen, I., and Lang, A. H. (2001). Early and late
mismatch negativity elicited by words and speech-like stimuli in children. Brain Lang.
76, 332–339. doi: 10.1006/brln.2000.2426

Leppänen, P. T., Eklund, K., and Lyytinen, H. (1997). Event-related brain potentials
to change in rapidly presented acoustic stimuli in newborns. Dev. Neuropsychol. 13,
175–204. doi: 10.1080/87565649709540677

Liberman, P. (1960). Some acoustic correlates of word stress in American English.
J. Acoust. Soc. Am. 33, 451–454. doi: 10.1121/1.1908095

Linnavalli, T., Lahti, O., Törmänen, M., Tervaniemi, M., and Benjamin, U. C. (2022).
Children’s inhibition skills are associated with their P3a latency – results from an
exploratory study. Behav. Brain Funct. 18:13. doi: 10.1186/s12993-022-00202-7

Linnavalli, T., Putkinen, V., Huotilainen, M., and Tervaniemi, M. (2018).
Maturation of speech-sound ERPs in 5-6-year-old children: A longitudinal study.
Front. Neurosci. 12:814. doi: 10.3389/fnins.2018.00814

Llisterri, J., Machuca, M., dela Mota, C., Riera, M., and Rios, A. (2003). “The
perception of lexical stress in Spanish,” in Proceedings of the 15th international
conference of phonetic sciences, Vol. 2, eds M.-J. Sole, D. Recasens, and J. Romero
(Barcelona: Causal Productions), 2023–2026.

Lopez-Calderon, J., and Luck, S. J. (2014). ERPLAB: An open-source toolbox for the
analysis of event-related potentials. Front. Hum. Neurosci. 8:213. doi: 10.3389/fnhum.
2014.00213

Lu, S., Severino, C., Vigário, M., and Frota, S. (2023). “Language-specific
stress discrimination by European Portuguese-learning infants: An ERP study,” in
Proceedings of the 20th international congress of speech sciences (ICPhS), (Prague).

Lu, S., Vigário, M., Correia, S., Jerónimo, R., and Frota, S. (2018). Revisiting stress
“Deafness” in European Portuguese – a behavioral and ERP study. Front. Psychol.
9:2486. doi: 10.3389/fpsyg.2018.02486

Luck, S. J. (2022). Applied event-related potential data analysis. Davis, CA:
LibreTexts, doi: 10.18115/D5QG92

Mahajan, Y., and McArthur, G. (2015). Maturation of mismatch negativity and P3a
response across adolescence. Neurosci. Lett. 587, 102–106. doi: 10.1016/j.neulet.2014.
12.041

Maurer, U., Bucher, K., Brem, S., and Brandeis, D. (2003). Development of the
automatic mismatch response: From frontal positivity in kindergarten children to the
mismatch negativity. Clin. Neurophysiol. 114, 808–817. doi: 10.1016/S1388-2457(03)
00032-4

Mitciuk, D., and Pelts, N. (2022). Stress assignment in disyllabic russian words:
Testing the idea of syllabic weight. PsyArXiv [Prperint]. doi: 10.31234/osf.io/qtj4d

Molczanow, J., Domahs, U., Knaus, J., and Wiese, R. (2013). The lexical
representation of word stress in Russian: Evidence from event-related potentials.Ment.
Lexicon 8, 164–194. doi: 10.1075/ml.8.2.03mol

Morr, M. L., Shafer, V. L., Kreuzer, J. A., and Kurtzberg, D. (2002). Maturation of
mismatch negativity in typically developing infants and preschool children. Ear Hear.
23, 118–136. doi: 10.1097/00003446-200204000-00005

Morton, J., and Jassem, W. (1965). Acoustic correlates of stress. Lang. Speech 8,
159–181. doi: 10.1177/002383096500800303

Most, T. (1999). Production and perception of syllable stress by children with
normal hearing and children with hearing impairment. Volta Rev. 101, 51–70.

Mueller, V., Brehmer, Y., von Oertzen, T., Li, S. C., and Lindenberger, U. (2008).
Electrophysiological correlates of selective attention: A lifespan comparison. BMC
Neurosci. 9:18. doi: 10.1186/1471-2202-9-18

Näätänen, R., Kujala, T., and Light, G. A. (2019). The mismatch negativity
(MMN): A window to the brain. Oxford: Oxford University Press. doi: 10.1093/oso/
9780198705079.001.0001

Näätänen, R., Pakarinen, S., Rinne, T., and Takegata, R. (2004). The mismatch
negativity (MMN): Towards the optimal paradigm. Clin. Neurophysiol. 115, 140–144.
doi: 10.1016/j.clinph.2003.04.001

Näätänen, R., Schröger, E., Karakas, S., Tervaniemi, M., and Paavilainen, P. (1993).
Development of a memory trace for a complex sound in the human brain. Neuroreport
4, 503–506. doi: 10.1097/00001756-199305000-00010

Nazzi, T., Iakimova, G., Bertoncini, J., Fredonie, S., and Alcantara, C. (2006). Early
segmentation of fluent speech by infants acquiring French: Emerging evidence for
crosslinguistic differences. J. Mem. Lang. 54, 283–299. doi: 10.1016/j.jml.2005.10.004
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