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ABSTRACT  
In this behavioural and electrophysiological study, we examined the effects of emotional prosody 
on lexicalisation of newly-learned words in an immersive virtual reality (VR) environment. Chinese 
speakers learned German words that were accompanied by positive, negative, or neutral 
emotional prosody. Lexicalisation was subsequently assessed in a semantic priming task while 
brain activity was simultaneously measured through EEG. The results showed that emotional 
prosody, regardless of valence, slowed responses to newly learned words relative to those 
learned with neutral prosody. Critically, words learned under positive prosody conditions 
elicited larger semantic priming effects in both behavioural performance and the late positive 
component (LPC). Moreover, the magnitude of this effect was significantly correlated with the 
participants’ self-reported emotional experience during VR learning. Taken together, our 
findings suggest that in a VR learning environment, positive prosody facilitates lexicalisation of 
newly learned words, providing empirical support for the Integrated Cognitive-Affective Theory 
of Learning with Media.
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1. Introduction

An important question in language sciences is how 
language learning and word retrieval is affected by 
extra-linguistic factors such as emotional prosody. In 
the literature on second language acquisition, research 
over the past few decades has systematically investi
gated the effects of emotions on word learning and lex
icalisation in traditional learning environments (Chiu & 
Churchill, 2016; Fyfield et al., 2022; Guo et al., 2018). 
Recently, given the rapid development of technology, 
researchers in language learning have increasingly 
examined these issues in immersive environments, 
such as virtual reality (VR) (Jiao et al., 2024; Legault et 
al., 2019; Liu et al., 2024). However, whether emotions 
play a modulating role in VR-assisted language learning 
has not yet been examined. In daily conversations, 
speakers not only use words to convey what they want 
to communicate, but they also use other elements, 
both verbal and nonverbal. Emotional prosody, one of 
the most efficient modalities for expressing emotion 
(Jungers et al., 2024; Schirmer & Kotz, 2003), is important 
for spoken word recognition (Sumner et al., 2014). 

Examining these issues can help to reveal the potential 
contributions of emotional cues in VR-assisted language 
learning.

1.1. Effects of emotional cues

The Integrated Cognitive-Affective Theory of Learning with 
Media (ICALM; Plass & Kaplan, 2016) posits that 
emotional cues modulate learners’ cognitive processing, 
particularly the selection and organisation of infor
mation in working memory, thereby shaping learning 
outcomes (see also Moreno & Mayer, 2007). In the 
language learning literature, for example, Guo et al. 
(2018) asked Chinese speakers to learn words using 
picture-word associations that were accompanied by 
positive, neutral, or negative visual cues (i.e. emotional 
pictures). Their performance on a subsequent semantic 
category judgement task revealed that negative 
emotional cues showed an overall suppressing effect 
on learning new words, whereas positive emotional 
cues facilitated word learning only in a shallower seman
tic category learning task.
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In addition to visual emotional cues, auditory 
emotional cues such as emotional prosody can effec
tively convey emotions, feelings, and attitudes through 
systematic modulation of tone (Mauchand & Pell, 2021; 
Schirmer & Kotz, 2003). As a form of sound-based social 
information, emotional prosody serves more global com
municative functions, such as signalling a speaker’s 
overall affective state (Kim & Sumner, 2017). For 
example, Brase and Mani (2017) examined the effects 
of emotional prosody on word learning in a video- 
based learning environment among German–English 
bilinguals. Learners were presented with videos in 
which an actor explained the meaning of each new 
word in a sentence, delivered either with emotional 
prosody or neutral prosody. In the emotional condition, 
explanations were produced with an expressive tone of 
voice accompanied by gestures, whereas in the neutral 
condition, explanations were delivered in a neutral tone 
without gestures. The results showed that emotional 
prosody facilitated word learning in a foreign language.

However, existing research about emotional effects 
remains largely confined to immediate learning per
formance across tasks such as lexical decisions (Zhang 
et al., 2020), free recall (Brase & Mani, 2017), and 
lexical-semantic judgements (Guo et al., 2018), ignoring 
the effect of emotional prosody on subsequent lexicali
sation of newly-learned words. According to the Comp
lementary Learning Systems model, word learning 
encompasses an initial rapid familiarity stage followed 
by a slow lexicalisation stage (Blakeman & Mareschal, 
2020; Davis & Gaskell, 2009; McClelland et al., 1995). 
Unlike the rapid familiarity phase, offline lexicalisation 
primarily reflects the gradual integration of a new 
word into the existing lexical network, often assessed 
via semantic priming tasks (Lei et al., 2022; Liu & van 
Hell, 2020). Accordingly, the present study aims to 
address the gap in understanding how emotional 
prosody influences this critical lexicalisation process.

1.2. Effects of virtual reality environment

According to the Cognitive Affective Model of Immersive 
Learning (CAMIL), technological features of immersive 
VR elicit heightened feelings of presence (i.e. the psycho
logical sense of “being there”) and agency (i.e. being in 
control of one’s actions) in learners, which subsequently 
influence learning through affective and cognitive 
factors such as situational interest, intrinsic motivation, 
and emotion (Makransky & Petersen, 2021). Within the 
model’s framework, research on word learning has 
increasingly shifted from images/videos-based learning 
to immersive VR learning in recent years (Fuhrman et 
al., 2021; Li & Jeong, 2020; Liu et al., 2026). Compared 

to video-based learning, VR offers a higher degree of 
immersion by placing learners in interactive environ
ments that closely resemble real-life situations, allowing 
them to physically navigate the environment and 
manipulate objects (e.g. pointing and selecting). This 
sensorimotor experience can enhance learners’ motiv
ation and induce positive emotional experiences, 
thereby promoting deeper learning (Mayer, 2021).

A growing body of evidence has demonstrated that 
VR can be an effective tool for word learning and lexica
lisation (for a review, see Chen et al., 2022). For example, 
Jiao et al. (2024) asked Chinese speakers to learn two 
sets of German words separately in an immersive VR or 
picture-word (PW) association environment for three 
days. The findings from a lexical decision task demon
strated a clear advantage of VR for early lexical-form 
learning. Furthermore, another more recent study by 
Jiao et al. (2026) found a facilitative effect of VR on 
later stages of lexicalisation of newly-learned words 
through a semantic priming task.

In sum, the research discussed above demonstrates 
the effects of extra-linguistic factors such as emotion 
and VR technology on language learning. However, 
less is known about how the presence of emotional 
prosody in an immersive VR environment benefits 
word learning, especially during the process of lexicalisa
tion. A more nuanced understanding of such potential 
emotional effects is important as it holds implications 
for understanding sociolinguistic factors impacting 
language learning.

1.3. The present study

The present study examines how emotional prosody 
influences lexicalisation of newly learned words by com
bining behavioural measures of learning performance 
with neurocognitive EEG recordings. Chinese speakers 
were instructed to learn German words on two days in 
a VR environment which was accompanied by positive, 
neutral, and negative prosody. Subsequently, partici
pants completed a semantic priming task to assess the 
lexicalisation of the newly learned words. Lexicalisation 
was indexed by semantic priming effects which are 
differences in reaction times (RTs) and accuracy 
between related and unrelated prime-target pairs 
(Bakker et al., 2015; Jiao et al., 2026; Liu & van Hell, 
2020). During the task, participants’ electrophysiological 
activity was measured using EEG. Based on previous 
work and our research objectives, we focused on two 
ERP components: N400 and late positive component 
(LPC), both of which have been associated with lexicali
sation in studies on word learning (Lei et al., 2022; Liu & 
van Hell, 2020). Specifically, during lexicalisation, N400 

2 Y. LIN ET AL.



effects are reflective of automatic processes, whereas 
LPC effects are associated with controlled, strategic pro
cesses. Finally, the participants completed a question
naire assessing their emotional experience during the 
VR learning process.

Based on the ICALM and previous studies examining 
emotional effects on word learning (Brase & Mani, 2017; 
Guo et al., 2018), we hypothesise that positive prosody 
will facilitate the lexicalisation of newly learned words, 
whereas negative prosody will impair it. We expect 
that these effects will be reflected in the magnitude of 
semantic priming in both behavioural performance 
and electrophysiological activity (N400 and LPC), com
pared to conditions of neutral prosody. We further 
predict that the degree of lexicalisation of newly- 
learned words will be modulated by learners’ subjective 
emotional experiences in the VR learning environment.

2. Method

2.1. Participants

Thirty-one Chinese-English bilinguals (Age = 20.06M ±  
1.41SD) participated in the present study. This sample 
exceeds the minimum size of 19 calculated by G*Power 
3.1: f = .25, α = .05, power = .80, number of groups = 1, 
number of measurements = 6. All participants were first 
language (L1) Chinese speakers who had learned L2 
English in classroom settings, with no immigration or 
immersion experience in a non-Chinese-speaking 
environment. They also had no prior knowledge of 
German, the language in which they learned new 
words. The language background questionnaire elicited 
participants’ self-ratings of language proficiency on 7- 
point scales (1 = very poor, 7 = excellent). Analyses 
showed that participants rated their L1 Chinese signifi
cantly more proficient than English (Chinese = 6.22M  

± .81SD, English = 3.71M ± .95SD, t = 12.12, p < .01). All par
ticipants were right-handed adults, with normal or cor
rected-to-normal vision, normal hearing, and no history 
of neurological or language-related disorders. The local 
ethics committee approved the study and all participants 
provided their written informed consent prior to partici
pating in the experiment. They received a modest 
payment for their participation.

2.2. Materials

2.2.1. Linguistic stimuli
Twenty-four German words (see Supplementary Table 1) 
served as linguistic stimuli in the learning and testing 
sessions. The rationale for choosing German words as 
the to-be-learned words was because participants 

reported no prior knowledge or experience with 
German, and some relevant studies have also selected 
German as target language (Jiao et al., 2021). In our 
study, German words were recorded by a highly-profi
cient Chinese-German male speaker in a soundproof 
room, avoiding the confounding effects of external 
noise. Using the Chinese-German speaker’s voice 
helped to ensure that emotional prosody was delivered 
and encoded in a manner that was culturally congruent 
with the Chinese participants, thereby minimising 
potential cultural barriers in emotion recognition (Elfen
bein & Ambady, 2002) while maintaining native-like pro
nunciation in German. Emotional prosody was 
presented through the tone of voice, with eight 
German words being presented with positive prosody, 
eight with negative prosody, and eight without 
emotional prosody to serve as a control condition. To 
assess emotional prosodic valence of the target 
German words, a group of 22 individuals who did not 
take part in the formal experiment were recruited. 
These individuals rated the valence of emotional 
prosody on a 7-point scale (1 = the most negative, 7 =  
the most positive). Analyses showed that these individ
uals rated the emotional valence significantly different 
for each condition (positive = 5.59M ± .28SD > neutral =  
3.52M ± .19SD > negative = 2.10M ± .21SD).

2.2.2. Virtual reality environment and stimuli
An immersive virtual environment of a kitchen was 
created using Unity software (https://unity.com). All 
coloured three-dimensional (3D) objects corresponding 
to 24 German words were selected from a standardised 
database (Peeters, 2018) and presented in the virtual 
environment (e.g. Kuchen, “cake”; Apfel, “apple”). Using 
HTC VIVE headgear and a controller to laser point at 
target stimuli, participants fully immersed themselves 
in the environment, interacting with 3D objects, and 
hearing their pronunciation of corresponding German 
words. They were instructed to listen attentively to the 
German words to learn their meanings. No vocal rep
etition or production of the words was required during 
the learning sessions.

2.3. Procedure and measures

2.3.1. Learning sessions
Figure 1 presents an overview of the learning and 
testing stages. During the learning sessions, participants 
learned 24 German words (8 words with positive 
prosody, 8 words with negative prosody, and 8 words 
with neutral prosody). Before beginning the learning 
session, participants completed a language background 
questionnaire. They were then shown how to use the VR 

LANGUAGE, COGNITION AND NEUROSCIENCE 3

https://unity.com


equipment and were asked to familiarise themselves 
with it and the virtual environment. During this period, 
participants wore the headgear to receive high quality 
visual fidelity and were able to physically move through
out the virtual kitchen environment. Additionally, they 
were required to visually search for and find the target 
3D objects. Upon locating a target, they used the con
troller to laser point and select it, hearing the name of 
the object in Chinese. This process ensured that partici
pants were familiar with the identity and spatial location 
of all target objects prior to being exposed to them in 
the German learning sessions, thereby reducing visual 
search demands during learning.

After participants were familiar with the virtual 
environment and target objects, they were asked to 
learn all German words using the headgear and head
sets. As in the practice period, participants moved 
throughout the VR learning environment during the 
learning session and selected target 3D objects to hear 
the corresponding German words through headphones. 
All target words were divided into three sets reflecting 
the three different conditions of emotional prosody, 
which was counterbalanced across the sets for 
different participants (e.g. participant A learned positive 
set 1, neutral set 2, and negative set 3; while participant 
B learned neutral set 1, negative set 2, and positive set 3). 
The three sets were presented in blocks and their order 
was also counterbalanced across participants. In 
addition, participants were able to select and hear the 
words as many times as they chose within a seven- 
minute time limit for each emotional prosodic condition. 
The participants learned the same sets of words for 2 
days and the learning duration for these new words 
was about 21 min each day.

After the learning session, participants completed a 
questionnaire assessing their emotional experience 
during the immersive VR learning process. The subjec
tive emotion questionnaire consisted of five items 
based on Parong and Mayer (2018), e.g. “I felt happy 
during the lesson”.

2.3.2. Testing session
After Day 2’s learning session, participants were asked to 
complete a semantic priming task in which behavioural 
and EEG data were recorded. Each newly-learned word 
served as a target word, and was paired with four 
prime words in Chinese: two semantically related and 
two unrelated to the target word. Crucially, to ensure 
consistency in lexical properties, the unrelated primes 
were not random words; rather, they were selected 
from the list of related primes for other target words 
and re-paired with the current target (i.e. the unrelated 
primes were potentially related to other targets). This 
design was employed to secure enough trials for ERP 
averaging while minimising repetition effects and stra
tegic prediction strategies associated with fixed prime- 
target pairs. This procedure has been well established 
in the literature and implemented in numerous studies 
(e.g. Lei et al., 2022; Liu & van Hell, 2020). There were 
four blocks totalling 192 prime-target trials. Each of the 
24 newly learned words appeared twice per block, 
once with a related prime and once with an unrelated 
prime, yielding 48 trials per block. Across the four 
blocks, each of the three emotion conditions (positive, 
negative, neutral) included 64 trials (16 trials × 4 
blocks), with 32 related and 32 unrelated trials. This 
trial count (i.e. 32 trials) provides an adequate signal- 
to-noise ratio for reliable ERP analysis (Boudewyn et al., 

Figure 1. Schematic overview of the present study. On Day 1 and Day 2, participants learned three sets of German words through VR. 
A semantic priming task was completed after the learning session on Day 2.
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2018). Moreover, the newly learned words in the testing 
session were presented with the same emotional 
prosody as in the learning session.

Each trial started with a 400 ms fixation cross fol
lowed by a blank screen for 200 ms. A prime word was 
then presented for 250 ms, followed by a blank screen 
for 200 ms, and the auditory presentation of the 
target. Participants were required to identify whether 
the prime and target words were semantically related 
or not by pressing the “F” or “J” key. The response 
keys were counterbalanced across participants. Once 
the participant pressed the response key or if no 
response was made within 8000 ms, a blank screen 
was presented for 1000 ms before the next trial began. 
Participants also took a brief break between each 
block. Before the formal test, they were given a practice 
block of 10 trials followed by feedback on whether they 
were correct or not.

2.4. EEG recordings and preprocessing

An elastic cap (Brain Products, Germany) with 64 active 
Ag/AgCl electrodes was placed on participants’ scalps 
according to the extended 10–20 positioning system. 
Impedances were kept below 5 kΩ. EEG signals were 
filtered online with a band pass of .05–100 Hz and re- 
filtered offline with a band pass between .5 and 30 Hz. 
The signal was recorded at a 1 kHz sampling rate. Elec
trodes were referenced to a vertex reference (electrode 
FCz) and re-referenced offline to an average of bilateral 
mastoids. Ocular artifact reduction was performed 
through Independent Component Analysis using 
EEGLAB in MATLAB software (Delorme & Makeig, 
2004). Then, the continuous signals were cut into 
epochs ranging from 200 ms prior to stimulus onset 
(pre-stimulus baseline) to 1000 ms after target stimuli 
onset. The epochs with voltages exceeding ± 80 μV 
were automatically discarded. Moreover, we employed 
rigorous artifact-removal procedures to ensure the 
quality of the EEG data. On average, 30 trials (approxi
mately 15%) were removed per participant. During ICA 
decomposition and artifact correction, we followed stan
dard procedures to identify and exclude components 
associated with ocular artifacts (e.g. blinks and horizon
tal eye movements) (Jung et al., 2000). None of the elec
trodes included in the target analyses were interpolated.

2.5. Data analyses

All data were analysed with multilevel Bayesian 
regression models in R (R Core Team, 2020) using the 
brms package (Bürkner, 2017, 2021). Bayesian modelling 
has advantages over frequentist approaches such as 

analysis of variance and linear mixed-effect models 
(Van de Schoot & Depaoli, 2014). First, Bayesian model
ling presents the whole posterior probability distribution 
of each effect rather than reporting only a binary test for 
the null hypothesis. It allows us to calculate credibility 
intervals (instead of confidence intervals from a frequen
tist approach) and evidence ratios in favour of a direc
tional hypothesis (e.g. an effect being greater than 
zero). Since Bayesian models do not report p-values, 
we use a hypothesis-testing method to calculate evi
dence ratios and credibility intervals to quantify the like
lihood of a given hypothesis with respect to the 
alternative. Evidence ratios above 19 are roughly equiv
alent to “significant” at an α = .05 level for a given 
hypothesis (Escudero et al., 2020). Meanwhile, if the 
95% credibility interval does not contain zero (i.e. less 
than 2.5% of the posterior distribution located on the 
other side of zero), a given hypothesis can be considered 
“significant” at an α = .05 level (Milne & Herff, 2020). In 
addition to evidence ratios and 95% credibility intervals, 
we also report the posterior probabilities of a given 
hypothesis, which may lie between 0 and 1.

Second, similar to a classical mixed effects model, 
Bayesian modelling contains population-level effects 
and group-level effects which are separately parallel to 
the fixed effects and random effects of the lme4 statistical 
package in R. Our Bayesian models use a maximal group- 
level (random) effects structure with two such “groups”, 
namely participants and items, hence the population- 
level effects reflect the estimated means of effects 
across all participants and items. These maximal random 
effects structures often fail to converge using frequentist 
analyses but are feasible with Bayesian regressions. Popu
lation-level (fixed) effects include emotion and related
ness variables. We turned the emotion variable into 
dummy-coded variable (referenced to the neutral con
dition) and the relatedness variable into sum-coded vari
able (referenced to the unrelated condition).

Finally, Bayesian modelling approach incorporates 
prior knowledge, which is referred to as priors. Largely 
in line with previous relevant studies, we used weakly 
informative priors that constrained the models to 
psycho-linguistically plausible parameter estimates 
(Gelman & Carpenter, 2020; Lago et al., 2023; Murakami 
& Ellis, 2022). The prior for fixed effects followed a 
normal distribution of N (0, 10). We derived the posterior 
distributions based on Hamiltonian Monte Carlo with 
four Markov chains with 5000 iterations each, including 
1000 warmup iterations. All parameters had a Gelman- 
Rubin statistic Rhat equal to 1.00. Supplementary 
Figure 1–4 in Supporting Information showed the 
density plots and trace plots for the intercept and 
fixed-effects parameters.
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RTs were entered into the Bayesian model and 
excluded incorrect responses (13.4%) as well as RTs ± 
2SD from the mean for each trial type (7.6%) (Liu et al., 
2024). For the ERP data, given that N400 (400–600 ms; 
C1, Cz, C2, CP1, CPz, CP2, P1, Pz, P2) and LPC (600– 
750 ms; F1, Fz, F2, FC1, FCz, FC2, C1, Cz, C2) were the 
main foci, we examined the mean amplitude of the 
waveforms across the selected time-window of each 
component in the semantic priming task. Moreover, 
P200 (190–260 ms; F1, Fz, F2, FC1, FCz, FC2, C1, Cz, C2) 
was also analysed based on the grand-average wave
forms obtained from the semantic priming task.

3. Results

3.1. Behavioural results

Figure 2 shows the mean RTs of the semantic priming 
task. We ran a multi-level Bayesian regression model to 
test the effect of emotional prosody and relatedness 
on RTs (see Table 1, see also Supplementary Figure 5 
in the Supporting Information for a visualisation of the 
model’s posterior distribution). All types of newly 
learned words demonstrated significant semantic 
priming effects, with faster RTs to related prime-target 
pairs than to unrelated pairs (neutral prosody: related  
= 1782 ms, unrelated = 1950 ms, ER = 55.54; positive 
prosody: related = 1832 ms, unrelated = 2114 ms, ER =  
5332.33; negative prosody: related = 1909 ms, unrelated  
= 2124 ms, ER = 614.38), corresponding to very strong 
evidence. More importantly, the semantic priming 
effects in positive conditions were larger than in 
neutral conditions, as shown by the interaction 
between relatedness × emotion (neutral vs. positive), 
with very strong evidence (ER = 201.53) and a posterior 
probability of 100%. Moreover, RTs to words learned 
with emotional prosody (both positive and negative) 

were slower than those learned with neutral prosody, 
with very strong evidence in both comparisons (ER =  
147.15 and ER = 339.43, respectively).

3.2. ERPs results

3.2.1. P200 component
Figure 3 illustrates the grand-average ERP waveforms eli
cited during the semantic priming task for neutral, posi
tive, and negative prosody conditions. As shown in Table 
2 and Supplementary Figure 6, only words learned with 
neutral prosody elicited larger P200 amplitude in unre
lated pairs compared to related pairs, corresponding to 
strong evidence (ER = 20.45). This relatedness effect 
was absent for words learned with positive (ER = 7.29) 
or negative (ER = 4.70) prosody. A significant interaction 
between relatedness × emotion showed a larger P200 
amplitude difference between related and unrelated 
pairs for words learned with neutral prosody than for 
those learned with positive (ER = 56.14) or negative (ER  
= 30.81) prosody. In addition, words learned with 
either positive or negative prosody elicited larger P200 
amplitudes than those learned with neutral prosody, 
with strong evidence in both comparisons (ER = 28.47 
and ER = 3199.00, respectively).

3.2.2. N400 component
The Bayesian analyses found no significant main effects 
or interactions in N400 amplitude (ERs < 19, see Table 3
and Supplementary Figure 7).

3.2.3. LPC component
As shown in Table 4 and Supplementary Figure 8, a signifi
cant LPC semantic priming effect was observed only for 
words learned with positive prosody, with larger LPC 
amplitudes for unrelated than for related prime-target 

Figure 2. Box plots showing the RTs of the semantic priming task for words learned under neutral, negative, and positive conditions.
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pairs (ER = 44.85). Critically, this LPC priming effect was sig
nificantly larger for words learned with positive prosody 
than for those learned with negative prosody, as indicated 
by an interaction between emotion × relatedness (positive 
vs. negative; ER = 79.81). In addition, words learned with 
either positive or negative prosody elicited larger LPC 
amplitudes than those learned with neutral prosody, 
with posterior probabilities of 100% in both comparisons.

3.3. Correlation results

To examine the relationship between the lexicalisation 
of newly-learned words and learners’ subjective 

emotional experience in the VR-assisted learning 
environment, Pearson correlation analyses were con
ducted between semantic priming effects (calculated 
by subtracting related trials from unrelated trials) and 
self-reported emotion scores. The results revealed a 
significant positive correlation between emotion 
ratings and the overall semantic priming effect, aver
aged across the three prosody conditions (r = .39, 
p = .03; see Figure 4(A)). We also conducted Pearson 
correlation analyses separately for each prosody con
dition. A significant positive correlation was observed 
in the positive prosody condition (r = .41, p = .02; see 
Figure 4(B)). In contrast, no significant correlations 

Table 1. Summary of the directional hypotheses in the RT model.

Hypothesis Mean SE
95% credibility 

interval Evidence ratio Posterior probability Star

Neutral condition as the reference level
Relatedness < 0 −.19 .09 −.34 −.04 55.54 .98 *
Emotion (neutral vs. positive) > 0 .13 .05 .05 .22 147.15 .99 *
Emotion (neutral vs. negative) > 0 .21 .07 .09 .33 339.43 1.00 *
Relatedness × Emotion (neutral vs. positive) < 0 −.18 .07 −.30 −.07 201.53 1.00 *
Relatedness × Emotion (neutral vs. negative) < 0 −.08 .09 −.23 .08 3.97 .80

Positive condition as the reference level
Relatedness < 0 −.37 .09 −.52 −.22 5332.33 1.00 *
Emotion (positive vs. negative) > 0 .08 .07 −.03 .19 6.99 .87
Relatedness × Emotion (positive vs. negative)> 0 .10 .09 −.04 .25 7.19 .88

Negative condition as the reference level
Relatedness < 0 −.28 .09 −.42 −.13 614.38 1.00 *

Note: A star indicates if 0 lies outside the 95% CI.

Figure 3. Grand average waveforms and topographic maps of the semantic priming task for words learned under neutral, negative, 
and positive conditions.
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were found in either the negative (r = .22, p = .24; see 
Figure 4(C)) or neutral (r = .27, p = .15; see Figure 
4(D)) prosody conditions.

4. Discussion

The present study examined how emotional prosody 
influences lexicalisation of newly-learned words learned 
through VR. Emotional prosody was manipulated and 
learning outcomes were assessed using both behavioural 

and ERP measures. The results showed that newly learned 
words were successfully lexicalised after two days of 
learning, as indicated by robust behavioural semantic 
priming effects. Moreover, these effects were associated 
with learners’ subjective emotional experience in the VR 
environment, especially for words learned with positive 
prosody. Critically, positive prosody facilitated lexicalisa
tion, as evidenced by larger semantic priming effects in 
both behavioural performance and the LPC. We elaborate 
on these findings in the next sections.

Table 2. Summary of the directional hypotheses in the P200 model.

Hypothesis Mean SE
95% credibility 

interval Evidence ratio Posterior probability Star

Neutral condition as the reference level
Relatedness < 0 −.73 .45 −1.47 −.01 20.45 .95 *
Emotion (neutral vs. positive) > 0 .57 .32 .05 1.09 28.47 .97 *
Emotion (neutral vs. negative) > 0 1.13 .32 .60 1.66 3199.00 1.00 *
Relatedness × Emotion (neutral vs. positive) > 0 1.24 .59 .27 2.21 56.14 .98 *
Relatedness × Emotion (neutral vs. negative) > 0 1.14 .61 .13 2.15 30.81 .97 *

Positive condition as the reference level
Relatedness > 0 .50 .43 −.21 1.20 7.29 .88
Emotion (positive vs. negative) > 0 .55 .33 .01 1.09 20.00 .95 *
Relatedness × Emotion (positive vs. negative) < 0 −.11 .60 −1.10 .88 1.37 .58

Negative condition as the reference level
Relatedness < 0 .40 .43 −.31 1.10 4.70 .82

Note: A star indicates if 0 lies outside the 95% CI.

Table 3. Summary of the directional hypotheses in the N400 model.

Hypothesis Mean SE
95% credibility 

interval Evidence ratio Posterior probability Star

Neutral condition as the reference level
Relatedness < 0 −.31 .35 −.89 .26 4.51 .82
Emotion (neutral vs. positive) > 0 .47 .29 −.01 .94 17.50 .95
Emotion (neutral vs. negative) > 0 .16 .29 −.32 .63 2.52 .72
Relatedness × Emotion (neutral vs. positive) < 0 −.05 .51 −.89 .79 1.14 .53
Relatedness × Emotion (neutral vs. negative) > 0 .77 .49 −.03 1.56 16.51 .94

Positive condition as the reference level
Relatedness < 0 −.36 .35 −.94 .22 5.33 .84
Emotion (positive vs. negative) < 0 −.33 .30 −.82 .16 6.42 .87
Relatedness × Emotion (positive vs. negative) > 0 .80 .49 −.01 1.60 18.42 .95

Negative condition as the reference level
Relatedness < 0 .46 .35 −.12 1.03 9.71 .91

Note: A star indicates if 0 lies outside the 95% CI.

Table 4. Summary of the directional hypotheses in the LPC model.

Hypothesis Mean SE
95% credibility 

interval Evidence ratio Posterior probability Star

Neutral condition as the reference level
Relatedness < 0 −.10 .47 −.86 .66 1.40 .58
Emotion (neutral vs. positive) > 0 3.03 .44 2.31 3.77 >9999.00 1.00 *
Emotion (neutral vs. negative) > 0 1.65 .34 1.09 2.22 >9999.00 1.00 *
Relatedness × Emotion (neutral vs. positive) < 0 −.81 .62 −1.83 .20 9.40 .90
Relatedness × Emotion (neutral vs. negative) > 0 .62 .64 −.45 1.66 4.99 .83

Positive condition as the reference level
Relatedness < 0 −.91 .45 −1.64 −.18 44.85 .98 *
Emotion (positive vs. negative) < 0 −1.38 .42 −2.07 −.69 1229.77 1.00 *
Relatedness × Emotion (positive vs. negative) > 0 1.44 .63 .40 2.48 79.81 .99 *

Negative condition as the reference level
Relatedness < 0 .55 .45 −.18 1.29 8.22 .89

Note: A star indicates if 0 lies outside the 95% CI.
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4.1. Lexicalisation of newly-learned words 
learned through VR

Words learned through VR showed evidence of lexicali
sation, as reflected by participants’ significantly faster 
responses to related prime-target pairs compared to 
unrelated pairs (i.e. a semantic priming effect) across 
positive, neutral, and negative conditions. These 
findings align with previous research on lexicalisation 
of newly-learned words (e.g. Tamminen & Gaskell, 
2013), which has similarly reported semantic priming 
effects after a 24-hour time period. This suggests that 
offline lexicalisation may be a central feature of word 
acquisition, contributing to the integration of new 
words into existing lexical networks and providing 
empirical evidence for the Complementary Learning 
Systems model (Liu & van Hell, 2020). Moreover, the 
robustness of the observed lexicalisation effects was 
underscored by a modality shift between learning and 
testing. Specifically, while the learning phase occurred 

in a visual-auditory modality (interacting with 3D 
objects and hearing German words), the testing phase 
was a reading-auditory modality (reading Chinese 
primes and hearing German targets). This design 
requires cross-modal transfer, ensuring that the 
priming effects reflected word lexicalisation rather than 
superficial visual associations (e.g. matching a sound to 
a specific visual image). These effects indicate that 
newly-learned words were not bound to the specific 
VR context, but rather were effectively integrated into 
learners’ mental lexicon.

While all newly-learned words were successfully lexi
calised at the behavioural level, only those learned with 
positive prosody elicited a LPC semantic priming effect, 
whereas no N400 effects were observed for any con
dition. This finding is consistent with previous studies 
on word learning paired with verbal definitions (Lei et 
al., 2022; Liu & van Hell, 2020), in which only LPC (but 
not N400) semantic priming effects for newly-learned 

Figure 4. An increasing trend in subjective emotion scores was associated with an overall semantic priming effect (A), and specifically 
in positive conditions (B), but not in negative (C) or neutral (D) conditions. Blue areas represent 95% confidence intervals.

LANGUAGE, COGNITION AND NEUROSCIENCE 9



words were observed in offline lexicalisation after one 
day. Assuming that the N400 component indexes auto
matic aspects of lexicalisation, and the LPC indexes 
more strategic/explicit and controlled aspects of lexicali
sation, this finding suggests that lexicalisation of newly- 
learned words is a gradual process which shifts from 
controlled to automatic processing (Bakker et al., 2015; 
Liu & van Hell, 2020). One or two days of learning is 
insufficient for the new words’ meanings to become 
automatically lexicalised, which may explain the 
absence of N400 effects. In sum, the presence of signifi
cant behavioural and LPC priming effects, and the 
absence of N400 effects, indicates that the participants 
had successfully lexicalised the words to a degree that 
allowed for controlled semantic access, even if auto
matic integration had not yet been established.

We also found a significant correlation between lear
ners’ self-reported emotion scores and the overall 
semantic priming effect (averaged across the three 
types of emotional prosody). This suggests that the lear
ners’ intrinsic emotional experience (i.e. experiencing 
more happiness) in the VR environment predicted the 
degree of lexicalisation. More interestingly, this intrinsic 
emotion effect interacted with positive prosody, but not 
with negative or neutral conditions. Based on the ICALM 
framework (Plass & Kaplan, 2016) and the affective facili
tation hypothesis (Koo et al., 2012), positive emotions 
arising from both intrinsic and external channels may 
enhance learners’ satisfaction and interest, thereby ben
efiting cognitive processing and learning. This includes 
promoting learners’ motivation and allocating more 
cognitive resources to target stimuli. Thus, in a VR learn
ing environment, both positive self-feelings and 
emotional prosody appear to facilitate lexicalisation of 
newly-learned words.

4.2. Emotional prosody affects lexicalisation of 
newly-learned words through VR

Regarding the effect of emotional prosody on lexicalisa
tion of newly-learned words, a critical finding was that 
there was a larger behavioural semantic priming effect 
on words learned in conditions of positive prosody. 
This suggests that positive prosody facilitated the lexica
lisation of new words learned in the VR context. There 
are several theoretical accounts that help explain this 
finding. Based on the CAMIL (Makransky & Petersen, 
2021), we speculate that such facilitation may stem 
from the fact that positive prosody can improve lear
ners’ motivation and interest. In the context of the 
ICALM (Mayer, 2020), the facilitation highlights the criti
cal role of affective processing in multimodal learning. 
Moreover, this finding also corroborates the Positivity 

Principle in multimodal learning, which states that posi
tive emotional elements in learning materials can 
enhance learners’ positive emotional feelings and facili
tate their learning (Lawson & Mayer, 2022; Zhao & Mayer, 
2025).

To better understand the facilitative effect of positive 
prosody on lexicalisation of newly-learned words, we 
examined the breakdown of RTs. We found that 
enhanced priming in positive conditions was driven by 
a slowing of unrelated trials rather than an acceleration 
of related trials. Indeed, while conditions of positive 
prosody slowed down performance on related trials 
slightly (+50 ms compared to neutral conditions), it 
slowed down unrelated trials substantially (+164 ms 
compared to neutral conditions). In other words, RTs in 
the positive-related condition were not significantly 
faster than in the neutral-related condition. These 
findings suggest that processing emotional prosody 
(i.e. positive prosody) may capture attention and 
compete with task-related processing such as semantic 
judgments (Gupta, 2019; Oliveira et al., 2013), leading 
to a general slowing of responses. However, despite 
this general processing cost, positive prosody signifi
cantly amplified the magnitude of the semantic 
priming effect (RTunrelated − RTrelated). This finding indi
cates that while positive emotion does not facilitate 
absolute retrieval speed, it enhances the strength of 
semantic integration (i.e. lexicalisation), resulting in a 
more pronounced differentiation between related and 
unrelated trials.

At the neurocognitive level, the ERP findings suggest 
that lexicalisation of newly-learned words through VR 
was modulated by emotional prosody. Specifically, 
words learned with positive prosody elicited a larger 
LPC semantic priming effect (indexing controlled lexica
lisation) compared to words learned with negative 
prosody, but there was no significant N400 effect (index
ing automatic lexicalisation). This finding represents a 
more elaborated and controlled processing of positive 
emotions, leading to better lexicalisation of newly- 
learned words that are learned with positive prosody 
(Carretié et al., 2008; Hinojosa et al., 2020). As discussed 
above, lexicalisation of newly-learned words involves 
lexical-semantic retrieval which gradually shifts from a 
more controlled to a more automatic process (Bakker 
et al., 2015). However, this shift is unlikely to occur 
over two days of learning, hence the lack of significant 
N400 effects (Lei et al., 2022; Liu & van Hell, 2020).

Another finding was the significant main effect of 
emotion, showing that responses in positive and nega
tive conditions were slower than neutral conditions 
and were accompanied by changes in P200 amplitude. 
In line with previous studies showing enhanced P200 

10 Y. LIN ET AL.



responses on emotional words (Sianipar et al., 2015), the 
observed changes in P200 amplitude may reflect the 
additional allocation of attentional resources to analyse 
emotion in the pre-lexical stage. Moreover, a P200 relat
edness effect was only observed for words learned with 
neutral prosody, but not for those learned with 
emotional prosody. We speculate that the observed 
P200 relatedness effect is related to attention, given 
that the P200 component has been associated with 
early attentional allocation and prediction (León et al., 
2010; Paulmann et al., 2013). Moreover, reading a 
related prime reduced attentional demands and facili
tated prediction during the pre-lexical processing 
stage, as shown by reduced P200 amplitude for words 
learned with neutral prosody. By contrast, emotional 
prosody, both positive and negative, introduced 
emotional salience that enhanced P200, thereby cancel
ling out relatedness effects.

4.3. Limitations and future directions

We acknowledge several limitations of the study which, 
if addressed in future work, may help to establish new 
research avenues. First, the linguistic stimuli varied in 
complexity and length, ranging from simple words like 
Apfel to compound words like Wassermelone. While the 
within-item design (comparing the same target across 
related and unrelated conditions) mitigates the impact 
of differences in physical stimuli on priming effects, 
such variation in word length may have introduced 
latency jitter in the grand average ERPs, particularly for 
late components. Future studies should aim to include 
a larger set of strictly controlled, length-matched 
stimuli to reduce this temporal variability.

Second, the current study did not include a non-VR 
control group (e.g. a comparison group that learned 
new words through picture-word association). Conse
quently, while our findings demonstrate how emotional 
prosody functions within an immersive VR environment, 
we cannot causally attribute the observed learning 
benefits solely to this specific learning context. Future 
research should directly compare VR and non-VR modal
ities to isolate the specific contributions of immersive 
learning to the effects of emotional prosody on 
lexicalisation.

Finally, regarding the time-course of lexicalisation, we 
did not observe the classic N400 semantic priming 
effect, which is typically associated with automatic 
semantic integration. This suggests that after two days 
of training, newly-learned words were likely processed 
via controlled mechanisms (reflected by the LPC) 
rather than being automatically accessed. It would be 
beneficial in future work that longitudinal studies track 

the consolidation process over a longer period to 
observe the transition from controlled (LPC) to auto
matic (N400) processing.

5. Conclusion

The current study investigated the role of emotional 
prosody in newly learned word lexicalisation in a VR- 
assisted context. Both behavioural and EPR results 
support a learning benefit in presenting positive 
prosody for novel word lexicalisation, and intrinsic 
emotional experience in VR could modulate the 
emotional prosody effect on lexicalisation. Our study 
provides empirical support for the ICALM, demonstrat
ing that emotional prosody influences lexicalisation of 
words recently learned through VR.
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