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ABSTRACT  
Drawing on the innate human ability to detect regularities in the language input (statistical 
learning), this study applies a cross-situational learning paradigm to test the learning of 
unfamiliar sign-like gestures (in the form of pseudosigns) for familiar spoken words in children 
and adults. Twenty-five children (8–11 years) and 19 adults (18–35 years) were familiarised with 
8 word-pseudosign pairs and tested on a recognition and a semantic categorisation task, with 
simultaneous EEG recording. Both groups demonstrated above-chance accuracy, indicating 
successful learning of word-pseudosign pairs and their meanings, with an advantage of adults 
over children. Both groups also showed an N400 followed by an LPC response during the 
recognition task. During categorisation, adults demonstrated an N400 response, whereas, in 
children, an N400 emerged only when the correctly identified trials were considered. These 
results suggest that pseudosigns are highly salient linguistic inputs, likely to be learned through 
statistical computations.

ARTICLE HISTORY
Received 2 July 2024 
Accepted 9 July 2025  

KEYWORDS  
Pseudosigns; statistical 
learning; cross-situational 
learning; N400; LPC; 
semantic categorisation; 
associative learning

Introduction

Human communication is, in its essence, multimodal, 
with both auditory and visual input playing essential 
roles (Holler & Levinson, 2019). During early childhood, 
infants initially communicate with adults through a com
bination of vocal and non-vocal acts. These acts include 
cries, vocalisations, protophones, eye contact (Long 
et al., 2020; Oller et al., 2021), and gestures, such as 
hand, head, eye, and body movements (Goldin- 
Meadow, 1999; Hübscher & Prieto, 2019). Over time, 
there is a gradual shift towards verbal communication, 
typically occurring by the end of the second year 
(Capirci et al., 1996; Saksida et al., 2023). In this initial 
phase, gestures serve to represent objects, actions, or 
events (Acredolo & Goodwyn, 1988; Capirci et al., 1996; 
Goldin-Meadow & Butcher, 2003) and preverbal children 
predominantly use them to direct caregivers’ attention, 
make requests, and reference events (Acredolo & 
Goodwyn, 1988; Bates, 1979; Capirci et al., 1996; 

Goldin-Meadow, 1999; Özçalişkan & Dimitrova, 2013). 
As toddlers progress towards childhood, speech offers 
a more energy-efficient means of communication; in 
child and adult communication, gestures persist as inte
gral language components to accompany, emphasise, 
and complement speech (Colletta et al., 2015; McNeill, 
1985, 1992, 2005; Willems et al., 2007).

In both child and adult communication, gestures can 
be classified according to their dependence on context. 
Context-dependent gestures such as pointing, reaching 
and giving serve to establish joint attention and derive 
meaning from the immediate environment in which 
they are used (Bates et al., 1975; Capirci et al., 1996). 
Context-independent gestures, on the other hand, 
always denote a specific referent, and their meaning is 
stable and agreed upon across users. Examples of 
these gestures are putting a thumb up to signify “ok”, 
flapping the hand to indicate “bird”, or bringing a 
hand to the mouth to mean “to eat”. In the literature, 
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context-independent gestures are referred to with 
different definitions, with the most commonly used 
being symbolic (Acredolo & Goodwyn, 1988; Bates 
et al., 1979; Fasolo & D’Odorico, 2012; Goodwyn et al., 
2000; Vallotton, 2012) and representational (Batista 
et al., 2019; Rowe et al., 2008), among others (for a com
prehensive list of definitions see Murillo & Casla, 2021
and Suttora et al., 2022). Another type of context-inde
pendent gestures, often referred to as sign language- 
like gestures (or sign-like; see e.g. Krentz & Corina, 2008; 
Newman et al., 2015), has been explored in studies on 
early language acquisition, particularly to investigate 
how infants process and learn visual versus auditory 
stimuli and their preferences for gestural or spoken 
input (e.g. Baker et al., 2006; Krentz & Corina, 2008; 
Newman et al., 2015; Rabagliati et al., 2012; Stone 
et al., 2018). These gestures are typically modelled 
after sign languages but do not belong to an established 
linguistic system.

Context-independent gestures are particularly rel
evant during communication as they convey semantic 
information, allowing to represent and refer to 
objects and concepts, even in the absence of specific 
referents (Roberts & Hampton, 2018; Goldin-Meadow 
& Butcher, 2003; Capirci et al., 1996; Acredolo & 
Goodwyn, 1996). These gestures can stand alone, func
tioning similarly to words in conveying meaning 
(Capone & McGregor, 2004; Goodwyn et al., 2000; 
Pizer et al., 2007). For these reasons, they can be used 
to promote communication in the pre-verbal stage of 
language development (e.g. Acredolo & Goodwyn, 
1996; Paul et al., 2019; Vallotton, 2012) and with clinical 
populations (e.g. Harrigan & Nikolopoulos, 2002). In 
these cases, context-independent gestures are usually 
produced along with speech. To guarantee linguistic 
salience and coherence, they are often drawn from 
the vocabulary of sign languages (for a review, see 
Colombani et al., 2022).

These shared characteristics with spoken words 
suggest that context-independent gestures could like
wise be referential and interpreted as labels for referents. 
However, existing literature on the topic has primarily 
focused on infants and toddlers (e.g. Capone & McGre
gor, 2005; McGregor et al., 2009; Namy et al., 2004; 
Namy & Waxman, 1998; Puccini & Liszkowski, 2012; 
Suanda et al., 2013), showing that the ability to learn 
symbols initially applies to both gestures and words 
but gradually becomes more specific to words, likely 
due to predominant exposure to verbal communication 
(Krentz & Corina, 2008). Later in toddlerhood, gesture 
learning appears to re-emerge, potentially driven by 
broader symbolic experiences and increased sensitivity 
to communicative intent, reflecting a “U-shaped” 

developmental trajectory (Namy et al., 2004). To date, 
no direct studies have investigated the use of gestures 
as object labels in older children or adults. Research in 
this area has predominantly focused on sign language 
acquisition (e.g. Lieberman et al., 2022; Lillo-Martin & 
Henner, 2021), leaving a gap in understanding how ges
tural labels are acquired and associated with meaning 
beyond early childhood.

Language acquisition and cross-situational 
learning

During language development, one of the possible 
mechanisms in which learning occurs is through the 
gradual, incidental recognition of patterns of regularities 
within the language input. This process has been 
referred to as statistical learning (Conway, 2020; for a 
recent discussion of the term, see Christiansen, 2019). 
So far, statistical learning abilities in humans have 
been extensively studied across different domains and 
populations (for a review, see Isbilen & Christiansen, 
2022). However, in the field of language learning in 
the visual modality, specifically in hearing non-signer 
(or deaf signers) populations, to date, only Hofweber 
and colleagues (2022) have applied a statistical learning 
paradigm to sign learning. This study examined the 
capacity of sign language-naive individuals to acquire 
signs presented within a naturalistic context (i.e. sen
tences with no auditory input). Results showed that 
sign acquisition upon initial exposure is feasible, provid
ing preliminary evidence that adult-like language-learn
ing mechanisms are operative across modalities.

In statistical learning studies, a commonly used para
digm is the cross-situational learning (CSL) paradigm (Yu 
& Smith, 2007), which accounts for 11% of all statistical 
learning studies (Frost et al., 2019). In this paradigm, par
ticipants are presented with a series of ambiguous learn
ing trials consisting of multiple referents and words, with 
no explicit indication of word-referent correspondences. 
Learning occurs by statistically computing the prob
ability of word-referent co-occurrences across the trials. 
This identification of patterns across multiple contexts 
can, therefore, classify cross-situational learning as a 
form of statistical learning. This form of learning can 
be considered implicit, as acquired without explicit 
intent or feedback. It relies on basic mechanisms that 
function outside conscious awareness (Christiansen, 
2019), such as associative learning processes (Perruchet 
& Pacton, 2006) operating under attention and memory 
constraints (Kachergis et al., 2013; Vlach & Johnson, 
2013; Yurovsky et al., 2014). With this ambiguous learn
ing context, this paradigm mimics real-world learning 
scenarios in the laboratory setting, providing the 
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opportunity to test learning mechanisms in a naturalis
tic-like learning environment.

Cross-situational learning paradigms have been 
applied to test word learning across ages, stimuli and 
conditions (for a review, see Isbilen & Christiansen, 
2022; Roembke et al., 2023; see Appendix A for a 
summary of relevant studies). Research includes infants 
(Escudero et al., 2016a; Smith & Yu, 2008, 2013; Vlach & 
Johnson, 2013; Yu & Smith, 2011), toddlers (Bunce & 
Scott, 2017; Mangardich & Sabbagh, 2022; Vlach & 
DeBrock, 2017, 2019), pre-schoolers and children 
(Fitneva & Christiansen, 2017; Roembke et al., 2018; 
Suanda et al., 2014; Vlach & DeBrock, 2017, 2019), and 
adults (Chen, Gershkoff-Stowe, Wu, Cheung, & Yu, 
2017; Escudero et al., 2016b; Monaghan et al., 2019; 
Mulak et al., 2019; Roembke et al., 2018; Yip, 2022). 
The standard behavioural cross-situational learning 
paradigm has been combined with various methods, 
including eye-tracking (in infants: Yu & Smith, 2011; in 
adults: Fitneva & Christiansen, 2011; Roembke & McMur
ray, 2016; Trueswell et al., 2013; Yu et al., 2012), event- 
related potentials (in children: Mangardich & Sabbagh, 
2022; in adults: Angwin et al., 2022), fMRI (in adults: 
Berens et al., 2018), and trial-by-trial behavioural analysis 
(in adults: Dautriche & Chemla, 2014; Roembke & 
McMurray, 2021; Suanda & Namy, 2012; Trueswell 
et al., 2013). The majority of studies have used pseudo
words (meaningless word-like sound sequences follow
ing a language’s phonotactic rules) and novel objects 
as stimuli to simulate the learning of novel nouns. Build
ing on this foundation, other studies extended the cross- 
situational paradigm to explore the learning of word cat
egories (in children and adults: Wang & Trueswell, 2019; 
in adults: Chen, Gershkoff-Stowe, Wu, Cheung, & Yu, 
2017), verbs (in toddlers: Scott & Fisher, 2012; in adults: 
Monaghan et al., 2015), grammar rules (Monaghan 
et al., 2019; Rebuschat et al., 2021; Walker et al., 2020), 
and written words (in adults: Escudero et al., 2022). 
Moreover, evidence suggests that cross-situational 
learning performance is closely linked to cognitive 
factors, such as working memory and language abilities. 
These correlations have been observed across age 
groups, including infants (Smith & Yu, 2013; Vlach & 
Johnson, 2013), toddlers and children (Aravind et al., 
2018; Scott & Fisher, 2012; Vlach & DeBrock, 2017, 
2019), and adults (Vlach & Sandhofer, 2014; Walker 
et al., 2020; Wang, 2020). Cross-situational learning 
studies have investigated how specific variables shape 
learning outcomes across different populations. These 
include bilingualism (in adults: Benitez et al., 2016; Escu
dero et al., 2016c; Poepsel & Weiss, 2016; in children: 
Crespo et al., 2023), speaker variability (in children: 
Crespo & Kaushanskaya, 2021), phonotactics (Dal Ben 

et al., 2022), prosody (Filippi et al., 2014; Yurovsky 
et al., 2013), social cues (MacDonald et al., 2017), and 
temporal order of stimuli presentation (in adults: Apfel
baum & McMurray, 2017; Benitez et al., 2020; Kachergis 
et al., 2013; in children: Benitez et al., 2020). Other 
areas of focus include the influence of partial knowledge 
(Yurovsky et al., 2014), temporal order and repetition of 
stimuli (Apfelbaum & McMurray, 2017; Benitez et al., 
2020; Blythe et al., 2010; Hendrickson & Perfors, 2019; 
Kachergis et al., 2013; Vogt, 2012), selective attention 
(Yu et al., 2012), and second language acquisition (in 
children: Hu, 2017; in adults: Tuninetti et al., 2020), and 
symbolic flexibility (in children and adults: Roembke 
et al., 2018). However, despite the key role of gestures 
in language and communication, to the best of our 
knowledge, no studies have been conducted on cross- 
situational learning of linguistic input in the visual 
modality (e.g. sign language signs, sign-like or other 
types of context-independent gestures as stimuli).

Semantic processing and event-related 
potentials (ERPs)

While cross-situational learning has advanced our under
standing of the mechanisms involved in word-referent 
association, it remains unclear whether this association 
also encodes semantic representation or is based 
solely on associative and perceptual mechanisms 
(Gliga & Csibra, 2009; Waxman & Gelman, 2009). One 
approach to address this question is the analysis of 
event-related potentials (ERPs), averaged neural 
responses to specific sensory, cognitive, and motor 
events extracted from the EEG signal (Luck, 2004, p. 4).

A widely regarded index of semantic integration (e.g. 
Kutas & Federmeier, 2011) is the N400 ERP component, 
characterised by a negative voltage peaking around 
400 ms after stimulus onset. The classical N400 paradigm 
comprises sentences with semantically congruent or 
incongruent target words (e.g. “He spread his warm 
bread with butter” vs. “He spread his warm bread with 
socks”; Kutas & Hillyard, 1980). The effect is sensitive to 
the degree of congruency and varies according to task 
and stimulus type (Kutas & Federmeier, 2009; 2011). 
One way to measure semantic encoding is to see 
whether a newly learned word can serve as an effective 
prime in a semantic priming task, where incongruent 
word pairs (e.g. “dog” and “book”) are shown to evoke 
stronger N400 responses than congruent ones (e.g. 
“dog” and “bone”). A robust N400 effect has been 
demonstrated in word learning studies across age 
groups, including infants and children (e.g, Hirotani 
et al., 2009; Mangardich & Sabbagh, 2022; see Junge 
et al., 2021 for a review) and adults (e.g. Angwin et al., 
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2014; Armstrong et al., 2024; Bermúdez-Margaretto et al., 
2018; Borovsky et al., 2012; Kaczer et al., 2018; Mestres- 
Missé et al., 2007; Perfetti et al., 2005; Ramos-Escobar 
et al., 2021), as well as in gesture learning (e.g. in 
adults: Bernardis et al., 2008; Drijvers & Özyürek, 2018; 
Habets et al., 2011; Kelly et al., 2004; 2010; Özyürek 
et al., 2007; Wu & Coulson, 2005; 2007a; 2007b; in chil
dren: Sekine et al., 2020; for review see Özyürek, 2014).

Another neural marker of explicit memory retrieval 
and integration in word learning is the presence of a 
late positive component (LPC), usually observed follow
ing the N400 response within the 450–850 ms post- 
stimulus window. The presence of an LPC has been 
associated with controlled, explicit semantic retrieval 
and integration of new words into the mental lexicon, 
with its amplitude modulated by retrieval and inte
gration demands (e.g. Bakker et al., 2015; Hoshino & 
Thierry, 2012; Kaczer et al., 2018; Martin et al., 2009; 
Rugg & Curran, 2007; for sign-language in hearing popu
lation: Zachau et al., 2014).

To date, only two studies have investigated semantic 
encoding of word-referent associations by combining 
the standard cross-situational learning paradigm with 
an ERP analysis (in 4-year-old children: Mangardich & 
Sabbagh, 2022; in adults: Angwin et al., 2022). For both 
children (4 years old) and adults, novel words learned 
via cross-situational learning encoded semantic rep
resentations for the new words and showed a similar 
neurophysiological profile to that of familiar words. Fur
thermore, the N400 effect has been observed with pseu
dowords and across modalities, including American Sign 
Language signs (see Kutas & Petten, 1994). However, to 
date, no study has examined the N400 effect elicited by 
other forms of visually presented language, such as 
context-independent sign-like gestures.

Current study

Building on these findings, the current study examines 
whether context-independent gestures can be effec
tively learned and assigned meaning, focusing on sign- 
like gestures. Their similarity to words – arbitrariness, 
symbolic properties, and referential function – suggests 
that these gestures have the potential to act as labels for 
referents and function as an ecological linguistic input. 
In light of the lack of studies on cross-situational learning 
of language in the visual modality and the shortage of 
data regarding the neurophysiological underpinnings 
of cross-situational learning mechanisms, our study 
aimed to explore the acquisition of gestures correspond
ing to familiar spoken words. We investigated whether 
cross-situational learning would allow the association 
of gestures with familiar words and their meaning, 

employing a combination of behavioural and event- 
related potential methodologies. Given that cross-situa
tional learning of visual linguistic stimuli has not been 
previously investigated, including both children and 
adults allowed us to conduct a preliminary exploration 
of broad developmental differences in this learning 
process.

To ensure linguistic salience and significance, our 
visual stimuli were conceived as language-like pseudo
signs. We defined a pseudosign as an arbitrary hand 
movement, phonotactically legal in sign languages, 
with no previous cultural meaning, and no iconic relation 
to the referent it represented (however, despite our 
attempts, our stimuli still displayed a varying degree of 
iconicity; see Appendix B for a full report of stimuli vali
dation). The phonological legality of the pseudosigns 
was verified using the phonological framework of 
Italian Sign Language (LIS) as described in Branchini 
and Mantovan (2020), drawing on the first author’s 
(AC) proficiency in this language (see “Visual stimuli”). 
Following these criteria, we created 8 novel pseudosigns 
and paired them with 8 familiar spoken words,

To test our hypothesis, first, we familiarised our par
ticipants with the 8 word-pseudosign items in a familiar
isation phase using a standard cross-situational learning 
paradigm (Yu & Smith, 2007). Then, we used two seman
tic priming tasks to assess whether the pseudosigns 
could be correctly associated with their intended 
spoken words (recognition task) and if this association 
could be extended to the semantic area (categorisation 
task). Similar to previous studies (Angwin et al., 2022; 
Mangardich & Sabbagh, 2022), we combined the cross- 
situational learning paradigm and the behavioural 
measures with the analysis of event-related potentials 
(ERPs) and investigated the amplitude and latency of 
the N400 component as a marker of lexical and semantic 
learning. Based on previous research, we formulated two 
main hypotheses: (1) We hypothesised that participants 
in both groups would successfully associate pseudo
signs with the intended spoken words. This would be 
evidenced by significantly higher scores than chance in 
the recognition task, along with a greater N400 nega
tivity when a pseudosign was followed by a different 
word than the intended one; (2) We also hypothesised 
that participants would extend the meaning of spoken 
words to pseudosigns, effectively assigning them a 
meaning. This would be reflected in above-chance per
formance in the categorisation task and a greater N400 
response when a pseudosign was followed by a 
spoken word from a different semantic category than 
the intended one. Moreover, we formulated two 
additional hypotheses: (1) We expected higher accuracy 
in the recognition task compared to the categorisation 
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task, as the recognition task required direct retrieval of 
learned word-pseudosigns pairs, while the categoris
ation task involved a more indirect form of semantic pro
cessing. At the neural level, we predicted a reduced 
N400 amplitude in the categorisation task, as indirect 
semantic associations generally elicit weaker N400 
effects than direct pairings (e.g. Kreher et al., 2006); (2) 
Lastly, we hypothesised a difference in performance 
between the two groups. General language and 
memory skills have been linked to cross-situational 
learning performance in children (Vlach & DeBrock, 
2017, 2019), although similar results do not hold 
within the adult population (e.g. Hamrick, 2015; Walker 
et al., 2020). Since cognitive abilities, such as working 
memory capacity and attention, have been shown to 
differ between age groups (e.g. Booth et al., 2003; 
Hoyer et al., 2021; for a review, see Cowan, 2016), we 
hypothesised that adults’ cognitive and linguistic matur
ity facilitated learning and improved task performance, 
with individual language abilities also contributing to 
the variability in results. Although we did not measure 
individual cognitive and linguistic abilities in our study, 
we expected adults to outperform children in the behav
ioural tasks, likely due to their greater cognitive and lin
guistic maturity. At the neural level, however, given 
evidence that children as young as 6 years old can 
exhibit adult-like N400 responses (e.g. Coch, 2014; 
Sekine et al., 2020), we predicted that no significant 
group differences would emerge in N400 amplitude. In 
addition, considering the narrow age range of the chil
dren’s group (8–12 years old), no predictions were 
made regarding any differences within this group.

Materials and methods

Participants

A total of 26 children (14 female, 12 male, Mage = 9.11 
years, range = 8.1–11.11 years, SD = 14.8) and 19 adults 
(11 female, 8 male, Mage = 27 years, range = 18–35 
years, SD = 4.9) participated in the study. All participants 
were healthy and normally hearing, native English 
speakers, having attended school or higher education 
in Australia. Before the start of the experiment, a 
hearing screening test comprising pure tone audiometry 
and otoacoustic emissions was performed to check for 
normal hearing sensitivity on the day of the experiment. 
To prevent biasing the participant towards the nature of 
the experiment, previous exposure to sign language was 
not mentioned as an exclusion criterion. In fact, if partici
pants had been screened before the experiment, they 
might have become aware of the linguistic nature of 
the stimuli, potentially introducing bias toward the 

learning aspect of the task. This information was only 
collected once the experiment was done. Of the 26 chil
dren initially recruited, one participant reported sub
stantial experience with sign language and was 
therefore excluded from the final analysis, resulting in 
a total sample of 25 children. Participants gave informed 
consent prior to the start of the experiment. For child 
participants, consent was given both by the parent/ 
legal guardian and the child, who gave verbal assent 
to the experiment. After completing the study, partici
pants were provided with a token of appreciation in 
the form of a $50 eGift Card. The study was approved 
by the Macquarie University ethical committee (approval 
number 520231271648518).

Stimuli

Stimuli for the familiarisation phase consisted of 8 target 
words (audio stimuli) and 8 novel pseudosigns (videos). 
Each spoken target word was matched with a pseudo
sign to create an item that remained consistent through
out the entire duration of the experiment and for which 
the learning was tested.

Verbal stimuli
Target words have been selected from Posnansky (1978) 
and refer to familiar objects (bed, dog, car, cold, cup, pink, 
shirt, toe) from 8 different semantic categories ( furniture, 
animals, vehicles, weather, kitchenware, colours, clothes, 
body parts). The choice of these words and categories 
was guided by the study design, specifically by the con
straints of the semantic task. First, to assess learning of 
both gesture form and meaning, the words had to be 
easily categorisable. Second, the words and categories 
had to be familiar to the child group. Lastly, monosylla
bic words were selected to facilitate ERP analysis, as they 
reduce variability in acoustic properties and ensure a 
more precise temporal alignment for ERP components 
such as the N400. Posnansky (1978) provides validated 
category norms for verbal items in children aged 7–12, 
with the same categories also supported for adult popu
lations (Van Overschelde et al., 2004). Each of our target 
words represented a distinct semantic category and was 
paired with seven additional monosyllabic words from 
the same category. This resulted in a total of eight 
target words and 54 additional words for use in the cat
egorisation task. The audio stimuli were recorded by an 
adult female native speaker of Australian English using 
monotone intonation.

Visual stimuli
For the visual stimuli (see Figure 1), 8 pseudosigns were 
created through the following process. To establish a 
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lexical base, signs corresponding to the target words 
were selected from various sign language corpora – Bra
zilian Sign Language (Libras), Czech Sign Language 
(CSE), Finnish Sign Language (FINSL), Lithuanian Sign 
Language (LGK), Polish Sign Language (PJM), and Portu
guese Sign Language (LGP) – available in the online dic
tionary Spread the Sign (www.spreadthesign.com). These 
signs were modified in one or more phonological par
ameters (handshape, orientation, location, and move
ment) to meet the experimental requirements and 
create one-handed pseudosigns while ensuring they 
remained phonologically plausible. The final set con
sisted of eight one-handed pseudosigns, each designed 
to be maximally distinct through systematic variation of 
parameter combinations. A detailed phonological 
description of the pseudosigns is provided in the sup
plementary material (Appendix C), following the frame
work proposed by Branchini and Mantovan (2020). This 
process was followed to avoid any possible risk of pre
vious exposure of the participants to the experimental 
stimuli while keeping the pseudosigns visually salient 
and linguistically meaningful. The stimuli were then 
recorded as short individual video clips by an actress 
with sign language proficiency (Australian Sign 
Language), ensuring that the pseudosigns were pro
duced in a natural, sign language-like manner. The 
actress performed each pseudosign with the right 
hand, facing the camera with a neutral expression and 
without producing any other movement, facial 
expression, or vocalisation. To keep their attention 
during the familiarisation phase, participants were 
instructed to press a button every time they saw a 

pseudosign made with two hands instead of one 
(cover task). For this cover task, three additional pseudo
signs were created (lie, pen, tea), in which the actress per
formed the pseudosign with two hands. Original video 
clips were edited using Adobe Premiere to align the 
onset, duration, and offset of each gesture. Each clip fea
tured a 3-second gesture, preceded and followed by 1- 
second no-movement intervals where the hands 
remained still. The gesture stroke began 1 s after the 
start of the video clip. As a result, all gestures were syn
chronised, with no noticeable differences.

Procedure

The experiment comprised three phases, starting with 
(1) a familiarisation phase for cross-situational learning 
followed by (2) a behavioural recognition task with a 
yes/no choice and (3) a behavioural categorisation task. 
Stimulus presentation and response collection were con
trolled using the software Presentation® version 24.0 
(Neurobehavioral Systems). The appointment lasted 
∼120 minutes to complete and included hearing screen
ing, electrode application and removal, and short breaks 
between the tasks. Participants sat in an armchair at 
∼1.5-meter distance from the screen for the visual 
stimuli and the speaker for auditory stimuli. To 
manage participants’ fatigue, short breaks of about 5 
minutes were taken between tasks. During these 
breaks, the experimenter checked the EEG electrode 
impedance, and the participants were offered a small, 
non-caffeinated drink. The time was also used to give 
verbal instructions regarding the next task. The 

Figure 1. Static depiction of the 8 items made of a pseudosign linked to the matched target word (A) and the word-pseudosign items 
used in the cover task (B).
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instructions were also repeated in written form on the 
screen. EEG signal was recorded during the duration of 
the experiment, and the ERPs extracted from the recog
nition and categorisation tasks were analysed offline to 
extract N400 amplitude during the presentation of con
gruent vs. incongruent pairs.

Familiarisation phase
For the familiarisation phase, we applied a covert cross- 
situational learning task of the word-pseudosign items. 
The task comprised 48 trials. In each trial, two videos 
were presented simultaneously on a screen and played 
side by side in conjunction with two auditory stimuli 
(spoken words) played one after the other. The trial 
started with a fixation cross. One second later, the 
videos were presented in 400 × 300 pixels in size and 
were centred 250 pixels to the right or left of the 
screen’s centre. The first audio was presented 750 ms 
after the start of the video, and the second audio was 
presented 1500 ms after the start of the first audio. The 
inter-stimulus interval was 3 s. Throughout the trials, 
the words and pseudosigns were always matched con
sistently; that is, the same word was always associated 
with the same pseudosign, creating an item. The word 
and associated pseudosign were always presented 
together. For instance, if the spoken word was “dog,” 
one of the videos had the pseudosign for “dog”. In 
50% of the trials, the first spoken word referred to the 
video on the left and the second to the video on the 
right. In the other half, this order was reversed (see 
Figure 2). The same word-pseudosign item was never 
presented twice within the same trial. Importantly, par
ticipants were not informed about the presence of 
word-pseudosign associations, nor the learning nature 
of the task. Participants were instructed to pay attention 
to the screen and press a button whenever they saw a 
two-handed gesture (cover task). As two word-pseudo
sign items were presented on each trial, participants 
were exposed to each pair a total of 12 times across 
the 48 trials of the familiarisation phase. In addition, 4 
cover task trials were presented randomly between trial 
numbers 5-11, 15-22, 25-32, and 35-42. The cover task 
was included to maximise participant attention to the 
screen and ensure all participants received the same 
amount of exposure to experimental items.

Recognition task
During the recognition task, the participants’ learning of 
the word-pseudosign items was tested. This task com
prised a total of 96 trials, 48 congruent and 48 incongru
ent. Each trial consisted of a fixation cross “+” displayed 
on screen for 1000 ms, followed by the presentation of 
one pseudosign, followed by one spoken word. A 750- 

ms interval of silence was inserted between the video 
and the audio (see Figure 3A). Participants were asked 
to indicate via button press on a response pad if the 
spoken word was or was not the correct match for the 
pseudosign. No feedback was given to participants 
about the correctness of their answers. The question 
remained on the screen until either the participants 
responded or if 3 s had elapsed, whichever occurred 
first. A 2-second blank screen preceded the next trial.

Categorisation task
This task was designed to explore how well the partici
pants had learnt the pseudosigns. Once the task 
began, participants were presented with one pseudo
sign (from the same set of the familiarisation phase) fol
lowed by one spoken word, different from the target 
words but pertaining to one of the eight semantic cat
egories. Participants were asked to indicate whether 
the spoken word belonged to the same or a different 
category of the pseudosign (see Figure 3B). No feedback 
was given about the correctness of their answers. For 
half of the trials, the semantic categories of the two 
words were congruent (e.g. pseudosign “dog”, spoken 
word “cat”). On the other half of trials, the spoken 
word pertained to a different category, hence con
sidered incongruent (e.g. pseudosign “dog”, spoken 
word “shirt”). Consequently, to respond to the trials 
accurately, participants had to draw upon their knowl
edge of the pseudosigns’ meaning learned in the fam
iliarisation phase. The trial structure and timing were 
similar to the recognition task.

Before this task, a practice trial was performed to 
ensure all participants understood the task, especially 
in the child group. Using flashcards instead of videos 
and live voice instead of audio recordings, the exper
imenter recreated the task by showing the participant a 
drawing of an object pertaining to the same experimen
tal categories – but not used in any other experimental 
phases – e.g. a drawing of a kangaroo/ANIMALS and 
then pronouncing a category-congruent or incongruent 
word such as “mouse”/ANIMALS – congruent or “taxi”/ 
VEHICLES – incongruent. To clarify the nature of the cat
egorisation task, some intentionally misleading pairs 
were introduced to induce responses based on associ
ation rather than categorisation. For example: a 
drawing of a yellow stain (category COLOURS) paired 
with the spoken word “lemon” (misleading association: 
“the lemon is yellow”) or “purple” (correct association: 
COLOURS), and a drawing of a mouth (category BODY 
PARTS) paired with the spoken word “cake” (misleading 
association: “the cake is eaten with the mouth”) or “leg” 
(correct association: BODY PARTS). In case the participant 
gave the incorrect answer, the experimenter stressed 

LANGUAGE, COGNITION AND NEUROSCIENCE 7



that the words should be considered congruent or incon
gruent according to their categories and not by other 
associations such as “the lemon is yellow” or “the cake 
is eaten with the mouth”.

EEG recording

EEG was recorded for the entire duration of the exper
iment, using a 64-electrode cap (Easycap) on the scalp 
according to the 10–20 system. EEG was continuously 
recorded at a sample rate of 1000 Hz using a SynAmps 
2 Neuroscan ® amplifier. The reference electrode (M1) 
was set on the left mastoid, and additional data were 
recorded from the right mastoid (M2). Vertical and hori
zontal oculograms (VEOG, HEOG) were recorded from 
electrodes placed above and on the side of the right 
eye and the left and right temple, respectively. The 
experiment was conducted in an electric  – and acous
tic-shielded room. Electrode impedances were set at 
<10 kΩ at the start of the recording and maintained 
throughout the experiment.

EEG analysis

Continuous EEG was recorded for the entire duration of 
the experiment, but data were only analysed for the rec
ognition and categorisation tasks. EEG data analysis was 
conducted in Matlab v.R2023b (The MathWorks Inc., 
2023) using a custom script and FieldTrip toolbox (Oos
tenveld et al., 2011). EEG continuous recording was 

downsampled to 250 Hz and bandpass filtered from 
0.3–30 Hz using a windowed sync finite impulse filter 
and then divided into epochs between – 100–1000 ms 
from stimulus onset. As the pre-stimulus activity is 
expected to be similarly low across trials, baseline cor
rection was applied between – 100–0 ms before 
stimuli, and the activity in this time window averaged 
and subtracted throughout the waveform. Epochs and 
channels contaminated by artefacts were identified 
and removed in three steps. First, the EEG epochs were 
manually inspected, and trials with amplitude exceed
ing ± 500 μV and channels that are consistently noisy 
were removed from the data (adults: M = 0.4 channels. 
range [0-1]; children: M = 1.19 channels, range [0-5]). 
The independent component analysis (ICA) was then 
performed, and components with the stereotypical fea
tures of blinks and eye movements were removed 
from the data (adults: M = 3.8, range [2–7]; children: M  
= 2.88, range: [2–5]). After this, epochs with amplitudes 
exceeding ± 100 μV were removed. Any removed chan
nels were then interpolated using a spherical spline 
interpolation. The epochs were then re-referenced to 
the average of the mastoids. ERPs were then calculated 
by averaging both correctly and incorrectly identified 
trials. Including both types of trials ensured a higher 
signal-to-noise ratio by increasing the number of trials 
available for analysis. This approach also helps capture 
neural responses that might not align with behavioural 
performance. In fact, studies have shown that the 
N400 can occur even without conscious identification 

Figure 2. Static depiction of word-pseudosign learning phase (familiarisation phase).
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(Stenberg et al., 2000). Individual ERPs were obtained for 
each participant and averaged to obtain a grand average 
for both groups (adults and children) and both con
ditions (recognition task and categorisation task). Data 
from individual participants were included if more 
than 35 good epochs out of 48 for each condition 

were available (75% good trials). All participants were 
included in this step.

Statistical analysis

Analyses were conducted using the R Statistical 
language (version 4.2.2; R Core Team, 2022) on macOS 
Big Sur 11.7.4, using the packages lme4 (version 1.1.34; 
Bates et al., 2015).

Behavioural analysis
For behavioural data, the accuracy score was calculated as 
the percentage of correct trials out of the total number of 
trials (n = 96). To account for individual differences and 
response strategies, we used signal detection analysis 
(Macmillan & Creelman, 2004) and calculated detection 
sensitivity (i.e. d-prime and response bias measures; 

Figure 3. Static depiction of the recognition task (A) and categorisation task (B).

Table 1. Signal Detection Analysis.
Participant 
response

Congruent trial (Signal 
Present)

Incongruent trial (Signal 
Absent)

YES (the pair is 
congruent)

HIT (e.g. rec.: dog – 
dog; cat.: dog – 
bear)

FALSE ALARM (e.g. rec.: dog – 
car; cat.: dog – storm)

NO (the pair is 
incongruent)

MISS (e.g. rec.: dog – 
dog; cat.: dog – 
bear)

CORRECT REJECTION (e.g. 
rec.: dog – car; cat.: dog – 
storm)

Note. Participants were presented with the question “Did the word and the 
gesture match?” appearing on the screen and had to give their response 
by pressing YES or NO on a response pad.
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Table 1). These two scores allowed us to quantify partici
pants’ ability to correctly identify the congruent and incon
gruent pairs and model their response strategy (more or 
less prone to respond “congruent” or “incongruent”). D- 
prime scores were calculated as the standardised differ
ence between the “hit rate” (i.e. the proportion of correctly 
identified trials relative to the total congruent trials) and 
the “false alarm rate” (i.e. the proportion of incorrectly 
identified incongruent trials relative to the total incongru
ent trials). Larger d-prime values implied higher sensitivity, 
and values near zero indicated at-chance performance. 
Response bias was calculated as the difference between 
the z-scores of “hit rate” and “false alarm rate”. To 
address potential issues with hit rates or false alarm rates 
of 0% or 100%, which can affect z-score calculations, we 
applied a smoothing procedure. Specifically, 0.5 was 
added to the number of hits and false alarms, and the 
totals were divided by the sum of signal-present or 
signal-absent trials plus one. This approach ensures that 
the calculated rates are bounded and avoids infinite z- 
scores. These smoothed hit rates and false alarm rates 
were then transformed into z-scores, and the d-prime 
was calculated by subtracting the z-score of the false 
alarm rate from the z-score of the hit rate. Positive d- 
prime scores suggest a more conservative bias; that is, par
ticipants are more likely to respond “no, the pair is incon
gruent” even when uncertain, leading to fewer “false 
alarms” but more misses. Negative scores depict a liberal 
bias, that is, participants are more prone to say that the 
pair is congruent even when uncertain, leading to more 
“false alarms” but fewer “misses”.

A linear model, estimated using Ordinary Least 
Squares, was used to examine the effect of group (i.e. 
adult vs. children) and task type (i.e. recognition vs. cat
egorisation) on the d-prime scores and the interaction 
between the two variables (d-prime ∼ (Task * Group)). 
Standardised parameters were obtained by fitting the 
model on a standardised version of the dataset, and 
95% Confidence Intervals (CIs) and p-values were com
puted using a Wald t-distribution approximation. Given 
that only one child participant was excluded from the 
analysis and none of the remaining participants had 
prior exposure to sign language, sign language profi
ciency was not included as a covariate in the analysis. 
Similarly, exploratory analyses with age as a covariate 
revealed that, within our child group, age did not play 
a significant role in predicting performance (p = .621); 
hence, this factor was not considered further.

ERP analysis
The significance of the ERP responses was determined 
using the cluster-based permutation test (CBPT) 
implemented in the Fieldtrip toolbox in Matlab. This 

test is commonly used to analyse EEG data without a 
priori assumptions about specific temporal effects 
(Maris & Oostenveld, 2007). The CBPT computed mul
tiple t-tests at all electrodes and all time points in the 
0.1–1 s time interval. Alpha-level was set at 0.05. Clusters 
were formed over time and space by grouping at least 
two nearby electrodes with significant initial t-test 
results at the same time point and then by grouping 
at least two adjacent time points with significant t- 
values. A cluster t-score (mass t-score) was then calcu
lated as the sum of all t-values within each cluster. A per
mutation approach was used to control for Type I errors. 
In order to build a data-driven null hypothesis distri
bution, standard and deviant waveforms were randomly 
assigned to conditions, and multiple t-tests were 
repeated in 2000 iterations.

If a significant effect was found in the CBPT, Cohen’s d 
was calculated as the effect size. The CBPT showed 2- 
time windows where the congruent and incongruent 
ERPs differed, with one of the effects being negative 
and the other one positive. The topography and time 
range of the first effect was that of N400, and the 
second effect was that of LPC. The amplitude of these 
components was calculated as the mean amplitude in 
a 200 ms window around the peak of the effect in the 
grand averaged waveform from 15 electrodes in the 
centro-parietal region (C3, C1, Cz, C2, C4, CP3, CP1, 
CPz, CP2, CP4, P3, P1, Pz, P2, P4). The time range and 
electrodes were selected based on previous studies on 
N400 (Duncan et al., 2009; Šoškić et al., 2022).

For statistical analysis of ERP data, we conducted a 
series of t-tests to check for significant differences in 
mean N400 amplitude between groups and tasks. Pear
son’s product-moment correlations were used to check 
for correlations between ERP and behavioural results. 
For age, research has shown that by grade 3 (approxi
mately 8 years), children exhibit adult-like N400 
responses for semantic processing of words (Coch, 
2014) and gestures (Sekine et al., 2020). Consequently, 
significant age-related differences in ERP components 
were not expected within this range. Indeed, exploratory 
analyses with age as a covariate revealed that, within our 
child group, age did not play a significant role in predict
ing neural responses (p = .715).

Results

Behavioural results

To assess the normality of accuracy and d-prime scores, 
we conducted a Shapiro–Wilk test for each group and 
task, applying Bonferroni corrections for multiple com
parisons. For accuracy, the test indicated significant 
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deviations from normality in the adult group (recog
nition: p = .015; categorisation: p = .007) but not in 
the child group (recognition: p = 1.00; categorisation: 
p = .296). For the d-prime scores, the test indicated no 
significant deviation from normality in both groups 
and tasks (all Bonferroni-adjusted p > .05). Given these 
results, we used the non-parametric Wilcoxon signed- 
rank test to analyse accuracy scores, as normality 
assumptions were violated in the adult group. For d- 
prime scores, we used parametric one-sample t-tests 
to check whether the scores significantly differed from 
zero (chance level). Both tests showed that accuracy 
and d-prime scores were significantly above chance in 
both groups and tasks (all p < .001). For response bias, 
the Shapiro–Wilk test showed no deviation from normal
ity in adults (W = 0.958, p = .538) but a significant devi
ation in children (W = 0.905, p = .024). As a result, we 
used the non-parametric Mann–Whitney U test to 
compare response bias between the two groups. The 
calculation showed that both groups were more conser
vative (i.e. more prone to respond that the word-pseu
dosign items were incongruent) in their decision- 
making, with no significant difference in response bias 
between the two groups (U = 0.286, p = .255). Behav
ioural results (accuracy, d-prime scores, and response 
bias) are reported in Table 2.

As expected, the linear model (d-prime ∼ (Task * 
Group)) showed a significant main effect of group, F(3, 
84) = 6.55, p < .001, R² = .16, with adults performing 
better than children (β = −1.24, 95% CI [−1.81, – 0.68], 
t(84) = −4.36, p < .001). Contrary to expectations, no sig
nificant effect of task was found (β = −0.28, 95% CI 
[−1.14, 0.57], t(84) = −0.66, p = .512), neither a significant 
interaction between task and group (β = 0.10, 95% CI 
[−1.04, 1.23], t(84) = 0.17, p = .864) (Figure 4).

ERP results

The CBPT results are reported in Table 3. In the adult 
group, the main analysis identified clusters of electrodes 
and time points with significant differences between 
congruent and incongruent trials. A negative effect, con
sistent with the N400 component, peaked at approxi
mately 400 ms in the recognition task and at 646 ms in 
the categorisation task, both with a centro-parietal distri
bution (see Figure 5). For the child group, a cluster of sig
nificant differences between trial types was observed in 
the recognition task, with a negative effect peaking at 
about 368 ms and a centro-parietal distribution (Figure 
6). No clusters of significant differences were detected 
in the categorisation task for the child group, indicating 
that no N400 effect was detected. These findings con
trasted with the results of the behavioural analysis and 

motivated additional investigation to further explore 
this discrepancy between behavioural and ERP results 
(see Exploratory analysis: EEG analysis of correct trials 
only).

To check for any significant difference in the mean 
N400 between groups during the recognition task, we 
used a linear model (mean N400 ∼ Group). The results 
indicated no significant difference between groups, 
F(1, 42) = 0.07, p = .799, R² = −.02, with adults (M =  
−1.30) and children (M = −1.40) exhibiting comparable 
N400 amplitude (β = −0.11, 95% CI [−0.94, 0.73], t(42)  
= −0.26, p = .799). This suggests that both groups 
exhibit similar neural responses during the recognition 
task. Comparison of mean N400 amplitude during the 
categorisation task was not possible in the child group 
as no significant differences in time points or electrodes 
were identified, indicating the absence of an N400 effect.

To test for any significant differences in the N400 
amplitude between tasks within the adult group, we 
fitted a linear model (Amplitude ∼ Task). The results indi
cated no significant effect of task, F(1, 36) = 3.75, p  
= .061, R² = .094, with no statistical difference in N400 
amplitude between recognition and categorisation tasks 
(β = 0.51, 95% CI [−0.02, 1.04], t(36) = 1.94, p = .061) 
(Figure 7A). The same comparison was not possible in 
the child group, as analysis of ERP data from the categ
orisation task did not identify any clusters showing sig
nificant differences between conditions.

Finally, we explored the relationship between behav
ioural performance and mean N400 amplitude using 
Pearson’s correlations. In the adult group, the corre
lation between accuracy and N400 amplitude was not 
significant (recognition: r(17) = −0.42, t(17) = −1.92, p  
= .072; categorisation: r(17) = −0.40, t(17) =  – 1.83, p  
= .086). While these results do not provide conclusive 
evidence, they suggest a potential indication of a nega
tive relationship that could be explored further in future 
studies. In the child group, the correlation between rec
ognition accuracy and N400 amplitude was also nega
tive and not statistically significant (r(23) = −0.34, t(23)  
= −1.73, p = .098). Interestingly, categorisation accuracy 
and N400 in this group showed a significant positive cor
relation (r(12) = 0.54, t(12) = 2.20, p = .048), indicating 
higher categorisation accuracy associated with more 
negative N400 amplitudes.

Exploratory analyses: Late Positive Component 
(LPC) analysis
Although not predicted, a Late Positive Component 
(LPC) was observed in the recognition task for both 
adults and children, but not in the categorisation task. 
Adults showed a positive cluster peaking at approxi
mately 825 ms, with a centro-parietal distribution, 
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while children showed a significant positive cluster 
peaking at around 756 ms, with a prevalently parietal 
distribution (Table 3). As the LPC wave was found for 
the recognition task only but in both adults and children, 
the effect was compared between the groups by fitting a 
linear model (Amplitude ∼ Group). The results indicated 
no significant effect of group, F(1, 42) = 0.016, p = .901, 
R² = −.02, with no statistically significant difference in 
LPC amplitude between adults and children (β = 0.04, 
95% CI [−0.66, 0.75], t(42) = 0.13, p = .901) (Figure 7B). 
In addition, no correlation was found between behav
ioural outcomes and mean LPC amplitude in either 
group (adults: r(17) = 0.31, t(17) = 1.35, p = .193; children: 
r(23) = −0.05, t(23) = −0.22, p = .824).

Exploratory analyses: EEG analysis of correct trials 
only
After the main analysis was conducted, no clusters 
showed significant differences between congruent and 
incongruent trials for the child group in the categoris
ation task. This absence of an N400 effect was unex
pected, given multiple pieces of evidence suggesting 
learning in both tasks. First, the behavioural data 
showed above-chance performance in both recognition 
and categorisation tasks, indicating that children had 
successfully learned in both conditions. Second, the 
linear model applied to the behavioural results did not 
reveal any significant difference between the two 
tasks, suggesting comparable performance levels. 
Finally, the ERP analysis for the recognition task revealed 
an N400 effect, providing electrophysiological evidence 
of learning in support of behavioural data. Taken 
together, these findings made the lack of an N400 
effect in the categorisation task surprising. To address 
this discrepancy, we proceeded with further exploratory 
analysis focused exclusively on correct trials. This 
approach aimed to minimise the influence of task per
formance errors (e.g. lapses of attention or other 
factors unrelated to the process under investigation) 
and to target the cognitive processes of interest more 
directly. Importantly, this analysis was not planned a 
priori and was conducted to gain deeper insights and 
offer a more comprehensive understanding of the data.

The continuous EEG was analysed following the same 
steps as described in the previous paragraph, with the 
only difference being that epochs were selected only 
for trials in which participants provided a correct 
response. Data from individual participants were 
included if more than 24 good epochs out of 48 for 
each condition (50% good trials). 14 out of 25 partici
pants were included in this analysis. The additional 
analysis comprising ERPs from correct trials only 
revealed a significant negative cluster (p = .04) in the 
time window 760–876 ms (Table 4; Figure 8).

Discussion

In this study, we investigated both behavioural and elec
trophysiological markers of the learning of unfamiliar 
sign language-like gestures (in the form of pseudosigns) 
corresponding to familiar spoken words in adults and 
children, using a statistical learning paradigm known 
as cross-situational learning. Following a brief exposure 
to eight word-pseudosign pairs during a familiarisation 
phase, we assessed the association of pseudosigns 
with spoken words through two yes/no tasks: (1) a recog
nition task to test the learning of pseudosign forms and 
(2) a categorisation task to evaluate the learning of pseu
dosign meanings. To account for individual differences, 
participants’ performance was measured using sensi
tivity scores (d-prime) to distinguish correctly identified 
congruent from incongruent word-pseudosign items. 
Additionally, an EEG signal was recorded, and event- 
related potentials (ERPs) were analysed to identify 
markers of semantic processing differences between 
congruent and incongruent word-pseudosign items, 
focusing on the N400 response. Our hypothesis was 
that both groups would successfully associate pseudo
signs with spoken words and their meanings, as 
reflected in above-chance performance and an N400 
effect. We expected higher accuracy in the recognition 
task than in the categorisation task, with a reduced 
N400 amplitude in the latter. Additionally, we predicted 
that adults would outperform children in the behav
ioural tasks, though no group differences in N400 ampli
tude were expected.

Table 2. Descriptive statistics of behavioural performance of the two groups.
Accuracy (%) d-prime Response Bias

Group Task M SD Wilcoxon W M SD t-statistics M

Adults (N = 19) Recognition 87.5 13.6 190, p < .001 2.76 1.27 9.47, p < .001 0.398
categorisation 83.8 16.6 170, p < .001 2.48 1.34 8.04, p < .001

Children (N = 25) Recognition 72.0 17.5 314, p < .001 1.47 1.33 5.52, p < .001 0.292
categorisation 69.0 18.2 295, p < .001 1.29 1.34 4.79, p < .001

Note. M = mean, SD = standard deviation, and correlation coefficient, respectively. Accuracy scores were analysed with the Wilcoxon signed-rank test and d- 
prime scores were analysed using one-sample t-tests to determine if they were significantly above chance levels. Bonferroni corrections were applied to p- 
values to control for multiple comparisons.
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Behavioural results

In both tasks, adult and children’s performance was sig
nificantly above chance, confirming successful learning 

of the pseudosigns’ forms and meanings. In the recog
nition task, pseudosigns were reliably associated with 
their corresponding spoken words, demonstrating that 
participants learned the specific word-pseudosign 

Figure 4. Comparisons of performance scores expressed as sensitivity scores (d-prime). The graph shows probability density, means, 
medians, and interquartile range for the d-prime scores in the two tasks and groups. A small amount of random jitter was added to the 
raw data points to facilitate figure interpretation. (A) By-group comparison shows a better performance of adults over children. (B) By- 
task comparison reveals no difference in the performance in the two tasks for both groups.
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pairings presented during familiarisation. In the categor
isation task, both adults and children were able to draw 
upon the pseudosign semantic connection with their 
referent to correctly distinguish between congruent 
and incongruent categories. This result indicated that 
they successfully extended the meaning of the spoken 
word to the pseudosign, thus learning the pseudosign’s 
meaning.

Following expectations, adults performed better than 
children in both tasks. Such a difference was anticipated 

due to adults’ cognitive and linguistic advantage, which 
we assumed could facilitate learning and task perform
ance. This advantage is consistent with evidence 
showing that working memory and attention mature 
with age (e.g. Booth et al., 2003; Hoyer et al., 2021; see 
Cowan, 2016 for a review) and that cross-situational 
learning performance in children is predicted by individ
ual cognitive and language skills (Vlach & DeBrock, 2017, 
2019). In the present study, no individual data were col
lected in this regard, and future research should consider 
testing participants to clarify the role of individual cogni
tive and linguistic abilities in cross-situational learning.

Contrary to expectations, no significant difference in 
performance was found between the two tasks. Given 
the complex nature of the categorisation task, we 
expected the scores to be lower than the recognition 
task. Unlike the recognition task, in fact, the word-pseu
dosign correspondence was never direct, as the pseudo
signs and words presented were never congruent with 

Table 3. Cluster statistics results with effect sizes.

Group Task
Cluster 

type Latency p
Cohen’s 

d

Adults (N =  
19)

Recognition Negative 285–497 .001 −1.77
Positive 625–997 .001 1.62

Categorisation Negative 513–673 .005 −1.44
Children (N =  

25)
Recognition Negative 156–464 .001 −1.39

Positive 572–896 .002 1.23

Figure 5. Grand averaged ERPs of the adult group divided by task (recognition task, upper row; categorisation task, bottom row). (A) 
The N400 and LPC time windows are highlighted in red and blue, respectively (B) The shading of the difference waveform encom
passes 95% confidence intervals. (C) Representation of time points and electrodes where significant differences between conditions 
were detected: channels (y-axis) vs. time (x-axis). Blue indicates negative effects, red indicates positive effects.
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the form with which the participants had been famil
iarised. In addition, there were multiple steps in the jud
gement between congruent and incongruent trials. 
Participants had first to access the correct semantic 
content of the pseudosigns based on the meaning of 
the familiar word paired with the pseudosign during 
the familiarisation phase. Subsequently, used that knowl
edge to decide whether the following word pertained to 
the same category. The fact that our hypothesis was dis
proved and participants performed without significant 
differences in the two tasks demonstrates the robust
ness of cross-situational learning mechanisms across 
different tasks, age groups, and language modalities.

N400 as a marker of semantic integration

Electrophysiological data generally supported the 
behavioural results. Following expectations, we 
observed that when pseudosigns were not followed by 

the corresponding spoken word or category, the proces
sing effort for incongruent pairs increased. This “con
gruency effect” was reflected in a centro-parietal N400 
observed in the grand-averaged ERP waveform of con
gruent minus incongruent trials. Its presence suggests 
that participants successfully learned the pseudosigns, 
forming correct associations with both their correspond
ing spoken words and meaning. These findings are in 
line with previous research using semantic priming para
digms to investigate word (e.g. Angwin et al., 2014; Arm
strong et al., 2024; Bermúdez-Margaretto et al., 2018; 
Borovsky et al., 2012; Hirotani et al., 2009; Kaczer et al., 
2018; Mangardich & Sabbagh, 2022; Mestres-Missé 
et al., 2007; Perfetti et al., 2005) and gesture learning 
(e.g. Bernardis et al., 2008; Drijvers & Özyürek, 2018; 
Habets et al., 2011; Kelly et al., 2004; 2010; Özyürek 
et al., 2007; Sekine et al., 2020; Wu & Coulson, 2005; 
2007a; 2007b; for review see Özyürek, 2014). However, 
differences in the effect emerged across tasks and 

Figure 6. Grand averaged ERPs of the child group divided by task (recognition task, upper row; categorisation task, bottom row). No 
significant effect was found in the categorisation task. (A) The N400 and LPC time windows are highlighted in red and blue, respect
ively (B) The shading of the difference waveform encompasses 95% confidence intervals. (C) Representation of time points and elec
trodes where significant differences between conditions were detected: channels (y-axis) vs. time (x-axis). Blue indicates negative 
effects, red indicates positive effects.
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groups. In the recognition task, the N400 effect was 
reported in the usual 200–600 ms time window (Kutas 
& Federmeier, 2011, p. 623) for both groups, with a 
centro-parietal distribution across the two hemispheres. 
This greater retrieval effort was observed when a mis
matched spoken word followed the pseudosigns 
prime, confirming that children and adults learned the 
pseudosigns. In the categorisation task, however, ERP 
findings did not follow a clear pattern. In adults, the 
N400 effect was also observed in the centro-parietal 
region, indicating that this group also successfully 
associated pseudosigns with the intended meaning. 
Conversely, in the child group, no significant effect 
was found during the main analysis. In addition, no 
difference in mean N400 amplitude between tasks was 
observed in the adult group. While this result contrasts 
with our initial hypothesis, it aligns with the behavioural 
findings, which showed no differences in learning 
between tasks. This suggests that both tasks were 
equally demanding for adults, resulting in similar behav
ioural and electrophysiological responses. A similar 

comparison was not possible in the child group due to 
the absence of N400 in the main analysis.

This absence of an N400 effect in the child group was 
unexpected for three main reasons. First, despite pre
vious literature indicating that semantic processing 
may differ between adults and children (e.g. Benau 
et al., 2011), N400 amplitude in the recognition task did 
not significantly differ between the two groups (as was 
our hypothesis). This suggests that, within our sample, 
children’s neurophysiological responses were in line 
with those of adults (see Coch, 2014; Sekine et al., 
2020). Second, in adults, the mean N400 amplitude 
remained consistent across both tasks. Therefore, 
assuming that children in our study processed semantic 
information similarly to adults, we would expect a com
parable N400 response across tasks. Lastly, children’s 
behavioural performance indicated learning in both rec
ognition and categorisation, with d-prime scores showing 
comparable accuracy. Importantly, response bias analy
sis showed no significant difference between groups, 
indicating that both adults and children adopted a 
similar conservative response strategy. These consider
ations, underpinned by the presence of the N400 
effect in the recognition task, lead us to expect a 
similar N400 in the categorisation task. To explore this 
discrepancy, we conducted an exploratory EEG analysis 
on correctly identified trials. Although not part of the 

Figure 7. (A) N400 amplitude in the recognition task by group (adults vs. children), showing no significant difference between groups. 
(B) N400 amplitude by task in adults (recognition vs. categorisation), indicating no significant difference between tasks. (C) LPC ampli
tude in the recognition task by group (adults vs. children) showed no significant difference between groups.

Table 4. Cluster stats results with effect sizes for correctly 
identified trials only.
Group Task Cluster type Latency p Cohen’s d

Children  
(N = 14)

categorisation Negative 760–876 .043 −1.44
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initial plan, this approach aimed to minimise the 
influence of task-related difficulties and unrelated 
noise, providing a more focused measure of categoris
ation processing. Results revealed an N400 peak with 
centro-parietal distribution, showing that while giving 
the correct answers, children also exhibited evidence 
of semantic integration.

Several factors could have contributed to these 
results. First, the influence of the small sample size 
(adults N = 19, children N = 25). Although statistical 
analysis of the behavioural data showed a significant 
effect of the group, such an effect did not emerge in 
the ERP analysis. Considering the small sample size 
and the greater individual variability in children com
pared to adults, this might have attenuated the magni
tude of the N400 effect and compromised its 
detectability. Future research with a larger sample 
size is needed to determine whether the absence of a 
significant effect in the child ERP analysis reflects a 
true null result or is due to individual variability and 
limited statistical power. Additionally, including a 
broader age span would better inform on developmen
tal differences that did not emerge in our study. 
Second, previous studies have shown a mismatch 
between behavioural and electrophysiological 
responses. At the individual level, ERPs are susceptible 
to artefact noise (e.g. eye blink, eye movement, 
fidgeting), which can vary among participants and con
sequently impacts the number of trials included in the 
analysis (Dalebout & Fox, 2000; Henderson et al., 2011; 
McLaughlin et al., 2004; Uwer & Von Suchodoletz, 
2000). In contrast, behavioural data tend to be more 
consistent across participants. In our dataset, no corre
lation was observed between d-prime scores and ERP 
amplitudes when considering all trials. Thus, in line 

with previous research, this could account for the mis
match between behavioural and ERP results in children. 
This hypothesis is further supported by the correlation 
between d-prime and N400 found in our exploratory 
analysis of correctly identified trials, indicating that 
when noise is reduced, the relationship between 
behavioural and ERP data becomes clearer. Another 
potential explanation is given by the complexity of 
the categorisation task. Participants had to process 
two within-task levels: first, they needed to extend 
the direct association learned between a pseudosign 
and a spoken word (e.g. pseudosign “dog” = spoken 
word “dog”) to a more abstract, indirect association 
at the category level (e.g. pseudosign “dog”/ANIMALS  
= spoken word “cat”/ANIMALS → congruent); second, 
they had to do this task while switching between mod
alities, integrating information from both the visual 
(pseudosign) and auditory (spoken word) domains. 
Although, as discussed, no significant effect of task 
was found in the N400 amplitude between the recog
nition and categorization task in adults, we could 
assume that, for children, the multiple layers of proces
sing in the categorisation task may have attenuated the 
N400 effect. In fact, in the additional analysis in which 
only correctly identified trials were considered (and 
thus, presumably, where the processing was more 
linear), a significant N400 was found. This result 
suggests that children who performed successfully on 
the task were able to construct a semantic represen
tation of pseudosigns. Still, the lack of an effect in 
the entire dataset raises questions about the generali
sability of the effect. It is possible that children’s per
formance was affected by uncertainty about the 
correctness of their answers, which may have added 
additional cognitive load during the task. To address 

Figure 8. Grand averaged ERPs of children (n = 25) in the categorisation task, with ERPs from correct trials only (additional analysis). 
The N400 time window is highlighted in red (A). The shading of the difference waveform (B) encompasses 95% confidence intervals. 
(C) Representation of clusters showing significant differences: channels (y-axis) vs. time (x-axis). Blue indicates negative effects.
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this concern, future studies should consider imple
menting the paradigm with an additional phase to 
provide participants with feedback on their learning 
(e.g. indicating which word-pseudosign items they cor
rectly identified). This would help disentangle effects 
driven by semantic processing from those influenced 
by task complexity, ensuring that ERP responses 
reflect word-pseudosigns integration more directly. 
Furthermore, it is important to note that the restriction 
of the analysis further reduced the sample size (n = 14). 
A larger sample will, therefore, be needed to determine 
the robustness of this effect.

Overall, the N400 effect observed in our study seems 
to be broadly distributed in the central-parietal region, 
with no hemispheric dominance. This pattern aligns 
with findings from ERP studies on gesture-speech inte
gration in post-learning semantic tasks, where centro
parietal regions have been associated with the 
processing of online (e.g. Drijvers & Özyürek, 2018; 
Habets et al., 2011; Kelly et al., 2010) and sequential 
(e.g. Wu & Coulson, 2005; 2007b) gesture-speech inte
gration. In children, the ERP study of Sekine et al. 
(2020) also reported a centro-parietal N400 effect for 6- 
7-year-olders, showing online integration of semantic 
information similar to adults. In the context of cross- 
situational learning of novel words, previous studies 
have reported a left-central N400 with a more frontal dis
tribution in adults (Angwin et al., 2022) and a bilaterally 
distributed occipito-parietal effect in children (Mangar
dich & Sabbagh, 2022). Altogether, our neurophysiologi
cal findings are broadly consistent with previous 
research, yet further studies are needed to better under
stand how gestures learned through cross-situational 
learning are processed. This could offer insights into 
the influence of task structure, stimulus properties, and 
developmental differences on N400 distribution, as 
well as the potential role of individual differences in 
linguistic and cognitive abilities in modulating this 
processing.

LPC as a marker of explicit memory retrieval and 
integration

Interestingly, in the recognition task, a late positive com
ponent (LPC) with a parietal (children) and centro-parietal 
(adults) distribution was also observed. Although the 
exploration of the LPC was not initially included in our 
hypothesis, its presence in the recognition task and 
absence in the categorisation task were noteworthy.

While some studies have indicated the LPC as an 
index of semantic processing in word recognition 
(Hoshino & Thierry, 2012; Martin et al., 2009), evidence 

suggests that semantic activation alone is not 
sufficient to elicit an LPC effect. Contrary to the presence 
of the N400 – partially underpinned by automatic pro
cesses (Kutas & Federmeier, 2011) – the presence of 
the LPC seems modulated by explicit retrieval and inte
gration demands (Bakker et al., 2015; Kaczer et al., 2018; 
Kandhadai & Federmeier, 2010; Rugg & Curran, 2007; 
Zachau et al., 2014). These findings suggest that the 
LPC tends to emerge when tasks require an explicit, con
trolled retrieval of a learned association. For example, 
Bakker and colleagues (2015) reported that recently 
learned words elicit an LPC response when participants 
are required to actively retrieve learned meanings, but 
this effect decreases as words become more integrated 
into the lexicon after 24-h consolidation.

In our study, an LPC effect was observed in the recog
nition task but not in the categorisation task. In light of pre
vious literature, we attribute this discrepancy to 
differences in retrieval demands of the two tasks. In the rec
ognition task, participants were presented with the same 
learned word-pseudosign items and were required to 
recall the direct association, which likely engaged explicit 
memory retrieval mechanisms. This aligns with previous 
findings indicating that retrieval effort and integration 
demands modulate LPC amplitude (e.g. Bakker et al., 
2015). In contrast, in the categorisation task, participants 
were required to process a more abstract, indirect associ
ation, as the spoken word corresponded to a broader cat
egory rather than a directly learned association. As 
category-level associations were never explicitly trained, 
participants may not have engaged in explicit retrieval 
strategies and/or may have failed to recognise the pseudo
signs as a prime for the learned association. This likely 
reduced the likelihood of controlled retrieval processes 
being triggered, leading to the absence of the LPC. This 
interpretation is consistent with the idea that LPC emer
gence depends on whether retrieval demands are strong 
enough to engage explicit processing mechanisms. 
Future studies should further investigate this aspect by 
either providing explicit training on category-level associ
ations or introducing feedback to enhance retrieval confi
dence, allowing for an examination of potential 
differences in LPC modulation.

Iconic features in our stimuli

At the suggestion of two anonymous reviewers, a survey 
was conducted after the completion of the experiment 
to assess whether the pseudosigns carried any prior cul
tural meaning and to evaluate their degree of iconicity. A 
full report of the validation study (methods, results, and 
discussion) can be found in Appendix B.
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The survey, administered online via Qualtrics (Qual
trics, 2025), consisted of two tasks assessing transpar
ency and iconicity, respectively. Following Sevcikova 
Sehyr and Emmorey (2019), transparency is defined as 
the ease of inferring a sign’s meaning without prior 
knowledge, and iconicity as the extent to which a sign 
visually resembles its referent (e.g. through shape, 
movement, or other features). To assess transparency, 
participants were asked to assign a noun freely to each 
pseudosign. To assess iconicity, they were presented 
with the list of the eight experimental target words 
and asked to match each pseudosign to a word.

The results of the survey showed that transparency 
responses were highly variable across pseudosigns, with 
no consistent interpretations emerging. This confirmed 
that the pseudosigns lacked inherent transparency and, 
thus, were culturally meaningless to the participants. The 
iconicity assessment revealed that the majority of the 
pseudosigns (bed, car, cold, dog, shirt) did not show signifi
cant above-chance accuracy, but three pseudosigns (cup, 
pink, and toe) were matched with the spoken words we 
had coincidentally associated them within our experiment 
with above-chance accuracy. This result suggests that 
despite our attempt to create non-iconic stimuli, these 
pseudosigns contained some visual features that facili
tated their association with the intended spoken words.

Since these results were unexpected, we analysed the 
data further to investigate whether the different levels of 
iconicity influenced learning performance in the main 
experiment. In line with prior studies, the learning accu
racy for the three iconic pseudosigns was significantly 
higher than for the five non-iconic ones. This result 
was not surprising, as studies suggest that iconicity 
can influence gesture processing and acquisition (e.g. 
Caselli & Pyers, 2020; Hofweber et al., 2022, 2023; Lüke 
& Ritterfeld, 2014; Namy et al., 2004; Orlansky & Bonvil
lian, 1984; Ortega & Morgan, 2015). However, all pseudo
signs were learned significantly above chance, 
suggesting that learning was not dependent on a pseu
dosign’s iconicity.

We would like to note that the imbalance of our stimu
lus characteristics does not weaken our overall conclusion 
that children and adults can associate pseudosigns with 
word meanings in a cross-situational learning context. 
However, we recommend for future research to pre-vali
date the experimental stimuli as a common practice to 
control for unexpected iconic features. Importantly, this 
pre-validation could be done not only in gesture studies 
but in any type of word-learning experiments, for 
example, to control for coincidental relations between 
pseudowords and novel objects. In fact, iconicity has 
been suggested to be substantially present in spoken 
language word forms (for a discussion, see Vigliocco 

et al., 2014). Therefore, assessing the iconicity of exper
imental stimuli could help disentangle the effects of 
learning from those driven by iconicity itself.

Conclusions

In conclusion, our findings suggest that sign-like gestures 
can be effectively acquired and associated with intended 
meanings by adults and children, even under the referen
tial ambiguity inherent in the cross-situational learning 
context and after limited exposure. The lexical and seman
tic association was evidenced by high scores in the behav
ioural tasks and the presence of an N400 effect in the 
ERPs. This suggests that sign-like gestures are likely to 
be learned through statistical learning mechanisms. 
These findings support our hypothesis that these gestures 
constitute a highly salient linguistic input and are per
ceived as meaningful forms of communication.

Given that research on the processing of sign-like ges
tures, particularly in the context of cross-situational learn
ing, remains a relatively unexplored field, we believe our 
findings provide a valuable foundation for further research. 
Despite its limitations, our study offers insights into the 
behavioural and neurophysiological aspects of multimodal 
language acquisition and the potential language-specific 
characteristics of gestural communication.
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